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Schizophrenia is recognized as a severe mental disorder that is marked by psychotic symptoms, which frequently result in profound social stigma and severely hinder occupational functioning. The current research explores the biological activities of plant-derived polyphenolic compounds, specifically highlighting curcumin and epigallocatechin gallate (EGCG), along with other plant polyphenols. Importantly, both curcumin and EGCG demonstrate neuroprotective properties via various mechanisms, such as antioxidant and anti-inflammatory effects, neurotransmitter modulation, improvement of mitochondrial function, and stimulation of neurogenesis. These mechanisms play a role in reducing the pathological symptoms of schizophrenia and enhancing cognitive abilities, ultimately improving the overall quality of life for patients. Considering the difficulties linked to existing pharmacological therapies, which frequently present constraints and unwanted adverse effects, plant-derived polyphenolic compounds have attracted interest as potential therapeutic alternatives. These plant compounds hold the potential not only to alleviate the symptoms of schizophrenia but also to enhance cognitive function. They may achieve this through various mechanisms, such as boosting antioxidant defenses, reducing neuroinflammation, balancing neurotransmitters, increasing brain-derived neurotrophic factor (BDNF) levels, and enhancing mitochondrial function. Numerous studies involving animals have shown that polyphenols sourced from plants can markedly increase the levels of brain-derived neurotrophic factor (BDNF), leading to improvements in neurodevelopmental disorders. These compounds also help restore mitochondrial function by replenishing ATP levels and boosting systemic antioxidant capacity through the reduction of serum malondialdehyde (MDA) levels, while simultaneously enhancing the activity of antioxidant enzymes, including superoxide dismutase (SOD). Additionally, they have been reported to lower inflammatory markers, particularly interleukin-6 (IL-6). Moreover, polyphenols play a significant role in regulating neurotransmitter levels by decreasing the concentrations of dopamine and glutamate. Moreover, ongoing research into the structure, classification, and characteristics of polyphenolic compounds, alongside advancements in nanotechnology and metabolic regulation, has opened up innovative delivery strategies for these compounds. Such developments present new opportunities for creating effective and low-toxicity natural derivatives. Future studies are anticipated to support a transition from conventional “single-target” approaches to more comprehensive “multi-target network regulation” therapeutic strategies.
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1 INTRODUCTION
Schizophrenia is a multifaceted psychiatric disorder marked by significant clinical variability, which can be broadly divided into three main categories: positive symptoms, negative symptoms, and disorganized symptoms. Negative symptoms mainly relate to shortcomings in behavior and emotional expression, including diminished affect, lack of motivation, and social withdrawal. In contrast, positive symptoms pertain to irregularities in perception and thought, featuring hallucinations (such as visual or auditory) and delusions (like grandiose ideas). Disorganized symptoms are defined by disturbances in thought processes and emotional expression, which include thought disorder and inappropriate emotional responses. The interaction of these symptom categories adversely affects patients’social interactions and work capabilities, ultimately diminishing their overall quality of life (Nestler et al., 2016; Liddle, 2019). Patients with schizophrenia, whether presenting negative or positive symptoms, exhibit pronounced impairments in attention, information processing, executive functioning, memory, and language abilities. These deficits substantially hinder their capacity to meet the demands of daily occupational tasks (Priyamvada et al., 2021). Positive manifestations of schizophrenia, like hallucinations and delusions, frequently lead to actions that stray from accepted social practices, resulting in public confusion and rejection. In contrast, individuals exhibiting negative symptoms, such as diminished emotional expression, social disengagement, or heightened social anxiety, face challenges in sustaining typical interpersonal connections, which further diminishes their social support. Additionally, negative societal perceptions surrounding the condition, together with the stigma internalized by patients, form a harmful cycle that sustains both social discrimination and isolation (Gerlinger et al., 2013). Schizophrenia is regarded as a highly severe mental disorder, distinguished by the occurrence of psychotic manifestations. The clinical features of schizophrenia are typically classified into three primary categories: negative symptoms (including diminished emotional expression and reduced drive), positive symptoms (such as false beliefs and perceptual disturbances), and cognitive impairments. These manifestations frequently contribute to social stigma and considerable difficulties in work-related functioning (Prestwood et al., 2021). Various neurotransmitters, including dopamine, glutamate, γ-aminobutyric acid (GABA), serotonin, and norepinephrine, play a crucial role in both the onset and advancement of schizophrenia. These chemicals influence not only how signals are transmitted in the brain but are also closely associated with the emotions, thought processes, and behaviors of individuals affected by the disorder (Prestwood et al., 2021). Factors related to prenatal, perinatal, nutrition, and environment play a crucial role in the development of schizophrenia. This includes complications during childbirth, infections in the mother while pregnant, substance misuse, and adverse childhood experiences (Jauhar et al., 2022). While it has not been proven that schizophrenia is transmitted solely through maternal inheritance, some studies suggest that the rate of maternal transmission may be higher (Goldstein et al., 1990; Li et al., 2007). Schizophrenia impacts about 1%–1.5% of the worldwide population, which translates to nearly 1 in every 100 people. The occurrence is slightly more common in males compared to females, with symptoms generally beginning in early adulthood. For males, the occurrence reaches its highest point around the age of 20, while for females, this peak is more subtle and decreases at a slower rate. Interestingly, following the age of 40, the rate of new cases among females surpasses that of males (Howes and Murray, 2014) (Kirkbride et al., 2012).
Second-generation antipsychotic medications (SGAs) serve as a fundamental therapeutic approach for schizophrenia, yet they present notable clinical drawbacks stemming from their metabolic and cardiovascular adverse effects. Research has demonstrated that the usage of these medications can lead to metabolic syndrome and elevate the likelihood of developing cardiovascular conditions (Vasileva et al., 2022). Epidemiological data indicate a concerning link between the prolonged use of both typical and atypical antipsychotic medications and the increased likelihood of developing degenerative Parkinson’s disease (DP). This association is not only significant but also appears to be dose-dependent, meaning that higher doses of these medications may further heighten the risk. Importantly, this risk does not diminish even after patients discontinue the use of the drugs, suggesting a lasting effect on their neurological health. Moreover, the challenges of long-term treatment with antipsychotics are exacerbated by issues such as drug dependence, where patients may find it difficult to stop taking these medications due to withdrawal symptoms, and rapid tolerance, which leads to patients requiring higher doses to achieve the same therapeutic effects. These complications underline the necessity for careful management of antipsychotic treatments. Furthermore, findings from epidemiological studies suggest that both the duration of antipsychotic drug use and the decision to stop treatment after an extended period can substantially increase the risk of developing degenerative Parkinson’s disease (DP). This emphasizes the critical need for ongoing assessment and monitoring of patients on these medications to mitigate potential adverse outcomes (d'Errico et al., 2022). The formation of drug dependence and rapid tolerance exacerbates the complexity of long-term treatment strategies. Against this backdrop, intervention strategies using plant-derived polyphenols have shown promising potential. These natural compounds, acting through multi-target mechanisms—such as neurotransmitter system modulation, anti-inflammatory pathways, and oxidative stress regulation—offer a novel and alternative approach to schizophrenia treatment. Plant-derived polyphenols, sourced from natural sources, provide a cost-effective, accessible, and high-value pharmacological resource. Herbal therapies have long been recognized for their substantial contributions to the management of a diverse range of health conditions. These natural remedies have been used across different cultures and eras, highlighting their enduring significance in traditional medicine. In light of the often uncertain effectiveness of modern pharmacological treatments available for schizophrenia, as well as concerns regarding their potential adverse health effects, there is an increasing trend towards exploring herbal therapies (Datta et al., 2021). This approach provides new avenues for redefining schizophrenia treatment paradigms. Their unique pharmacokinetic properties and low-toxicity advantages stand in stark contrast to conventional antipsychotic drugs. Importantly, studies in ethnopharmacology are increasingly clarifying the scientific underpinnings of conventional herbal remedies used to treat mental health issues. Plant-derived polyphenols exhibit a wide range of biological activities that make them attractive candidates for therapeutic interventions. Among their notable properties are anti-inflammatory effects, which can help to alleviate symptoms associated with various psychiatric disorders. Additionally, these compounds demonstrate significant antioxidant capabilities, which are crucial for protecting neural tissues from oxidative stress. Furthermore, plant-derived polyphenols have been shown to influence neurotransmission processes, potentially enhancing synaptic functions and improving mental health outcomes. Cellular signaling pathways, crucial for ensuring effective communication and function within cells, are also influenced by them. Collectively, these characteristics highlight the potential of polyphenols as novel and effective alternatives to traditional antipsychotic medications, offering hope for innovative treatment strategies in the field of psychiatry (Saleem et al., 2022). Current research focuses on: (1) identifying specific plant-derived bioactive compounds with clinical translation potential; (2) elucidating their mechanisms of action on core pathological features of schizophrenia, such as glutamate dysfunction and dopamine signaling dysregulation; and (3) establishing standardized evaluation systems to ensure their long-term safety and efficacy.
A category of highly significant antioxidant substances known as polyphenols can be found extensively in various plants (Ozdal et al., 2016). Studies have shown that the content of polyphenols varies significantly in different parts of plants, such as the polyphenol content in the pericarp of longan being higher than in the pulp, which may be related to the plant’s living environment (Ke et al., 2023). The antioxidant properties of catechins are primarily attributed to the hydroxyl groups within their catechol moiety, which possess the capacity to form hydrogen bonds with the two oxygen atoms of lipid peroxide radicals (Tejero et al., 2007). The antioxidant activity of flavonoids isolated from celery leaves is determined by the position and number of hydroxyl (-OH) groups on the B-ring of their molecular structure (Wen et al., 2022). Polyphenols belong to a category of organic compounds that are defined by having several hydroxyl (OH) functional groups. They usually present as yellow to brown powdered solids, dissolving in polar solvents like water and ethanol, while remaining insoluble in non-polar solvents such as petroleum ether. Because of their diverse biological activities, including antioxidant, antibacterial, and anticancer effects, polyphenols hold significant potential for application across various domains, including food and pharmaceuticals (Wan et al., 2021). Countries in the West advocate for incorporating polyphenols into the diet, mainly because of their believed essential function in safeguarding long-term health, especially in lowering the likelihood of chronic and degenerative illnesses (Ganesan and Xu, 2017). Research in epidemiology consistently reveals that natural polyphenols hold considerable promise for preventing diseases associated with aging. These advantageous compounds act as scavengers for free radicals and reactive oxygen species (ROS), which often build up due to oxidative stress. In these situations, the body’s intrinsic cellular antioxidants, such as glutathione (GSH), glutathione peroxidase, and superoxide dismutase, frequently fall short in adequately counteracting the overproduction of these detrimental species (Quideau et al., 2011). The presence of multiple hydroxyl groups in polyphenols is mainly responsible for their antioxidant characteristics, along with their capacity to interact with free radicals and bind to metals. When polyphenols react with free radicals, they generate phenolic radicals that do not harm cells (Leopoldini et al., 2011). Additionally, the metal-chelating ability of polyphenolic compounds plays a significant role in cellular function (Wang et al., 2018). Polyphenols are primarily obtained from a variety of plant-based foods, which encompass a wide range of options that include fruits, vegetables, nuts, whole grains, tea, red wine, and chocolate. Notably, certain foods stand out for their high polyphenol content; for instance, berries such as blueberries is particularly rich in these compounds. In addition to berries, green tea, dark chocolate, and red wine are recognized as exceptional sources of polyphenols, providing significant dietary benefits. Moreover, it is worth mentioning that some natural medicines also contain a substantial amount of polyphenols; for example, extracts derived from ginkgo biloba leaves and hawthorn are known to be abundant in these beneficial compounds. (Wan et al., 2021).
2 POLYPHENOLS OF PLANT ORIGIN
2.1 Quercetin
Quercetin (C15H10O7), an organic compound within the flavonoid class, is a naturally occurring substance in human nutrition, commonly present in numerous vegetables, fruits, and plants. This compound has been utilized in functional foods as a dietary supplement and is involved in the management of different diseases (Vargas and Burd, 2010). At present, several investigations have established that quercetin, when given in suitable amounts, demonstrates various biological roles, such as anti-inflammatory and antioxidant properties (Li et al., 2016). Quercetin is primarily absorbed by intestinal cells in its glycoside form, after which it is hydrolyzed into aglycones in the intestinal lumen, a process that may involve glucose transporters. Its metabolism primarily occurs in the intestine, with additional metabolism taking place in the liver and blood (Zhang et al., 2018; Andres et al., 2018; Kawabata et al., 2015). Quercetin, a crucial compound derived from plants, exhibits low bioavailability, thereby restricting its effectiveness in clinical settings. To overcome this limitation, scientists have employed multiple strategies aimed at increasing its bioavailability. One such approach involves the glycosylation of quercetin, a modification that greatly improves its water solubility and stability (Sun et al., 2020). Additionally, cocrystallization of quercetin with other molecules (e.g., forming cocrystals with nicotinamide) can effectively improve its solubility and, consequently, its bioavailability (Wu et al., 2020). Researchers have also developed various carrier systems, such as nanoparticles, liposomes, and polymer microspheres, which can effectively encapsulate quercetin and control its release rate, thereby enhancing its bioavailability (Attar et al., 2023). Studies have found that nano-quercetin particles not only improve solubility but also increase cellular uptake, thereby enhancing bioavailability (Ma et al., 2021). Protein-based carriers, such as albumin, have demonstrated encouraging outcomes by interacting with quercetin. This interaction safeguards quercetin from metabolic breakdown while enhancing its stability and bioactivity within the body (Yang et al., 2023) (Figure 1) (Table 2).
[image: Figure 1]FIGURE 1 | Chemical formula.
2.2 Naringin
Naringenin-7-O-rutinoside (C27H32O14), which is scientifically referred to as 5,7-dihydroxyflavone-7-O-rutinoside, represents a category of flavanone glycosides frequently discovered in grape and citrus varieties. Typically, the levels of naringenin-7-O-rutinoside in these fruits are associated with their stage of ripeness, exhibiting greater concentrations in fruits that are not fully ripe (Zeng et al., 2019). Numerous studies have indicated that naringenin-7-O-rutinoside can alter the blood concentrations of certain drugs. When co-administered with these drugs, naringenin-7-O-rutinoside influences drug metabolism by interfering with intestinal enzymes and transporter proteins (Sharma et al., 2021). Although naringenin-7-O-rutinoside exhibits moderate water solubility, it is primarily metabolized in the intestine, where gut microbiota decomposes it into its aglycone form, naringenin, which is then absorbed (Alam et al., 2014). Naringenin-7-O-rutinoside has been proven to possess multiple bioactivities, including anti-apoptotic, anti-atherosclerotic, metal-chelating, and antioxidant properties. Additionally, it is believed to enhance drug absorption and metabolism (Yan et al., 2021). Although there are established technologies for obtaining and refining naringenin-7-O-rutinoside from citrus peel byproducts, its limited solubility and unpleasant taste hinder its direct use. Thus, enhancing its solubility and bioavailability is essential. Shell polysaccharides, recognized for their biodegradability as well as antioxidant and antimicrobial properties, can be utilized in conjunction with naringenin-7-O-rutinoside to create complexes of naringenin-7-O-rutinoside with shell polysaccharides. These complexes enhance the solubility of naringenin-7-O-rutinoside, thereby increasing its bioavailability (Ouyang et al., 2022). Customized deep eutectic solvents (DESs) have shown promise in improving the solubility and bioavailability of naringenin-7-O-rutinoside. For example, a DES formulation consisting of choline chloride (ChCl) and glycerol (Gro) in a 1:3 proportion shows the greatest solubility for naringenin-7-O-rutinoside while preserving neutral properties, which makes it appropriate for its use. Pharmacokinetic studies reveal that the oral bioavailability of naringenin-7-O-rutinoside is doubled in this DES system (Dangre et al., 2023). These advancements offer new clinical prospects for enhancing the bioavailability of naringenin-7-O-rutinoside (Figure 1) (Table 2).
2.3 Curcumin
Curcumin (C21H20O6), a lipophilic polyphenol, is recognized for its significant antioxidant, anti-inflammatory, and anticancer properties. This substance is primarily derived from the rhizomes of the Indian plant Curcuma longa (Różański et al., 2021; Chang et al., 2021). First, curcumin exhibits low solubility, which limits its bioavailability following oral administration. Second, its absorption rate is also relatively low, potentially due to its large molecular size, which hinders its ability to cross the intestinal barrier and enter systemic circulation. Furthermore, the metabolic processes of curcumin greatly impact its pharmacokinetic profile. Research indicates that the main metabolites produced from curcumin are tetrahydrocurcumin and curcumin glucuronide, potentially affecting its pharmacological properties (Bolger et al., 2022). To enhance curcumin’s bioavailability, researchers have employed various chemical modification strategies. For instance, forming metal complexes with different metal ions has significantly improved curcumin’s solubility and stability, thereby enhancing its bioavailability and strengthening its antioxidant and anti-inflammatory activities (Shakeri et al., 2019). Furthermore, incorporating curcumin into biocompatible polymers to form solid dispersions or nanoparticles has also been proven to effectively improve its absorption rate and bioavailability in vivo (Ma et al., 2019). The methods of chemical modification not only improve the effectiveness of curcumin but also open up new avenues for treating different chronic illnesses (Figure 1) (Table 2).
2.4 Resveratrol
Resveratrol (C14H12O3) is a naturally occurring polyphenolic compound known for its various health benefits, including its potential to combat cancer (Kapetanovic et al., 2011). This substance is mainly found in grape skins and red wine (Baur and Sinclair, 2006). It exhibits notable antioxidant and anti-inflammatory properties, positioning it as a promising option for addressing various pathological conditions (Berretta et al., 2020). When taken orally, resveratrol is efficiently absorbed through the gastrointestinal system, achieving peak plasma concentration (Cmax) in approximately 30–240 min post-administration (Nunes et al., 2009; Vaz-da-Silva et al., 2008). Research indicates that after the oral dosing of radiolabeled 14C-resveratrol, around 53.4%–84.9% of the total radioactivity can be found in urine, suggesting a high level of intestinal absorption efficiency (Walle et al., 2004). However, resveratrol undergoes considerable first-pass metabolism in the liver (and possibly in the intestine) through mechanisms like glucuronidation and sulfation, which could lead to reduced systemic exposure levels (la Porte et al., 2010). To enhance resveratrol’s bioavailability, strategies such as improving its formulation (e.g., encapsulation into microcapsules or nanoparticles) can be employed to increase its stability and bioavailability. Additionally, gut microbiota can assist in the absorption and metabolism of resveratrol, suggesting that increasing gut microbial populations through probiotics may further improve its bioavailability (Prakash et al., 2024). Such approaches could enhance the therapeutic potential of resveratrol by improving its bioavailability. Furthermore, glycosylation reactions can also enhance resveratrol’s bioavailability. The method utilizes the GH10 xylanase variant (rXynSOS-E236G) to promote the synthesis of 3-O-β-D-xylobiosyl resveratrol, which enhances its solubility in water and improves its bioavailability (Pozo-Rodríguez et al., 2022) (Figure 1) (Table 2).
2.5 Baicalin
Baicalein (C21H18O11), a significant flavonoid, is present in the roots of Scutellaria baicalensis. Recent studies indicate that it operates as an agent targeting multiple pathways and functions, exhibiting a range of pharmacological characteristics, including hepatoprotective, anticancer, antibacterial, anti-inflammatory, antidepressant, and antioxidant properties (Chung et al., 2015). Gastrointestinal absorption experiments have revealed that the absorption rate of baicalein exhibits segmental dependence (Song et al., 2017). At first, baicalein is taken up in its original form within the upper gastrointestinal tract, and later, its aglycone variant is absorbed in the colon (Lu et al., 2007). Because of its significant rate of protein binding, baicalein enters the plasma quickly and can sustain its concentration within a specific range (Zhang et al., 2013). Studies examining metabolomics in rat urine and blood suggest that the kidneys and liver are essential for the metabolic processing of baicalein (Zhang et al., 2015). Baicalein is mainly excreted in bile as glucuronide conjugates, with a relatively high biliary excretion rate (Xing et al., 2005). The molecular structure of baicalein includes a flavonoid backbone and a glucose molecule, which contributes to its low solubility in water and, consequently, its poor bioavailability. Studies indicate that methods like creating inclusion complexes with cyclodextrins can greatly enhance both the water solubility and stability of baicalein, ultimately increasing its bioavailability (Jakab et al., 2019). Moreover, utilizing delivery systems in nanomedicine like solid lipid nanoparticles and nanoemulsions has demonstrated a significant enhancement in the bioavailability of baicalein. These innovative technologies not only improve the drug’s solubility and biocompatibility but also facilitate its absorption and distribution throughout the body, indicating a promising future for clinical use (Wang et al., 2023) (Figure 1) (Table 2).
2.6 EGCG
EGCG (C22H18O11), a catechin monomer derived from tea leaves, exhibits a range of biological activities, including antioxidant, anti-inflammatory, anti-cancer, and neuroprotective effects, among others (Payne et al., 2022). EGCG is created by the esterification of EGC with gallic acid (GA) and features a structure that consists of a dihydrofuran ring, three benzene rings, and several phenolic hydroxyl groups. While it exhibits significant instability in neutral or alkaline conditions, its stability increases in weakly acidic environments (Chen et al., 2001). Despite its diverse pharmacological activities, EGCG has significant limitations in bioavailability, particularly following oral administration, where systemic absorption is insufficient. These challenges include unfavorable pharmacokinetic properties, limited bioavailability, the impact of first-pass metabolism, reduced accumulation in target tissues, and low targeting efficiency. Additionally, during intestinal absorption, factors such as temperature, pH changes, and oxidative stress can influence EGCG uptake (Cai et al., 2018; Dai et al., 2020). To tackle these limitations, various strategies to enhance the bioavailability of EGCG are currently being investigated by researchers. For example, research indicates that esterification can notably improve the absorption efficiency of EGCG in the intestine (Zhang et al., 2023). Moreover, studies have shown that when EGCG is stabilized using protein carriers like whey protein isolate (WPI) and sodium caseinate (NaCas) within solid-oil-water (S/O/W) emulsion systems, can achieve improved bioavailability and intestinal absorption (Korin et al., 2024). Nanoparticles as drug delivery systems have also shown great potential in enhancing EGCG’s bioavailability. Studies indicate that nanoparticle-based methods, including nanoemulsions, encapsulation, and silica-based nanoparticles, can significantly improve EGCG’s bioavailability while reducing its degradation and clearance rates in the body (Mehmood et al., 2022) (Figure 1) (Table 2).
2.7 Silymarin
Silymarin (C25H22O10) is a polyphenolic flavonoid extract primarily composed of 70%–80% baicalein aglycones and 20%–30% fatty acids, along with various other polyphenolic compounds (Neha and Singh, 2016). Silymarin along with its aglycones demonstrates considerable antioxidant, anti-inflammatory, and pro-apoptotic characteristics, leading to a diverse array of biological and pharmacological effects. Although silymarin is non-toxic and possesses remarkable hydrophobic traits, its insufficient solubility in water limits its bioavailability (Zhang et al., 2022). He liver primarily metabolizes silymarin, engaging various enzymes in the process, including the cytochrome P450 enzyme system. In the liver, silymarin undergoes phase II metabolic reactions, forming various metabolites that may exhibit distinct biological activities. Studies have shown that silymarin‘s metabolism not only influences its efficacy but may also affect its safety profile. For instance, silymarin may inhibit the activity of certain drug-metabolizing enzymes, leading to increased concentrations of other drugs in the body and potential drug interactions. The excretion of silymarin occurs mainly through bile and urine (Jaffar et al., 2024; Wu et al., 2009). To enhance its bioavailability, researchers have developed novel formulations, such as silymarin -phospholipid complexes, which have shown higher bioavailability in healthy volunteers compared to traditional silymarin tablets (Méndez-S et al., 2019). Furthermore, it has been demonstrated that nanocrystalline formulations (HM40) greatly enhance the solubility and bioavailability of silymarin (Seo et al., 2024). The use of nanoliposomes as carriers not only enhances the solubility of silymarin but also improves its absorption rates by increasing cell membrane permeability (Barani et al., 2021) (Figure 1) (Table 2).
2.8 Kaempferol
Kaempferol (C15H10O6) is widely distributed in vegetables such as kale and spinach (Dabeek and Marra, 2019). It exhibits inhibitory effects on microglial activation, anti-inflammatory properties, and mitochondrial membrane stabilization to prevent oxidative damage (Jin et al., 2023). Kaempferol is typically administered orally in high or low glycoside forms. Due to its fat-soluble properties, kaempferol can be absorbed through passive diffusion, facilitated diffusion, and mechanisms of active transport. (Crespy et al., 2003). Kaempferol is metabolized in the liver to produce glucuronide and sulfate conjugates, with additional metabolism taking place in the small intestine through the action of intestinal enzymes (Chen and Chen, 2013). Kaempferol demonstrates therapeutic effects even at low doses, and its metabolism may generate active metabolites with potential therapeutic value (Alam et al., 2020). As a compound found in diet, the effectiveness of kaempferol in therapy relies on its adequate absorption, metabolism, and elimination (Gee and Johnson, 2001). Nevertheless, the bioavailability of kaempferol is minimal, mainly because of its limited solubility in water and swift metabolism within the body, which limits its clinical and nutritional applications (Park and Choi, 2019; Qian et al., 2016). Encapsulating kaempferol in nanoparticles can significantly enhance its water solubility and bioavailability. For instance, kaempferol nanosuspensions prepared using nanotechnology exhibit substantially improved bioavailability compared to untreated kaempferol (Tian et al., 2020). Furthermore, employing lipid-based formulations may enhance the stability of kaempferol, lower its metabolism within the body, and prolong its pharmacological effects (Patel et al., 2024) (Figure 1) (Table 1).
TABLE 1 | Polyphenol compounds: Solubility properties, bioavailability challenges, and research methodologies.
[image: Table 1]3 TOXICOLOGY
Research on the toxicology of polyphenols has mainly concentrated on their impact on cells and living organisms, especially the possible toxicity caused by elevated doses, which suggests that careful consideration of dosage and administration is essential when utilizing polyphenols (Sinha et al., 2022). Interestingly, polyphenolic antioxidants derived from plants exhibit both pro-oxidant and antioxidant properties, contingent upon factors such as their metal-reducing potential, chelation behavior, pH conditions, and solubility characteristics (Decker, 1997). The cytotoxicity of polyphenols is mainly associated with their metabolites generated in the body. Certain polyphenols are converted into toxic compounds in the body, which may result in cell damage and apoptosis. The shift of polyphenols from acting as antioxidants to becoming pro-oxidants and possible genotoxic agents primarily relies on the degree of oxidative stress they provoke and the condition of the intracellular antioxidant defense system. For instance, at lower concentrations, EGCG causes a slight increase in oxidative stress, which triggers cellular antioxidant defense mechanisms and enhances antioxidant functions. Conversely, as the concentration escalates, there is a significant surge in the production of reactive oxygen species (ROS), which surpasses the cellular antioxidant capacity, leading ultimately to apoptosis or even necrosis (Babich et al., 2011; Hsuuw and Chan, 2007). Research has demonstrated that a high consumption of polyphenols can lead to damage in liver cells and a decline in their functionality. While polyphenols are known for their antioxidant characteristics, their presence at elevated levels can induce oxidative stress and may exhibit pro-oxidative behaviors in vitro. This can result in increased intracellular levels of reactive oxygen species (ROS), subsequently leading to cellular harm. Additionally, polyphenols have been found to exhibit genotoxic effects, potentially causing DNA strand breaks or mutations, which can impair normal cell proliferation and function. Throughout the oxidation process, highly reactive quinone compounds are produced by polyphenols, demonstrating their reactivity via covalent bonding with nucleophilic side chains. Furthermore, these quinones have the ability to create adducts with DNA, which may result in genetic mutations. Reactive oxygen species (ROS) are crucial in causing DNA strand breaks and oxidative damage to nucleotides. As polyphenols oxidize into quinones, ROS are generated as a byproduct of O2 reduction. Therefore, this mechanism is recognized as an essential factor contributing to their genotoxic effects (Andrés et al., 2023). This genotoxicity typically exhibits dose-dependent characteristics, where low doses of polyphenols may offer protective effects, while high doses can lead to cell damage and toxic reactions. The chemical structure of polyphenols significantly influences their bioactivity and toxicity. For example, polyphenols with a higher number of hydroxyl groups may exhibit stronger antioxidant activity but may also increase the risk of toxicity (Quesada-Vázquez et al., 2024). Polyphenols have the ability to bind with metal ions, which consequently lowers the oxidative reactions catalyzed by metals. Nonetheless, when present in high concentrations, polyphenols can interfere with the typical metabolism and functioning of metal ions (Nowak et al., 2022).
4 EXTRACTION METHOD OF POLYPHENOLS
The extraction of polyphenols often utilizes solvent extraction, which is a conventional approach that has seen extensive application in isolating bioactive compounds from botanical sources. In this method, polar solvents like ethanol, methanol, or water are generally used to draw out polyphenolic compounds from plant materials. Although solvent extraction is simple to operate and cost-effective, it has several drawbacks, this includes issues such as low efficiency in extraction, possible degradation, and the reduction of polyphenol content. Furthermore, traditional solvent extraction methods frequently necessitate extended soaking times and high-temperature procedures, escalating both energy consumption and time expenditure (Abbaspour et al., 2024). In recent years, with growing interest in green extraction technologies, scientists have started to investigate more effective and eco-friendly techniques, including ultrasound-assisted extraction (UAE) and microwave-assisted extraction (MAE). These approaches can improve extraction efficiency in less time while minimizing solvent consumption and reducing environmental effects (Chang et al., 2022). Microwave Superheated Water Extraction effectively disrupts plant cell walls, facilitating the release of polyphenols. Studies have shown that ultrasound-assisted extraction not only shortens extraction time but also operates at lower temperatures, reducing thermal degradation of polyphenols (Fernandes et al., 2019). Ultrasonic−microwave-assisted extraction (UMAE) is an innovative method that employs microwave radiation to simultaneously heat the solvent and the plant material, thereby improving the extraction process’s efficiency. In contrast to conventional solvent extraction and ultrasound-assisted extraction methods, MAE can achieve higher concentrations of polyphenols in a shorter duration and with enhanced extraction effectiveness (Vo et al., 2023). Supercritical fluid extraction (SFE) employs supercritical fluids like carbon dioxide in its supercritical state as solvents for the extraction process. This method is highly efficient and environmentally friendly. It permits extraction at reduced temperatures, thus preventing the breakdown of thermally sensitive substances, and facilitates the selective retrieval of desired compounds (Herzyk et al., 2024) (Table 2).
TABLE 2 | Extraction method of polyphenols.
[image: Table 2]5 NANOTECHNOLOGY IN ENHANCING POLYPHENOL DELIVERY
Recent progress in nanotechnology illustrates considerable promise in improving the delivery and effectiveness of polyphenolic compounds aimed at treating neurological conditions, including schizophrenia. Significantly, nanocarriers can address the difficulties presented by the blood-brain barrier by enhancing the lipophilicity of therapeutic agents, which aids in their absorption into the brain. In addition, the application of nanotechnology boosts both drug stability and bioavailability; encapsulation methods safeguard the structural integrity of the compounds while extending their effective concentrations in the brain via controlled release systems. Crucially, nanocarriers facilitate targeted delivery, guaranteeing accurate placement of therapeutics in areas affected by neuroinflammation (Rajendran et al., 2022).
6 POLYPHENOLS IMPROVE SCHIZOPHRENIA
Recent findings indicate that these naturally present bioactive compounds effectively manage the concentrations of molecules related to oxidative stress, such as glutathione (GSH), superoxide dismutase (SOD), and catalase (CAT), while also decreasing the amounts of lipid peroxidation products like malondialdehyde (MDA). Additionally, they influence the concentrations of pro-inflammatory cytokines such as tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6), which contribute to alleviating primary symptoms, including cognitive impairments. These results offer essential theoretical backing for the prospective clinical use of polyphenolic compounds in treating schizophrenia (Ben-Azu et al., 2024a) (Mert et al., 2019) (Farkhakfar et al., 2023) (Table 3).
TABLE 3 | Polyphenols improve schizophrenia.
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7.1 Regulates neurotransmitters
7.1.1 Lower dopamine
The dopamine hypothesis stands out as a leading theory in the study of schizophrenia, suggesting that the onset of the disorder is closely linked to disruptions in the brain’s dopamine system. Enhanced dopamine signaling has been associated with schizophrenia-like behavioral manifestations (Simpson and Kellendonk, 2017; Grace, 2016). Dopamine receptors can primarily be divided into two categories: the D1-like receptors (which include D1 and D5) and the D2-like receptors (consisting of D2, D3, and D4). Interestingly, D3 receptors exhibit a stronger affinity for dopamine compared to D2 receptors, which in turn possess a higher affinity than D1 receptors. Research conducted post-mortem on patients with schizophrenia has shown an increase in dopamine receptor levels (McCutcheon et al., 2020). Research utilizing neuroimaging techniques suggests that individuals with schizophrenia exhibit heightened presynaptic dopamine activity in the posterior striatum (McCutcheon et al., 2018). The striatum, as the core of dopamine-sensitive basal ganglia circuits, is closely associated with movement disorders and reward deficits linked to schizophrenia. Studies have indicated that increased production and secretion of dopamine in the striatum are associated with a worsening of psychotic symptoms in individuals, a finding supported by neuroimaging studies (McCutcheon et al., 2020; Weinstein et al., 2017). Recent research has offered evidence that aligns with the theory suggesting that schizophrenia is linked to a condition of dopamine deficiency in the cortical region (Slifstein et al., 2015; Rao et al., 2019; Frankle et al., 2022). Reduced cortical dopamine function may be interconnected with the observed increase in striatal dopamine activity in schizophrenia patients. Research in clinical settings indicates that lower levels of cortical dopamine may result in increased dopamine levels in the striatum, a connection that has similarly been noted in people diagnosed with schizophrenia (Frankle et al., 2022; Pycock et al., 1980; Clarke et al., 2014). Dopamine signaling within the cortex plays a crucial role in the proper functioning of attention, working memory, and executive functions. As a result, when dopamine does not operate correctly in schizophrenia, it can impede these cognitive processes (Cools and D'Esposito, 2011; Floresco and Magyar, 2006; Nieoullon, 2002).
Silymarin opposes and prevents the rise of dopamine levels in the striatum, prefrontal cortex, and hippocampus that is induced by ketamine, which in turn enhances excessive motor behavior, stereotypical actions, memory impairments, and social disengagement (Ben-Azu et al., 2024a). In a study utilizing a bilateral olfactory bulbectomy (OBX) model, it was demonstrated that curcumin, the primary component found in turmeric can help mitigate the reduction in dopamine levels seen in the prefrontal cortex. This discovery could offer valuable perspectives on the connection between reduced cortical dopamine levels and heightened striatal dopamine concentrations (Xu et al., 2005). A study conducted on fruit flies found that quercetin lowers the dopamine levels within brain homogenates while elevating its oxidized metabolite, 3,4-dihydroxyphenylacetic acid (DOPAC). These findings indicate that the influence of quercetin on sensitivity and locomotor sensitization may, in part, be attributed to the decrease in dopamine observed in the flies treated with this compound (Filošević Vujnović et al., 2023). Research on resveratrol revealed that, under hypoxic conditions, it decreases dopamine release in rat striatal slices and shows potential in improving pathological changes caused by hypoxia-ischemia, indicating its promise as a therapeutic agent (Gürsoy and Büyükuysal, 2008) (Table 2).
7.1.2 Glutamate reduction
The primary excitatory neurotransmitter in the central nervous system is glutamate, which is widely distributed throughout the brain due to the presence of glutamatergic neurons. Those who exhibit elevated levels of glutamate in the hippocampus have an increased likelihood of developing psychosis (McCutcheon et al., 2020; Bustillo et al., 2019). Impairment of glutamate activity is associated with the underlying mechanisms of schizophrenia. Research indicates that individuals diagnosed with this condition display notably higher absolute levels of glutamate in both the prefrontal cortex and hippocampus, and there is a correlation between elevated glutamate concentrations in the prefrontal region and diminished overall psychosocial functioning (van Elst et al., 2005). The precise physiological processes associated with schizophrenia are not well understood. However, the glutamate hypothesis proposes that reduced functionality of N-methyl-D-aspartate receptors (NMDARs) found on inhibitory γ-aminobutyric acid (GABA) ergic interneurons leads to insufficient activation of neurons that secrete glutamate, resulting in weakened inhibitory signaling. This chain of events ultimately causes an increase in glutamate release, which may lead to the onset of psychotic symptoms (Inta et al., 2010; Harrison and Weinberger, 2005; Li et al., 2024). An increasing amount of research indicates that abnormalities in glutamate neurotransmission could be fundamental to the primary pathological characteristics of schizophrenia. A meta-analysis focused on glutamate concentrations in individuals with schizophrenia showed significantly higher variability in glutamate metabolites among these patients than in healthy controls, especially in brain areas like the medial prefrontal cortex, dorsolateral prefrontal cortex, and thalamus. This variability was apparent in the levels of glutamate, glutamine, and Glx. Moreover, individuals experiencing more severe symptoms generally displayed greater variability in the levels of glutamate metabolites, which supports the notion of elevated glutamate levels in schizophrenia (Merritt et al., 2023). For individuals suffering from treatment-resistant schizophrenia, the levels of Glx and glutamate within the anterior cingulate cortex (ACC) play a crucial role in speech learning capabilities, in addition to aiding in classification tasks and enhancing cognitive functions (Huang et al., 2023; Pillinger et al., 2019).
Quercetin, a natural flavonoid known for its neuroprotective properties, has been demonstrated to hinder the release of glutamate triggered by depolarization in the nerve terminals of rat cerebral cortex. This inhibitory effect is associated with a reduction in voltage-dependent Ca2+ influx and the suppression of PKC and PKA activities (Lu et al., 2013). Glutamic acid decarboxylase (GAD), an enzyme that depends on pyridoxal phosphate (PLP) facilitates the irreversible transformation of L-glutamate into γ-aminobutyric acid (GABA). A crucial stage in the synthesis of GABA involves a decrease in GAD activity, which directly affects GABA production and can result in a relative rise in glutamate levels because of the hindered conversion of L-glutamate into GABA. Nevertheless, research indicates that naringenin is capable of reversing and halting the depletion of GAD in the hippocampus, striatum, and prefrontal cortex (Lee et al., 2019; Ben-Azu et al., 2024b). Baicalein stabilizes the glutamine synthetase (GS) protein, preventing its degradation by the 20S proteasome under oxidative stress, thus facilitating the removal of excitatory amino acids like glutamate and mitigating neuronal injury resulting from the buildup of glutamate (Song et al., 2020). Silymarin and curcumin have been found to lower glutamate levels, potentially by increasing BDNF levels. Specifically, curcumin restores TrkB phosphorylation induced by glutamate. However, while silymarin reduces glutamate levels, its effects on BDNF are primarily observed in male mice, with no significant changes in female mice. This implies that silymarin could possess potential therapeutic benefits for cognitive decline in males (Shokouhi et al., 2020; Wang et al., 2008). I A study investigating the impact of resveratrol on C6 glioma cells revealed that resveratrol affected both the uptake of glutamate and the activity of glutamine synthetase (GS). In particular, at concentrations between 0.1 and 100 μM, resveratrol triggered a proportional increase in glutamate uptake, whereas at 10 and 100 μM, there was a notable enhancement in GS activity (dos Santos et al., 2006). This is critical for reducing glutamate levels and maintaining its concentration at low levels. Finally, EGCG effectively blocks glutamate excitotoxicity induced by the glutamate transporter inhibitor threo-3-hydroxyaspartic acid (THA). After THA treatment, glutamate levels in the culture medium significantly increased; however, co-treatment with EGCG reversed this effect (Yu et al., 2010) (Table 2).
7.2 Improve neurodevelopmental abnormalities
Brain-Derived Neurotrophic Factor (BDNF), which belongs to the neurotrophin family, is situated on chromosome 11p14.1 in the human genome, specifically positioned on the short arm (p) at 14.1 (Urbina-Varela et al., 2020). BDNF plays a crucial role in multiple aspects of neuronal growth and functioning, including synaptic plasticity, neurotransmitter release, and the differentiation, proliferation, and survival of neurons. Furthermore, BDNF contributes to the development and preservation of dopaminergic, GABAergic, and cholinergic neurons, enhancing effective synaptic transmission and boosting learning, memory, and cognitive abilities. Moreover, it participates in regulating neuroinflammation and exhibits neuroprotective characteristics within the nervous system (Shkundin and Halaris, 2023). BDNF enhances neuroprotection by increasing levels of anti-apoptotic proteins from the Bcl-2 family and caspase inhibitors. It reduces the function of pro-apoptotic proteins such as Bax and Bad, while simultaneously boosting the synthesis of antioxidant enzymes, highlighting its significant antioxidant capabilities. (Marosi and Mattson, 2014). Considering the significance of disrupted neurodevelopment in the onset of schizophrenia (SCZ), BDNF has surfaced as a potential biomarker for the disorder due to its close ties to neurodevelopment (Nieto et al., 2013). Variations in BDNF levels and issues with BDNF signaling pathways have been connected to the development of schizophrenia (Nieto et al., 2021). Moreover, the expression levels of BDNF found in the peripheral blood of patients with schizophrenia are related to the extent of cognitive impairment. This indicates that reduced BDNF levels could worsen the severity of the disease and are strongly linked to cognitive decline (Fernandes et al., 2015). BDNF serves various functions in alleviating the pathological mechanisms associated with schizophrenia by facilitating synaptic restoration, reestablishing neurotransmitter equilibrium, reducing inflammation, and improving both the effectiveness of pharmacological treatments and the response to environmental strategies. The genetic variations, such as rs6265, along with BDNF expression levels, show potential as biomarkers that could inform personalized therapeutic approaches (Shkundin and Halaris, 2023).
Polyphenols, as multi-target modulators, exhibit a broad spectrum of therapeutic effects on schizophrenia by influencing various pathological mechanisms. Silymarin, for instance, demonstrates potent antioxidant properties, mitigates oxidative stress, and modulates multiple neurotransmitter systems. Notably, it reverses the reduction of BDNF levels induced by ketamine in schizophrenia models, highlighting its therapeutic potential (Ben-Azu et al., 2024a). Quercetin activates the BDNF-TrkB-mediated signaling network, which regulates neuronal survival and plasticity. The initiation of the TrkB receptor is a vital aspect of this pathway, which results in the stimulation of PI3K/Akt and the subsequent improvement of BDNF expression and its function (Yao et al., 2012). Similar effects have been observed with kaempferol (Yan et al., 2019). Curcumin modulates the BDNF-TrkB-mediated signaling pathway by regulating the CREB/BDNF axis and also targets the PI3K/Akt pathway to modulate Wnt signaling, thereby elevating BDNF levels (Lou et al., 2024). Resveratrol, as an activator of SIRT1, enhances BDNF transcription through deacetylation, increasing its expression and promoting interactions with the TrkB receptor. In MK-801-induced schizophrenia rat models, resveratrol improves cognitive and motor deficits by upregulating SIRT1 expression (Niu et al., 2020). EGCG increases BDNF expression by activating the ERK/CREB/BDNF pathway and also enhances CREB phosphorylation in the brain, promoting BDNF synthesis and secretion (Mi et al., 2017). Furthermore, baicalein has been shown to alleviate ketamine-induced neurotoxicity in developmental rat models by modulating the CREB/BDNF signaling pathway (Zuo et al., 2016) (Table 2).
7.3 Improve oxidative stress
Signs of oxidative stress primarily include lipid peroxides such as malondialdehyde (MDA), oxidized protein products, and indicators of DNA damage due to oxidation. Excessive amounts of reactive oxygen species (ROS) and reactive nitrogen species (RNS) are harmful byproducts produced during aerobic respiration, which cause oxidative damage to lipids, proteins, and nucleic acids (Valko et al., 2007). A hallmark of schizophrenia is the reduction in the levels of redox substrates, particularly glutathione (GSH), in areas of the brain linked to the disorder, including the anterior cingulate cortex, striatum, prefrontal cortex, and thalamus (Reyes-Madrigal et al., 2019; Das et al., 2019; Do et al., 2000). Studies show that people diagnosed with schizophrenia exhibit higher serum malondialdehyde (MDA) levels and reduced quantities of antioxidant enzymes, like superoxide dismutase (SOD), in addition to diminished endogenous antioxidants, including glutathione (GSH). This observation reinforces the idea that their antioxidant capacity is impaired (Buosi et al., 2021). One study found that MDA levels were elevated in patients with negative symptoms (Bošković et al., 2011), while GSH levels were associated with cognitive functioning (Ransohoff and Perry, 2009). Oxidative stress can damage parvalbumin interneurons and oligodendrocytes, contributing to the development of schizophrenia. Parvalbumin interneurons (PV-INs), which are implicated in schizophrenia, play a role in inhibiting GABAergic synaptic networks, helping to maintain the balance of excitation-inhibition and signal coordination between brain regions. A lack of GSH makes parvalbumin-positive interneurons especially susceptible to oxidative harm, which is marked by the breakdown of the perineuronal net and a decline in neuronal population. At the same time, reduced levels of GSH hinder the functionality of NMDAR, amplifying oxidative stress in parvalbumin-positive interneurons. Together, these issues disturb the balance between excitation and inhibition in the brain. (Hu et al., 2014; Perkins et al., 2020).
Quercetin significantly affects glutathione (GSH) and its oxidized form, GSSG, showing its capacity to combat oxidative damage in the brain (Dora et al., 2021). Moreover, quercetin impacts the Keap1/Nrf2/HO-1 signaling pathway by reducing the concentrations of reactive oxygen species (ROS), increasing malondialdehyde (MDA) levels, and enhancing superoxide dismutase (SOD) activity, thereby illustrating its antioxidant capabilities (Cheng et al., 2024). An essential process for addressing oxidative stress involves the stimulation of the signaling pathway related to nuclear factor erythroid 2 (Nrf2). Nrf2 undergoes negative regulation through its interaction with Kelch-like ECH-associated protein 1 (Keap1), resulting in the activation of antioxidant response element (ARE) sequences, which subsequently triggers the expression of genes that provide protective effects (Ma, 2013). Compounds such as EGCG (Kim et al., 2022), curcumin (Liao et al., 2023), naringenin (Garabadu and Agrawal, 2020), baicalein (Wang et al., 2021) can also activate Nrf2-related signaling pathways and elevate antioxidant levels (Rashid et al., 2014) (Khan et al., 2019). The administration of kaempferol mitigates oxidative stress and memory impairments through the modulation of the GSK3β-Nrf2 signaling pathway, which, in turn, lessens neurotoxicity (Hussein et al., 2018) (Table 2).
7.4 Improved immune response
Neuroinflammation involves the activation of microglial cells. When injury or disease occurs, these cells are triggered and engage in the activation of cytokines, which play a crucial role in the inflammatory process. When activated, microglial cells have the ability to enhance immune responses within the central nervous system (CNS), resulting in a range of behavioral effects (Fond et al., 2020; Frank et al., 2007). Under normal conditions, although microglial cells are in a resting state, they still influence the brain microenvironment. When the brain encounters injury, local inflammation, or responds to systemic inflammation, microglial cells are activated, exhibiting specific changes such as morphological alterations, enhanced expression of surface markers, promotion of T-cell activity, and secretion of various inflammatory factors (Dantzer, 2004; Perry et al., 2010; Müller, 2018).
Evidence has long supported the established connection between schizophrenia and the immune system, suggesting an association between schizophrenia and both infections and systemic inflammation (Brown and Derkits, 2010; Khandaker et al., 2012; Khandaker et al., 2013; Miller et al., 2011). Cytokine levels and different inflammatory mediators, such as tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6), are elevated in the peripheral blood of people diagnosed with schizophrenia. These increased markers are strongly linked to both the severity of the illness and the expression of psychotic symptoms (Li et al., 2021; Upthegrove and Khandaker, 2020). Within the nervous system, interleukin-6 (IL-6) in the blood binds to receptors on the vagus nerve. Subsequently, signals are transmitted retrogradely through the axons to the brainstem and ultimately reach the nuclei of the hypothalamus. After these signals enter the central nervous system, the effect of cytokines is intensified, resulting in the activation of microglial cells. These activated cells then generate pro-inflammatory cytokines, chemokines, and proteases (Dantzer et al., 2008). These signaling molecules activate indoleamine 2,3-dioxygenase 1 (IDO1), which is an enzyme that plays a crucial role in the metabolism of tryptophan through the kynurenine pathway. This mechanism results in elevated levels of kynurenine and its byproduct, quinolinic acid, both of which play a role in adrenergic neurotransmission (Walker et al., 2013). Kynurenic acid, known for its antagonistic effects on the NMDA receptor, disrupts glutamatergic signaling when present in elevated levels, contributing to dysregulation of various pathways. Simultaneously, inflammatory cytokines can hinder the signaling processes of other neurotransmitters like dopamine, resulting in deficits in cognitive abilities and psychiatric functions. Additionally, kynurenic acid affects the Wnt/β-catenin signaling pathway, worsening neuroinflammatory damage within the brain and ultimately leading to symptoms linked to schizophrenia (Vallée, 2022). This occurrence is related to the cognitive, negative, and positive symptoms connected to schizophrenia and could also lead to difficulties in mood, perception, and cognitive function (Reichenberg et al., 2001).
Recent research indicates that the use of curcumin promotes the production of anti-inflammatory cytokines, specifically IL-4 and IL-10, in BV-2 microglial cells that are subjected to lipopolysaccharide (LPS) exposure. In addition, curcumin increases the levels of suppressor of cytokine signaling (SOCS)-1 while reducing the phosphorylation of JAK2 and STAT3 (Porro et al., 2019). The signaling pathway known as JAK-STAT is made up of Janus kinases (JAK) along with signal transducers and transcriptional activators (STAT), is a highly efficient and specific signaling cascade that transmits extracellular signals to the nucleus with minimal intermediate steps. The basic signaling process involves the activation of JAK and the phosphorylation of STAT upon ligand-receptor binding, resulting in the creation of STAT dimers that migrate into the nucleus to control gene expression. The JAK family of tyrosine kinases, which includes JAK1, JAK2, JAK3, and Tyk2, reacts to a variety of stimuli, including growth factors, interleukins, interferons, and hormones. The STAT family comprises seven members, ranging from STAT1 to STAT7, and is tasked with the regulation of crucial nuclear genes that are important for processes such as apoptosis and cell cycle control, among other biological functions. Furthermore, it is recognized that the JAK-STAT signaling pathway interacts with both the MAPK and PI3K-AKT pathways. Studies suggest that the JAK2-STAT3 pathway plays a critical role in tumor development, inflammatory responses, and oxidative stress (Zhou et al., 2019; Zhang and Yang, 2021). Quercetin, by modulating factors within the JAK signaling pathway, demonstrates possible therapeutic benefits for diseases related to the immune system. Additionally, this mechanism could offer novel perspectives on treating schizophrenia (Muthian and Bright, 2004). Research using the BTBR mouse model indicates that resveratrol significantly decreases the generation of pro-inflammatory cytokines in a living organism and prevents the activation of the JAK1-STAT3 signaling pathway. This discovery indicates that resveratrol possesses strong anti-inflammatory properties and also efficiently modulates the JAK1-STAT3 signaling pathway, providing important theoretical support for future therapies targeting neuroimmune functional disorders (Ahmad et al., 2018). Through its effects on the JAK/STAT3 signaling pathway, baicalein has demonstrated the ability to promote the transformation of microglial cells toward the anti-inflammatory M2 phenotype and significantly enhance the phagocytic capacity of BV-2 cells, which act as a model for microglial cells (Li et al., 2022). It has been demonstrated that IL-6 induces the activation of STAT3. The compound EGCG is capable of obstructing this activation by preventing the signaling pathway of JAK/STAT3 that is mediated by IL-6 (Lin et al., 2012) (Table 2).
7.5 Improve mitochondrial energy metabolism
Mitochondria, commonly known as the “powerhouses” of the cell, generate ATP through a process called oxidative phosphorylation, which is vital for supplying energy necessary for proper brain function. In the mitochondrial matrix, the tricarboxylic acid (TCA) cycle promotes the reduction of flavin adenine dinucleotide (FAD) and nicotinamide adenine dinucleotide (NAD+), which are critical for numerous cellular functions (Kerr et al., 2017). In individuals with schizophrenia, impairments in brain cell function, synaptic plasticity, and cortical circuitry disruption may stem from energy metabolism damage, processes predominantly regulated by mitochondria (Ni et al., 2024; Fišar, 2023; Sullivan et al., 2018; Duarte and Xin, 2019). The schizophrenia risk gene DISC1 interacts with Mitofilin, a mitochondrial inner membrane protein, thereby influencing mitochondrial function. This discovery supports the notion that mitochondrial dysfunction contributes to energy metabolism imbalances in schizophrenia (Park et al., 2010). Research has additionally shown that in the brain samples taken post-mortem from individuals with schizophrenia, several genes associated with mitochondrial quality control mechanisms are improperly regulated, resulting in decreased expression of genes that play a role in mitochondrial respiration and ATP synthesis (Suárez-Méndez et al., 2020). Reduced activity has specifically been noted in Complex I within the dorsolateral prefrontal cortex, as well as in Complex IV in the prefrontal cortex. Furthermore, both Complexes I and III exhibit decreased activity in the temporal cortex and basal ganglia. In addition, Complexes I, III, and IV in the caudate nucleus, along with Complex IV in the putamen, also demonstrate a decline in activity (Sullivan et al., 2018; Das et al., 2022; Iwata, 2019; Roberts, 2021). The results suggest a reduced capacity for mitochondrial oxidative phosphorylation, which may compromise the brain’s energy provision and could consequently result in cellular dysfunction or death, possibly associated with the pathogenesis of the disorder.
Quercetin has shown the capacity to rejuvenate cellular ATP levels, stabilize the mitochondrial membrane potential, and improve mitochondrial structure, thereby enhancing mitochondrial function. Additionally, research indicates that quercetin notably influences resistance to oxidative stress and inflammation, underscoring its ability to engage various biological pathways (Kang et al., 2020). The flavonoid compound naringenin has been found to improve mitochondrial function and cognitive function in the brains of mice with high-fat diet-induced impairments. Research suggests that naringenin improves the mitochondrial membrane potential (MMP) within the hippocampus, lowers levels of reactive oxygen species (ROS), and boosts ATP levels, thus mitigating mitochondrial injury. This impact may be linked to its stimulation of AMPK (Wang et al., 2015). Similarly, resveratrol can improve mitochondrial function in the hippocampus by addressing issues such as increased peroxide generation, reduced membrane potential, and decreased ATP synthesis, thereby altering depressive-like behaviors (Chen et al., 2017). Baicalein can also activate mitochondrial autophagy in an AMPK-dependent manner, reducing cortical ketone-induced damage to hippocampal neurons. This mechanism is similar to that of naringenin (Liu Y. et al., 2024). A study on human neuronal cell models (NT2-N cells) treated with baicalein revealed that baicalein significantly improved basal mitochondrial respiration, ATP turnover, and maximal mitochondrial capacity, indicating its ability to enhance mitochondrial function (Liu ZSJ. et al., 2024). Research demonstrates that EGCG has the potential to enhance the protective functions of ADSCs located in the cerebral cortex of rats. By activating the SIRT1 pathway, EGCG promotes mitochondrial biogenesis and functionality, increases the activity of cytochrome C oxidase, and improves the mitochondrial membrane potential as well as the efficacy of oxidative phosphorylation in both neurons and astrocytes. As a result, there is a notable increase in ATP synthesis, which contributes to the maintenance of cellular energy resources (Hsieh et al., 2020). As a stimulator of the mitochondrial Ca2+ unidirectional transport channel (mCU), cinnamic acid enhances the activity of mCU, leading to an increase in mitochondrial Ca2+ absorption. Additionally, cinnamic acid maintains mitochondrial function by improving the flux of pyruvate and tricarboxylic acid (TCA) cycles (Chitturi et al., 2019). Curcumin, a naturally occurring substance known for its various biological functions, has the ability to enhance the production of energy in mitochondria and elevate ATP concentrations. A study in mice demonstrated that curcumin supplementation improved mitochondrial function and increased ATP levels. Furthermore, curcumin can activate mitochondrial signaling pathways to promote mitochondrial biogenesis, further enhancing ATP production (Eckert et al., 2013) (Table 4).
TABLE 4 | Potential regulatory roles of polyphenols in the pathogenesis of schizophrenia.
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Plant-derived polyphenolic compounds display therapeutic properties on the brain through various mechanisms, which include boosting antioxidant defenses, reducing neuroinflammation, modulating the balance of neurotransmitters, increasing levels of brain-derived neurotrophic factor (BDNF), and enhancing mitochondrial function. These compounds provide prolonged protective benefits by neutralizing reactive oxygen species (ROS) and activating the Nrf2/ARE pathway, which facilitates the synthesis of endogenous antioxidant enzymes. Moreover, polyphenols influence dopamine signaling pathways, mitigating symptoms associated with heightened dopaminergic activity, such as those seen in schizophrenia. In addition, these compounds promote neuroprotection and enhance cognitive abilities by engaging the BDNF/TrkB signaling pathway to raise BDNF expression. Finally, polyphenolic compounds play a role in achieving better long-term results by encouraging mitochondrial biogenesis and aiding in the restoration of atypical neurodevelopment.
8 CLINICAL RESEARCH ON THE IMPROVEMENT OF SCHIZOPHRENIA BY POLYPHENOLS
Currently, clinical trials investigating the effects of polyphenols in schizophrenia remain limited, with most focusing on their use as adjunctive therapies. A controlled clinical trial on curcumin reported promising results, showing its potential efficacy as an adjunct to antipsychotic medications in alleviating negative symptoms. These findings may open new avenues for safe and innovative treatment strategies in the management of schizophrenia (Miodownik et al., 2019). Additionally, baicalin has shown potential benefits in clinical studies as an adjunctive therapy, demonstrating improvements in negative symptoms and cognitive deficits in patients with schizophrenia (Miao et al., 2020). Areoo Samaei et al. observed in clinical trials that the addition of resveratrol to risperidone therapy exhibited beneficial effects in alleviating negative symptoms in patients with chronic schizophrenia (Samaei et al., 2020). A clinical trial is currently underway in China to evaluate the efficacy and safety of quercetin in improving cognitive impairment associated with schizophrenia (Chinese Clinical Trial Registry).
Future research in translational science should emphasize a thorough examination of the mechanisms at play, especially focusing on the regulation of key neurotransmitters like dopamine, serotonin (5-HT), and glutamate. In the context of epigenetic regulation, investigations ought to look into how plant polyphenols affect gene expression, particularly their possible impact on genes related to schizophrenia, which could unveil new therapeutic targets for treatment. Additionally, it is essential to refine drug development processes, which includes innovations in drug delivery methods and improvements in formulations. Moreover, to assess the long-term efficacy and safety of plant polyphenols, there is a need for more extensive clinical trials that incorporate prolonged follow-up studies and research on targeted populations.
9 THE RELATIONSHIP BETWEEN MULTIFACTOR PATHOLOGICAL MECHANISM AND SCHIZOPHRENIA
Changes in neurotransmitters are the primary cause of the onset of schizophrenia, particularly alterations in dopamine and glutamate. Dopamine can generate free radicals through multiple pathways, the primary processes involved include enzyme-catalyzed oxidation and auto-oxidation. Auto-oxidation describes the transformation of dopamine molecules into free radicals, a reaction facilitated by redox enzymes, which results in the generation of harmful free radicals. These free radicals can have a negative impact on neurons (Zhou et al., 2023). Increased glutamate release or impaired EAAT function leads to excitotoxicity when glutamate uptake is compromised (Magi et al., 2019; Zhang et al., 2024). Excessive extracellular glutamate persistently activates NMDA receptors, causing sustained Ca2+ influx, which overwhelms intracellular calcium homeostasis, damaging mitochondria, and promoting oxidative stress (Parsons and Raymond, 2014; Hardingham and Bading, 2010). The primary cause of oxidative stress stems from an imbalance between reactive oxygen species (ROS) and antioxidants, which results in cellular harm and impairment. This phenomenon is acknowledged as a significant pathological mechanism underlying schizophrenia. Research has indicated that heightened oxidative damage and a diminished ability of the cellular redox regulation system are frequently observed in individuals with schizophrenia, irrespective of any previous treatment with antipsychotic drugs (Goh et al., 2021; Koga et al., 2016). Mitochondrial respiratory chain impairment, changes in membrane permeability and structure, as well as disruption of mitochondrial protective mechanisms, can be triggered by reactive oxygen species (ROS). Nonetheless, the connection between oxidative stress and mitochondrial dysfunction is reciprocal; mitochondrial issues can also lead to the release of ROS, which may worsen oxidative stress (Guo et al., 2013). ROS, as highly reactive oxidants, can reduce BDNF levels through multiple pathways. One possibility is that ROS can directly damage BDNF molecules, impairing their normal function. Another possibility is that ROS activate signaling pathways, such as the Akt-1/GSK3 (glycogen synthase kinase 3) pathway, which is critical for BDNF expression, thereby suppressing its expression and synthesis. Specifically, ROS can activate protein kinases in these pathways, leading to the activation of negative regulatory factors for BDNF gene transcription and thus inhibiting its expression. To summarize, various mechanisms through which ROS affect the expression and function of BDNF could play a role in decreasing BDNF levels (Azimzadeh et al., 2024). Microglia act as the key immune effector cells in the central nervous system, and their activation is closely associated with the onset of schizophrenia, particularly through the release of pro-inflammatory molecules. The production of reactive oxygen species (ROS) can activate the MAPK/NF-κB pathway, which results in the secretion of inflammatory cytokines from microglia, consequently enhancing their activation. Upon activation, microglia generate significant quantities of ROS (Block et al., 2007; Ye et al., 2016). Thus, a vicious cycle forms between microglia and ROS, leading to more severe neuroinflammation and damage (Figure 2).
[image: Figure 2]FIGURE 2 | Mechanistic model.
In conclusion, schizophrenia results from the interplay of multiple pathogenesis mechanisms. In treating such disorders, there is a need to transition from the “single-target” approach to a strategy focused on “multi-target network regulation”. The fundamental concept behind multi-target drug therapy is to concurrently influence various interconnected pathological processes, thereby attaining more comprehensive therapeutic results. For example, research has demonstrated that drugs designed for single targets frequently encounter difficulties in managing the complex networks of diseases in clinical environments, resulting in issues such as drug resistance and side effects. On the other hand, multi-target drug therapy, often referred to as “combination therapy” or “cocktail therapy,” presents an innovative strategy for drug discovery. By focusing on several pathways, it has the potential to more comprehensively affect disease progression while minimizing the likelihood of adverse effects (Yuan et al., 2025). When addressing mental disorders, therapies that focus on a single target can show effectiveness in specific situations, but they often come with unintended adverse effects. This occurs mainly because their narrow target specificity does not consider the patient’s complete biochemical landscape. For instance, when treating depression, commonly used single-target medications often lead to metabolic issues like weight gain or digestive problems. Such side effects can significantly hinder patient compliance with treatment and adversely affect their quality of life (Lee et al., 2025).
10 CONCLUSION
Schizophrenia is a multifaceted neurological condition that encompasses various pathological processes, which include imbalances in neurotransmitters like dopamine and glutamate, as well as oxidative stress, neuroinflammation, and dysfunction of the mitochondria. Additionally, conventional antipsychotic medications, Although they are successful in reducing positive symptoms, there is only minimal enhancement in cognitive deficits, and these treatments frequently come with significant side effects, including metabolic syndrome. This study systematically investigates the mechanisms by which various plant-derived polyphenols exert therapeutic effects on the core pathological processes of schizophrenia through multi-target actions. Furthermore, based on nanotechnology and metabolic regulation, we propose an innovative delivery strategy for polyphenols. This approach provides a novel perspective for the development of high-efficiency, low-toxicity natural derivatives, offering promising potential for schizophrenia treatment.
Traditional drug development has often focused on single targets (e.g., dopamine D2 receptors); however, the treatment of schizophrenia requires a more systemic intervention strategy. This study reveals that the multi-dimensional mechanisms of polyphenols can overcome the limitations of single-target therapies. For instance, quercetin inhibits voltage-dependent calcium channels via the PKC/PKA signaling pathway, reducing glutamate release in the synaptic cleft. Similarly, silymarin downregulates dopamine levels in the striatum, alleviating hyperkinetic symptoms. Curcumin stands out for its ability to regulate the dopaminergic system in a bidirectional manner, as it can reverse dopamine depletion found in the prefrontal cortex, while also mitigating excessive dopamine activity in the striatum. Additionally, the approach of addressing both oxidative stress and inflammation is especially significant. The capabilities of polyphenols as antioxidants go beyond simple ROS scavenging; they also trigger the Nrf2/ARE pathway, which promotes the production of endogenous antioxidant enzymes, thereby forming a lasting protective barrier. Furthermore, resveratrol acts to inhibit the JAK1-STAT3 pathway, preventing microglial cells from polarizing toward the M1 phenotype, and decreasing the secretion of pro-inflammatory factors such as IL-6 and TNF-α. This combined blockade effectively interrupts the detrimental cycle linking oxidative stress and neuroinflammation, showcasing enhanced neuroprotective effects in schizophrenia models in comparison to inhibitors that target only one mechanism. Beyond the aforementioned mechanisms, polyphenols can also improve the long-term prognosis of schizophrenia by enhancing mitochondrial biogenesis and reconstructing neurodevelopmental abnormalities. For example, EGCG activates the SIRT1 pathway, promoting mitochondrial function and respiratory chain complex activity, restoring ATP production efficiency. EGCG treatment enhances mitochondrial membrane potential and significantly improves ATP turnover rates. Additionally, polyphenols can activate the BDNF/TrkB pathway; for instance, curcumin upregulates BDNF expression in the hippocampus via the Wnt/β-catenin signaling pathway, reversing schizophrenia-like phenotypes.
The important pharmacological effects of polyphenols are notable; however, their clinical application has been seriously constrained by their low solubility in water, extensive metabolism during the first pass, and restricted ability to cross the blood-brain barrier. However, recent studies have shown that functionalized nanocarriers, such as nanoparticles, liposomes, and polymeric microparticles, can effectively encapsulate quercetin and control its release rate, thereby improving bioavailability. A metabolic symbiosis strategy involves the co-administration of resveratrol with specific probiotics, which can enhance bioavailability. This “gut-brain axis” delivery approach may pave a new avenue for the precise regulation of natural products.
The experimental data of polyphenols demonstrate their relatively good efficacy; however, the clinical application of polyphenol-based therapies still faces numerous challenges. Certain polyphenols, at high concentrations, may exert pro-oxidative effects, potentially leading to cellular damage. This suggests the importance of understanding the dose-effect relationship and establishing personalized dosing windows. Dose optimization algorithms based on pharmacokinetic models may help balance efficacy and safety. Gender differences also play a role, as seen with silibinin, which significantly increases BDNF levels in male mice but shows no such effect in female individuals, likely due to the cross-regulation of estrogen receptors. Future studies on polyphenols should incorporate gender-stratified analyses to avoid therapeutic biases. Additionally, the development of real-time monitoring technologies is necessary to mitigate potential risks.
Future research should focus on innovative approaches to bioavailability and delivery technologies, developing novel nanodelivery systems to enhance the solubility, blood-brain barrier permeability, and targeting capabilities of polyphenols. Investigating chemical modifications, such as glycosylation, on the stability and pharmacokinetic properties of polyphenols is essential. Exploring the interactions between gut microbiota and polyphenol metabolism could lead to strategies using probiotics to enhance bioavailability. Carrying out multicenter, double-blind, randomized controlled clinical trials is essential for assessing the effectiveness of polyphenols, whether used alone or as complementary therapies, in enhancing both positive and negative symptoms, along with cognitive abilities, in individuals with schizophrenia. Creating patient stratification models that incorporate biomarkers, including plasma BDNF levels and markers of oxidative stress, will facilitate accurate predictions regarding dosage and treatment oversight. Assessing the long-term safety of polyphenol treatment, with particular attention to hepatic and renal function, metabolic parameters, and potential drug interactions, is necessary. Investigating the combination of polyphenols with conventional antipsychotic medications may reveal their potential to mitigate metabolic side effects. Investigation into how polyphenols influence synaptic plasticity during crucial neurodevelopmental phases, like adolescence, may enhance understanding of their use in early interventions. Additionally, examining the therapeutic possibilities of polyphenols in comorbid conditions, including depression and metabolic syndrome linked to schizophrenia, requires more in-depth research.
In summary, polyphenols of plant origin have shown tremendous potential in the treatment of schizophrenia. Polyphenolic compounds have the potential to alleviate symptoms of schizophrenia and enhance cognitive function through various mechanisms. These include boosting antioxidant protection, diminishing neuroinflammation, balancing neurotransmitters, improving responses to oxidative stress and immune challenges, elevating levels of brain-derived neurotrophic factor (BDNF), and promoting mitochondrial activity. Despite the significant progress made in current research, several issues remain to be further explored. For instance, the bioavailability and pharmacokinetic properties of polyphenols need further optimization to improve their effective concentrations and duration of action in the body. Moreover, data from extensive clinical trials remain inadequate, necessitating further research to confirm the effectiveness and safety of polyphenols across various patient demographics. Subsequent studies ought to concentrate on the molecular pathways influenced by polyphenols, examining their combined effects with alternative therapeutic strategies, as well as creating new polyphenol derivatives and delivery mechanisms to improve treatment results and patient adherence. In summary, polyphenols sourced from plants offer fresh perspectives and techniques for addressing schizophrenia and may serve as a valuable complementary strategy for upcoming treatments targeting this disorder.
AUTHOR CONTRIBUTIONS
XJ: Writing – original draft, Writing – review and editing. JC: Conceptualization, Data curation, Funding acquisition, Writing – review and editing. SZ: Investigation, Methodology, Project administration, Writing – review and editing. Yonghou Zhao: Conceptualization, Data curation, Funding acquisition, Methodology, Resources, Supervision, Writing – review and editing.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. National Nature Science Foundation of China (Grant No. 82374438) and National Nature Science Foundation of China (Grant No. 81973747).
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abbaspour, L., Ghareaghajlou, N., Afshar Mogaddam, M. R., and Ghasempour, Z. (2024). An innovative technique for the extraction and stability of polyphenols using high voltage electrical discharge: HVED-Assisted Extraction of Polyphenols. Curr. Res. Food Sci. 9, 100928. doi:10.1016/j.crfs.2024.100928
 Ahmad, S. F., Ansari, M. A., Nadeem, A., Bakheet, S. A., Alzahrani, M. Z., Alshammari, M. A., et al. (2018). Resveratrol attenuates pro-inflammatory cytokines and activation of JAK1-STAT3 in BTBR T(+) Itpr3(tf)/J autistic mice. Eur. J. Pharmacol. 829, 70–78. doi:10.1016/j.ejphar.2018.04.008
 Alam, M. A., Subhan, N., Rahman, M. M., Uddin, S. J., Reza, H. M., and Sarker, S. D. (2014). Effect of citrus flavonoids, naringin and naringenin, on metabolic syndrome and their mechanisms of action. Adv. Nutr. 5 (4), 404–417. doi:10.3945/an.113.005603
 Alam, W., Khan, H., Shah, M. A., Cauli, O., and Saso, L. (2020). Kaempferol as a dietary anti-inflammatory agent: current therapeutic standing. Mol. (Basel, Switz.) 25 (18), 4073. doi:10.3390/molecules25184073
 Andrés, C. M. C., Pérez de la Lastra, J. M., Juan, C. A., Plou, F. J., and Pérez-Lebeña, E. (2023). Polyphenols as antioxidant/pro-oxidant compounds and donors of reducing species: relationship with human antioxidant metabolism. Process. (Basel). 11 (9), 2771. doi:10.3390/pr11092771
 Andres, S., Pevny, S., Ziegenhagen, R., Bakhiya, N., Schäfer, B., Hirsch-Ernst, K. I., et al. (2018). Safety aspects of the use of quercetin as a dietary supplement. Mol. Nutr. Food Res. 62 (1). doi:10.1002/mnfr.201700447
 Attar, E. S., Chaudhari, V. H., Deokar, C. G., Dyawanapelly, S., and Devarajan, P. V. (2023). Nano drug delivery strategies for an oral bioenhanced quercetin formulation. Eur. J. Drug Metab. Pharmacokinet. 48 (5), 495–514. doi:10.1007/s13318-023-00843-7
 Azimzadeh, Z., Omidvari, S., Niknazar, S., Vafaei-Nezhad, S., Roozbahany, N. A., Abdollahifar, M. A., et al. (2024). Exploring amygdala structural changes and signaling pathways in postmortem brains: consequences of long-term methamphetamine addiction. Anat. Cell Biol. 57 (1), 70–84. doi:10.5115/acb.23.193
 Babich, H., Schuck, A. G., Weisburg, J. H., and Zuckerbraun, H. L. (2011). Research strategies in the study of the pro-oxidant nature of polyphenol nutraceuticals. J. Toxicol. 2011, 467305. doi:10.1155/2011/467305
 Barani, M., Sangiovanni, E., Angarano, M., Rajizadeh, M. A., Mehrabani, M., Piazza, S., et al. (2021). Phytosomes as innovative delivery systems for phytochemicals: a comprehensive review of literature. Int. J. Nanomedicine 16, 6983–7022. doi:10.2147/IJN.S318416
 Baur, J. A., and Sinclair, D. A. (2006). Therapeutic potential of resveratrol: the in vivo evidence. Nat. Rev. Drug Discov. 5 (6), 493–506. doi:10.1038/nrd2060
 Ben-Azu, B., Fokoua, A. R., Annafi, O. S., Adebayo, O. G., Del Re, E. C., Okuchukwu, N., et al. (2024a). Effective action of silymarin against ketamine-induced schizophrenia in male mice: insight into the biochemical and molecular mechanisms of action. J. Psychiatr. Res. 179, 141–155. doi:10.1016/j.jpsychires.2024.09.003
 Ben-Azu, B., Oritsemuelebi, B., Oghorodi, A. M., Adebesin, A., Isibor, H., Eduviere, A. T., et al. (2024b). Psychopharmacological interaction of alcohol and posttraumatic stress disorder: effective action of naringin. Eur. J. Pharmacol. 978, 176791. doi:10.1016/j.ejphar.2024.176791
 Berretta, M., Bignucolo, A., Di Francia, R., Comello, F., Facchini, G., Ceccarelli, M., et al. (2020). Resveratrol in cancer patients: from bench to bedside. Int. J. Mol. Sci. 21 (8), 2945. doi:10.3390/ijms21082945
 Block, M. L., Zecca, L., and Hong, J. S. (2007). Microglia-mediated neurotoxicity: uncovering the molecular mechanisms. Nat. Rev. Neurosci. 8 (1), 57–69. doi:10.1038/nrn2038
 Bolger, G. T., Pucaj, K., Minta, Y. O., and Sordillo, P. (2022). Relationship between the in vitro efficacy, pharmacokinetics and in vivo efficacy of curcumin. Biochem. Pharmacol. 205, 115251. doi:10.1016/j.bcp.2022.115251
 Bošković, M., Vovk, T., Kores Plesničar, B., and Grabnar, I. (2011). Oxidative stress in schizophrenia. Curr. Neuropharmacol. 9 (2), 301–312. doi:10.2174/157015911795596595
 Brown, A. S., and Derkits, E. J. (2010). Prenatal infection and schizophrenia: a review of epidemiologic and translational studies. Am. J. Psychiatry 167 (3), 261–280. doi:10.1176/appi.ajp.2009.09030361
 Buosi, P., Borghi, F. A., Lopes, A. M., Facincani, I. D. S., Fernandes-Ferreira, R., Oliveira-Brancati, C. I. F., et al. (2021). Oxidative stress biomarkers in treatment-responsive and treatment-resistant schizophrenia patients. Trends Psychiatry Psychother. 43 (4), 278–285. doi:10.47626/2237-6089-2020-0078
 Bustillo, J. R., Gaudiot, C. E., and Lenroot, R. K. (2019). The meaning of glutamate and the quest for biomarkers in the transition to psychosis. JAMA Psychiatry 76 (2), 115–116. doi:10.1001/jamapsychiatry.2018.3251
 Cai, Z. Y., Li, X. M., Liang, J. P., Xiang, L. P., Wang, K. R., Shi, Y. L., et al. (2018). Bioavailability of tea catechins and its improvement. Mol. (Basel, Switz.) 23 (9), 2346. doi:10.3390/molecules23092346
 Chang, G.-R., Hsieh, W.-T., Chou, L.-S., Lin, C.-S., Wu, C.-F., Lin, J.-W., et al. (2021). Curcumin improved glucose intolerance, renal injury, and nonalcoholic fatty liver disease and decreased chromium loss through urine in obese mice. Processes (Basel). 9 (7), 1132. doi:10.3390/pr9071132
 Chang, Y., Shi, X., He, F., Wu, T., Jiang, L., Normakhamatov, N., et al. (2022). Valorization of food processing waste to produce valuable polyphenolics. J. Agric. Food Chem. 70 (29), 8855–8870. doi:10.1021/acs.jafc.2c02655
 Chen, A. Y., and Chen, Y. C. (2013). A review of the dietary flavonoid, kaempferol on human health and cancer chemoprevention. Food Chem. 138 (4), 2099–2107. doi:10.1016/j.foodchem.2012.11.139
 Chen, W. J., Du, J. K., Hu, X., Yu, Q., Li, D. X., Wang, C. N., et al. (2017). Protective effects of resveratrol on mitochondrial function in the hippocampus improves inflammation-induced depressive-like behavior. Physiol. Behav. 182, 54–61. doi:10.1016/j.physbeh.2017.09.024
 Chen, Z., Zhu, Q. Y., Tsang, D., and Huang, Y. (2001). Degradation of green tea catechins in tea drinks. J. Agric. Food Chem. 49 (1), 477–482. doi:10.1021/jf000877h
 Cheng, M., Yuan, C., Ju, Y., Liu, Y., Shi, B., Yang, Y., et al. (2024). Quercetin attenuates oxidative stress and apoptosis in brain tissue of APP/PS1 double transgenic AD mice by regulating keap1/nrf2/HO-1 pathway to improve cognitive impairment. Behav. Neurol. 2024, 5698119. doi:10.1155/2024/5698119
 Chitturi, J., Santhakumar, V., and Kannurpatti, S. S. (2019). Beneficial effects of kaempferol after developmental traumatic brain injury is through protection of mitochondrial function, oxidative metabolism, and neural viability. J. Neurotrauma 36 (8), 1264–1278. doi:10.1089/neu.2018.6100
 Chung, H., Choi, H. S., Seo, E. K., Kang, D. H., and Oh, E. S. (2015). Baicalin and baicalein inhibit transforming growth factor-β1-mediated epithelial-mesenchymal transition in human breast epithelial cells. Biochem. Biophys. Res. Commun. 458 (3), 707–713. doi:10.1016/j.bbrc.2015.02.032
 Clarke, H. F., Cardinal, R. N., Rygula, R., Hong, Y. T., Fryer, T. D., Sawiak, S. J., et al. (2014). Orbitofrontal dopamine depletion upregulates caudate dopamine and alters behavior via changes in reinforcement sensitivity. J. Neurosci. 34 (22), 7663–7676. doi:10.1523/JNEUROSCI.0718-14.2014
 Cools, R., and D'Esposito, M. (2011). Inverted-U-shaped dopamine actions on human working memory and cognitive control. Biol. Psychiatry 69 (12), e113–e125. doi:10.1016/j.biopsych.2011.03.028
 Crespy, V., Morand, C., Besson, C., Cotelle, N., Vézin, H., Demigné, C., et al. (2003). The splanchnic metabolism of flavonoids highly differed according to the nature of the compound. Am. J. Physiol. Gastrointest. Liver Physiol. 284 (6), G980–G988. doi:10.1152/ajpgi.00223.2002
 Dabeek, W. M., and Marra, M. V. (2019). Dietary quercetin and kaempferol: bioavailability and potential cardiovascular-related bioactivity in humans. Nutrients 11 (10), 2288. doi:10.3390/nu11102288
 Dai, W., Ruan, C., Zhang, Y., Wang, J., Han, J., Shao, Z., et al. (2020). Bioavailability enhancement of EGCG by structural modification and nano-delivery: a review. J. Funct. Foods 65, 103732. doi:10.1016/j.jff.2019.103732
 Dangre, P. V., Korekar, P. P., Borkar, M. R., Chaturvedi, K. K., Borikar, S. P., and Pethe, A. M. (2023). Tailoring deep eutectic solvents to provoke solubility and bioavailability of naringin: implications of a computational approach. ACS Omega 8 (14), 12820–12829. doi:10.1021/acsomega.2c08079
 Dantzer, R. (2004). Cytokine-induced sickness behaviour: a neuroimmune response to activation of innate immunity. Eur. J. Pharmacol. 500 (1-3), 399–411. doi:10.1016/j.ejphar.2004.07.040
 Dantzer, R., O'Connor, J. C., Freund, G. G., Johnson, R. W., and Kelley, K. W. (2008). From inflammation to sickness and depression: when the immune system subjugates the brain. Nat. Rev. Neurosci. 9 (1), 46–56. doi:10.1038/nrn2297
 Das, S. C., Hjelm, B. E., Rollins, B. L., Sequeira, A., Morgan, L., Omidsalar, A. A., et al. (2022). Mitochondria DNA copy number, mitochondria DNA total somatic deletions, complex I activity, synapse number, and synaptic mitochondria number are altered in schizophrenia and bipolar disorder. Transl. Psychiatry 12 (1), 353. doi:10.1038/s41398-022-02127-1
 Das, T. K., Javadzadeh, A., Dey, A., Sabesan, P., Théberge, J., Radua, J., et al. (2019). Antioxidant defense in schizophrenia and bipolar disorder: a meta-analysis of MRS studies of anterior cingulate glutathione. Prog. Neuropsychopharmacol. Biol. Psychiatry 91, 94–102. doi:10.1016/j.pnpbp.2018.08.006
 Datta, S., Ramamurthy, P. C., Anand, U., Singh, S., Singh, A., Dhanjal, D. S., et al. (2021). Wonder or evil? Multifaceted health hazards and health benefits of Cannabis sativa and its phytochemicals. Saudi J. Biol. Sci. 28 (12), 7290–7313. doi:10.1016/j.sjbs.2021.08.036
 Decker, E. A. (1997). Phenolics: prooxidants or antioxidants?Nutr. Rev. 55 (11 Pt 1), 396–398. doi:10.1111/j.1753-4887.1997.tb01580.x
 d'Errico, A., Strippoli, E., Vasta, R., Ferrante, G., Spila Alegiani, S., and Ricceri, F. (2022). Correction to: use of antipsychotics and long-term risk of Parkinsonism. Neurol. Sci. 43 (4), 2909. doi:10.1007/s10072-021-05708-y
 Do, K. Q., Trabesinger, A. H., Kirsten-Krüger, M., Lauer, C. J., Dydak, U., Hell, D., et al. (2000). Schizophrenia: glutathione deficit in cerebrospinal fluid and prefrontal cortex in vivo. Eur. J. Neurosci. 12 (10), 3721–3728. doi:10.1046/j.1460-9568.2000.00229.x
 Dora, M. F., Taha, N. M., Lebda, M. A., Hashem, A. E., Elfeky, M. S., El-Sayed, Y. S., et al. (2021). Quercetin attenuates brain oxidative alterations induced by iron oxide nanoparticles in rats. Int. J. Mol. Sci. 22 (8), 3829. doi:10.3390/ijms22083829
 dos Santos, A. Q., Nardin, P., Funchal, C., de Almeida, L. M., Jacques-Silva, M. C., Wofchuk, S. T., et al. (2006). Resveratrol increases glutamate uptake and glutamine synthetase activity in C6 glioma cells. Arch. Biochem. Biophys. 453 (2), 161–167. doi:10.1016/j.abb.2006.06.025
 Duarte, J. M. N., and Xin, L. (2019). Magnetic resonance spectroscopy in schizophrenia: evidence for glutamatergic dysfunction and impaired energy metabolism. Neurochem. Res. 44 (1), 102–116. doi:10.1007/s11064-018-2521-z
 Eckert, G. P., Schiborr, C., Hagl, S., Abdel-Kader, R., Müller, W. E., Rimbach, G., et al. (2013). Curcumin prevents mitochondrial dysfunction in the brain of the senescence-accelerated mouse-prone 8. Neurochem. Int. 62 (5), 595–602. doi:10.1016/j.neuint.2013.02.014
 Farkhakfar, A., Hassanpour, S., and Zendehdel, M. (2023). Resveratrol plays neuroprotective role on ketamine-induced schizophrenia-like behaviors and oxidative damage in mice. Neurosci. Lett. 813, 137436. doi:10.1016/j.neulet.2023.137436
 Fernandes, B. S., Steiner, J., Berk, M., Molendijk, M. L., Gonzalez-Pinto, A., Turck, C. W., et al. (2015). Peripheral brain-derived neurotrophic factor in schizophrenia and the role of antipsychotics: meta-analysis and implications. Mol. Psychiatry 20 (9), 1108–1119. doi:10.1038/mp.2014.117
 Fernandes, P. A. R., Le Bourvellec, C., Renard, C., Nunes, F. M., Bastos, R., Coelho, E., et al. (2019). Revisiting the chemistry of apple pomace polyphenols. Food Chem. 294, 9–18. doi:10.1016/j.foodchem.2019.05.006
 Filošević Vujnović, A., Rubinić, M., Starčević, I., and Andretić Waldowski, R. (2023). Influence of redox and dopamine regulation in cocaine-induced phenotypes using Drosophila. Antioxidants (Basel). 12 (4), 933. doi:10.3390/antiox12040933
 Fišar, Z. (2023). Biological hypotheses, risk factors, and biomarkers of schizophrenia. Prog. Neuropsychopharmacol. Biol. Psychiatry 120, 110626. doi:10.1016/j.pnpbp.2022.110626
 Floresco, S. B., and Magyar, O. (2006). Mesocortical dopamine modulation of executive functions: beyond working memory. Psychopharmacol. Berl. 188 (4), 567–585. doi:10.1007/s00213-006-0404-5
 Fond, G., Lançon, C., Korchia, T., Auquier, P., and Boyer, L. (2020). The role of inflammation in the treatment of schizophrenia. Front. Psychiatry 11, 160. doi:10.3389/fpsyt.2020.00160
 Frank, M. G., Baratta, M. V., Sprunger, D. B., Watkins, L. R., and Maier, S. F. (2007). Microglia serve as a neuroimmune substrate for stress-induced potentiation of CNS pro-inflammatory cytokine responses. Brain Behav. Immun. 21 (1), 47–59. doi:10.1016/j.bbi.2006.03.005
 Frankle, W. G., Himes, M., Mason, N. S., Mathis, C. A., and Narendran, R. (2022). Prefrontal and striatal dopamine release are inversely correlated in schizophrenia. Biol. psychiatry 92 (10), 791–799. doi:10.1016/j.biopsych.2022.05.009
 Ganesan, K., and Xu, B. (2017). Polyphenol-rich lentils and their health promoting effects. Int. J. Mol. Sci. 18 (11), 2390. doi:10.3390/ijms18112390
 Garabadu, D., and Agrawal, N. (2020). Naringin exhibits neuroprotection against rotenone-induced neurotoxicity in experimental rodents. Neuromolecular Med. 22 (2), 314–330. doi:10.1007/s12017-019-08590-2
 Gee, J. M., and Johnson, I. T. (2001). Polyphenolic compounds: interactions with the gut and implications for human health. Curr. Med. Chem. 8 (11), 1245–1255. doi:10.2174/0929867013372256
 Gerlinger, G., Hauser, M., De Hert, M., Lacluyse, K., Wampers, M., and Correll, C. U. (2013). Personal stigma in schizophrenia spectrum disorders: a systematic review of prevalence rates, correlates, impact and interventions. World Psychiatry 12 (2), 155–164. doi:10.1002/wps.20040
 Goh, X. X., Tang, P. Y., and Tee, S. F. (2021). 8-Hydroxy-2'-Deoxyguanosine and reactive oxygen species as biomarkers of oxidative stress in mental illnesses: a meta-analysis. Psychiatry Investig. 18 (7), 603–618. doi:10.30773/pi.2020.0417
 Goldstein, J. M., Faraone, S. V., Chen, W. J., Tolomiczencko, G. S., and Tsuang, M. T. (1990). Sex differences in the familial transmission of schizophrenia. Br. J. Psychiatry 156, 819–826. doi:10.1192/bjp.156.6.819
 Grace, A. A. (2016). Dysregulation of the dopamine system in the pathophysiology of schizophrenia and depression. Nat. Rev. Neurosci. 17 (8), 524–532. doi:10.1038/nrn.2016.57
 Guo, C., Sun, L., Chen, X., and Zhang, D. (2013). Oxidative stress, mitochondrial damage and neurodegenerative diseases. Neural Regen. Res. 8 (21), 2003–2014. doi:10.3969/j.issn.1673-5374.2013.21.009
 Gürsoy, M., and Büyükuysal, R. L. (2008). Resveratrol protects rat striatal slices against anoxia-induced dopamine release. Neurochem. Res. 33 (9), 1838–1844. doi:10.1007/s11064-008-9645-5
 Hardingham, G. E., and Bading, H. (2010). Synaptic versus extrasynaptic NMDA receptor signalling: implications for neurodegenerative disorders. Nat. Rev. Neurosci. 11 (10), 682–696. doi:10.1038/nrn2911
 Harrison, P. J., and Weinberger, D. R. (2005). Schizophrenia genes, gene expression, and neuropathology: on the matter of their convergence. Mol. Psychiatry 10 (1), 40–45. doi:10.1038/sj.mp.4001558
 Herzyk, F., Piłakowska-Pietras, D., and Korzeniowska, M. (2024). Supercritical extraction techniques for obtaining biologically active substances from a variety of plant byproducts. Foods 13 (11), 1713. doi:10.3390/foods13111713
 Howes, O. D., and Murray, R. M. (2014). Schizophrenia: an integrated sociodevelopmental-cognitive model. Lancet 383 (9929), 1677–1687. doi:10.1016/S0140-6736(13)62036-X
 Hsieh, D. J., Marte, L., Kuo, W. W., Ju, D. T., Chen, W. S., Kuo, C. H., et al. (2020). Epigallocatechin-3-gallate preconditioned Adipose-derived Stem Cells confer Neuroprotection in aging rat brain. Int. J. Med. Sci. 17 (13), 1916–1926. doi:10.7150/ijms.46696
 Hsuuw, Y. D., and Chan, W. H. (2007). Epigallocatechin gallate dose-dependently induces apoptosis or necrosis in human MCF-7 cells. Ann. N. Y. Acad. Sci. 1095, 428–440. doi:10.1196/annals.1397.046
 Hu, H., Gan, J., and Jonas, P. (2014). Interneurons. Fast-spiking, parvalbumin+ GABAergic interneurons: from cellular design to microcircuit function. Science 345 (6196), 1255263. doi:10.1126/science.1255263
 Huang, L. C., Lin, S. H., Tseng, H. H., Chen, K. C., Abdullah, M., and Yang, Y. K. (2023). Altered glutamate level and its association with working memory among patients with treatment-resistant schizophrenia (TRS): a proton magnetic resonance spectroscopy study. Psychol. Med. 53 (7), 3220–3227. doi:10.1017/S003329172100533X
 Hussein, R. M., Mohamed, W. R., and Omar, H. A. (2018). A neuroprotective role of kaempferol against chlorpyrifos-induced oxidative stress and memory deficits in rats via GSK3β-Nrf2 signaling pathway. Pestic. Biochem. Physiol. 152, 29–37. doi:10.1016/j.pestbp.2018.08.008
 Inta, D., Monyer, H., Sprengel, R., Meyer-Lindenberg, A., and Gass, P. (2010). Mice with genetically altered glutamate receptors as models of schizophrenia: a comprehensive review. Neurosci. Biobehav Rev. 34 (3), 285–294. doi:10.1016/j.neubiorev.2009.07.010
 Iwata, K. (2019). Mitochondrial involvement in mental disorders: energy metabolism and genetic and environmental factors. Adv. Exp. Med. Biol. 1118, 63–70. doi:10.1007/978-3-030-05542-4_3
 Jaffar, H. M., Bader Ul Ain, H., Tufail, T., Hanif, A., and Malik, T. (2024). Impact of silymarin-supplemented cookies on liver enzyme and inflammatory markers in non-alcoholic fatty liver disease patients. Food Sci. Nutr. 12 (10), 7273–7286. doi:10.1002/fsn3.4348
 Jakab, G., Bogdán, D., Mazák, K., Deme, R., Mucsi, Z., Mándity, I. M., et al. (2019). Physicochemical profiling of baicalin along with the development and characterization of cyclodextrin inclusion complexes. AAPS PharmSciTech 20 (8), 314. doi:10.1208/s12249-019-1525-6
 Jauhar, S., Johnstone, M., and McKenna, P. J. (2022). Schizophrenia. Lancet. 399 (10323), 473–486. doi:10.1016/S0140-6736(21)01730-X
 Jin, S., Zhang, L., and Wang, L. (2023). Kaempferol, a potential neuroprotective agent in neurodegenerative diseases: from chemistry to medicine. Biomed. Pharmacother. 165, 115215. doi:10.1016/j.biopha.2023.115215
 Kang, S., Piao, Y., Kang, Y. C., Lim, S., and Pak, Y. K. (2020). Qi-activating quercetin alleviates mitochondrial dysfunction and neuroinflammation in vivo and in vitro. Arch. Pharm. Res. 43 (5), 553–566. doi:10.1007/s12272-020-01238-x
 Kapetanovic, I. M., Muzzio, M., Huang, Z., Thompson, T. N., and McCormick, D. L. (2011). Pharmacokinetics, oral bioavailability, and metabolic profile of resveratrol and its dimethylether analog, pterostilbene, in rats. Cancer Chemother. Pharmacol. 68 (3), 593–601. doi:10.1007/s00280-010-1525-4
 Kawabata, K., Mukai, R., and Ishisaka, A. (2015). Quercetin and related polyphenols: new insights and implications for their bioactivity and bioavailability. Food Funct. 6 (5), 1399–1417. doi:10.1039/c4fo01178c
 Ke, Z., Tan, S., and Shi, S. (2023). Physicochemical characteristics, polyphenols and antioxidant activities of Dimocarpus longan grown in different geographical locations. Anal. Sci. 39 (8), 1405–1412. doi:10.1007/s44211-023-00352-2
 Kerr, J. S., Adriaanse, B. A., Greig, N. H., Mattson, M. P., Cader, M. Z., Bohr, V. A., et al. (2017). Mitophagy and alzheimer's disease: cellular and molecular mechanisms. Trends Neurosci. 40 (3), 151–166. doi:10.1016/j.tins.2017.01.002
 Khan, M. S., Ali, T., Kim, M. W., Jo, M. H., Chung, J. I., and Kim, M. O. (2019). Anthocyanins improve hippocampus-dependent memory function and prevent neurodegeneration via JNK/Akt/GSK3β signaling in LPS-treated adult mice. Mol. Neurobiol. 56 (1), 671–687. doi:10.1007/s12035-018-1101-1
 Khandaker, G. M., Zimbron, J., Dalman, C., Lewis, G., and Jones, P. B. (2012). Childhood infection and adult schizophrenia: a meta-analysis of population-based studies. Schizophr. Res. 139 (1-3), 161–168. doi:10.1016/j.schres.2012.05.023
 Khandaker, G. M., Zimbron, J., Lewis, G., and Jones, P. B. (2013). Prenatal maternal infection, neurodevelopment and adult schizophrenia: a systematic review of population-based studies. Psychol. Med. 43 (2), 239–257. doi:10.1017/S0033291712000736
 Kim, S. R., Seong, K. J., Kim, W. J., and Jung, J. Y. (2022). Epigallocatechin gallate protects against hypoxia-induced inflammation in microglia via NF-κB suppression and nrf-2/HO-1 activation. Int. J. Mol. Sci. 23 (7), 4004. doi:10.3390/ijms23074004
 Kirkbride, J. B., Errazuriz, A., Croudace, T. J., Morgan, C., Jackson, D., Boydell, J., et al. (2012). Incidence of schizophrenia and other psychoses in England, 1950-2009: a systematic review and meta-analyses. PLoS One 7 (3), e31660. doi:10.1371/journal.pone.0031660
 Koga, M., Serritella, A. V., Sawa, A., and Sedlak, T. W. (2016). Implications for reactive oxygen species in schizophrenia pathogenesis. Schizophr. Res. 176 (1), 52–71. doi:10.1016/j.schres.2015.06.022
 Korin, A., Gouda, M. M., Youssef, M., Elsharkawy, E., Albahi, A., Zhan, F., et al. (2024). Whey protein sodium-caseinate as a deliverable vector for EGCG: in vitro optimization of its bioaccessibility, bioavailability, and bioactivity mode of actions. Mol. (Basel, Switz.) 29 (11), 2588. doi:10.3390/molecules29112588
 la Porte, C., Voduc, N., Zhang, G., Seguin, I., Tardiff, D., Singhal, N., et al. (2010). Steady-State pharmacokinetics and tolerability of trans-resveratrol 2000 mg twice daily with food, quercetin and alcohol (ethanol) in healthy human subjects. Clin. Pharmacokinet. 49 (7), 449–454. doi:10.2165/11531820-000000000-00000
 Lee, J. H., Choi, S., Lee, D. E., Kang, H. W., Lee, J. S., and Kim, J. H. (2025). Discovery of herbal remedies and key components for major depressive disorder through biased random walk analysis on a multiscale network. Int. J. Mol. Sci. 26 (5), 2162. doi:10.3390/ijms26052162
 Lee, S. E., Lee, Y., and Lee, G. H. (2019). The regulation of glutamic acid decarboxylases in GABA neurotransmission in the brain. Arch. Pharm. Res. 42 (12), 1031–1039. doi:10.1007/s12272-019-01196-z
 Leopoldini, M., Russo, N., and Toscano, M. (2011). The molecular basis of working mechanism of natural polyphenolic antioxidants. Food Chem. 125 (2), 288–306. doi:10.1016/j.foodchem.2010.08.012
 Li, D., Pan, Q., Xiao, Y., and Hu, K. (2024). Advances in the study of phencyclidine-induced schizophrenia-like animal models and the underlying neural mechanisms. Schizophr. (Heidelb). 10 (1), 65. doi:10.1038/s41537-024-00485-x
 Li, L., Liu, R., He, J., Li, J., Guo, J., Chen, Y., et al. (2022). Naringin regulates microglia BV-2 activation and inflammation via the JAK/STAT3 pathway. Evid. Based Complement. Altern. Med. 2022, 3492058. doi:10.1155/2022/3492058
 Li, W. T., Huang, X. F., Deng, C., Zhang, B. H., Qian, K., He, M., et al. (2021). Olanzapine induces inflammation and immune response via activating ER stress in the rat prefrontal cortex. Curr. Med. Sci. 41 (4), 788–802. doi:10.1007/s11596-021-2401-7
 Li, X., Sundquist, J., and Sundquist, K. (2007). Age-specific familial risks of psychotic disorders and schizophrenia: a nation-wide epidemiological study from Sweden. Schizophr. Res. 97 (1-3), 43–50. doi:10.1016/j.schres.2007.09.027
 Li, Y., Yao, J., Han, C., Yang, J., Chaudhry, M. T., Wang, S., et al. (2016). Quercetin, inflammation and immunity. Nutrients 8 (3), 167. doi:10.3390/nu8030167
 Liao, D., Shangguan, D., Wu, Y., Chen, Y., Liu, N., Tang, J., et al. (2023). Curcumin protects against doxorubicin induced oxidative stress by regulating the Keap1-Nrf2-ARE and autophagy signaling pathways. Psychopharmacol. Berl. 240 (5), 1179–1190. doi:10.1007/s00213-023-06357-z
 Liddle, P. F. (2019). The core deficit of classical schizophrenia: implications for predicting the functional outcome of psychotic illness and developing effective treatments. Can. J. Psychiatry Revue Can. Psychiatrie 64 (10), 680–685. doi:10.1177/0706743719870515
 Lin, H. Y., Hou, S. C., Chen, S. C., Kao, M. C., Yu, C. C., Funayama, S., et al. (2012). (-)-Epigallocatechin gallate induces Fas/CD95-mediated apoptosis through inhibiting constitutive and IL-6-induced JAK/STAT3 signaling in head and neck squamous cell carcinoma cells. J. Agric. Food Chem. 60 (10), 2480–2489. doi:10.1021/jf204362n
 Liu, Y., Jin, X., Li, C., Bu, J., Wang, B., Bai, M., et al. (2024a). Baicalin attenuates corticosterone-induced hippocampal neuronal injury by activating mitophagy in an AMPK-dependent manner. Eur. J. Pharmacol. 985, 177091. doi:10.1016/j.ejphar.2024.177091
 Liu, Z. S. J., Truong, T. T. T., Bortolasci, C. C., Spolding, B., Panizzutti, B., Swinton, C., et al. (2024b). The potential of baicalin to enhance neuroprotection and mitochondrial function in a human neuronal cell model. Mol. Psychiatry 29 (8), 2487–2495. doi:10.1038/s41380-024-02525-5
 Lou, S., Gong, D., Yang, M., Qiu, Q., Luo, J., and Chen, T. (2024). Curcumin improves neurogenesis in alzheimer's disease mice via the upregulation of wnt/β-catenin and BDNF. Int. J. Mol. Sci. 25 (10), 5123. doi:10.3390/ijms25105123
 Lu, C. W., Lin, T. Y., and Wang, S. J. (2013). Quercetin inhibits depolarization-evoked glutamate release in nerve terminals from rat cerebral cortex. Neurotoxicology 39, 1–9. doi:10.1016/j.neuro.2013.07.009
 Lu, T., Song, J., Huang, F., Deng, Y., Xie, L., Wang, G., et al. (2007). Comparative pharmacokinetics of baicalin after oral administration of pure baicalin, Radix scutellariae extract and Huang-Lian-Jie-Du-Tang to rats. J. Ethnopharmacol. 110 (3), 412–418. doi:10.1016/j.jep.2006.09.036
 Ma, J. J., Huang, X. N., Yin, S. W., Yu, Y. G., and Yang, X. Q. (2021). Bioavailability of quercetin in zein-based colloidal particles-stabilized Pickering emulsions investigated by the in vitro digestion coupled with Caco-2 cell monolayer model. Food Chem. 360, 130152. doi:10.1016/j.foodchem.2021.130152
 Ma, Q. (2013). Role of nrf2 in oxidative stress and toxicity. Annu. Rev. Pharmacol. Toxicol. 53, 401–426. doi:10.1146/annurev-pharmtox-011112-140320
 Ma, Z., Wang, N., He, H., and Tang, X. (2019). Pharmaceutical strategies of improving oral systemic bioavailability of curcumin for clinical application. J. Control Release 316, 359–380. doi:10.1016/j.jconrel.2019.10.053
 Magi, S., Piccirillo, S., Amoroso, S., and Lariccia, V. (2019). Excitatory amino acid transporters (EAATs): glutamate transport and beyond. Int. J. Mol. Sci. 20 (22), 5674. doi:10.3390/ijms20225674
 Marosi, K., and Mattson, M. P. (2014). BDNF mediates adaptive brain and body responses to energetic challenges. Trends Endocrinol. Metab. 25 (2), 89–98. doi:10.1016/j.tem.2013.10.006
 McCutcheon, R., Beck, K., Jauhar, S., and Howes, O. D. (2018). Defining the locus of dopaminergic dysfunction in schizophrenia: a meta-analysis and test of the mesolimbic hypothesis. Schizophr. Bull. 44 (6), 1301–1311. doi:10.1093/schbul/sbx180
 McCutcheon, R. A., Krystal, J. H., and Howes, O. D. (2020). Dopamine and glutamate in schizophrenia: biology, symptoms and treatment. World Psychiatry 19 (1), 15–33. doi:10.1002/wps.20693
 Mehmood, S., Maqsood, M., Mahtab, N., Khan, M. I., Sahar, A., Zaib, S., et al. (2022). Epigallocatechin gallate: phytochemistry, bioavailability, utilization challenges, and strategies. J. Food Biochem. 46 (8), e14189. doi:10.1111/jfbc.14189
 Méndez-Sánchez, N., Dibildox-Martinez, M., Sosa-Noguera, J., Sánchez-Medal, R., and Flores-Murrieta, F. J. (2019). Correction to: superior silybin bioavailability of silybin-phosphatidylcholine complex in oily-medium soft-gel capsules versus conventional silymarin tablets in healthy volunteers. BMC Pharmacol. Toxicol. 20 (1), 14. doi:10.1186/s40360-021-00500-2
 Merritt, K., McCutcheon, R. A., Aleman, A., Ashley, S., Beck, K., Block, W., et al. (2023). Variability and magnitude of brain glutamate levels in schizophrenia: a meta and mega-analysis. Mol. Psychiatry 28 (5), 2039–2048. doi:10.1038/s41380-023-01991-7
 Mert, D. G., Turgut, N. H., Arslanbas, E., Gungor, H., and Kara, H. (2019). The influence of quercetin on recognition memory and brain oxidative damage in a ketamine model of schizophrenia. Psychiatry Clin. Psychopharmacol. 29 (1), 1–7. doi:10.1080/24750573.2018.1442670
 Mi, Y., Qi, G., Fan, R., Qiao, Q., Sun, Y., Gao, Y., et al. (2017). EGCG ameliorates high-fat- and high-fructose-induced cognitive defects by regulating the IRS/AKT and ERK/CREB/BDNF signaling pathways in the CNS. Faseb J. 31 (11), 4998–5011. doi:10.1096/fj.201700400RR
 Miao, Y., Zhu, Q., Kang, Y., Yuan, X., Li, X., Wang, S., et al. (2020). Ecacy and safety of the adjunctive Baicalin in schizophrenia patients with negative symptoms and cognitive impairment: a randomized pilot study. 
 Miller, B. J., Buckley, P., Seabolt, W., Mellor, A., and Kirkpatrick, B. (2011). Meta-analysis of cytokine alterations in schizophrenia: clinical status and antipsychotic effects. Biol. Psychiatry 70 (7), 663–671. doi:10.1016/j.biopsych.2011.04.013
 Miodownik, C., Lerner, V., Kudkaeva, N., Lerner, P. P., Pashinian, A., Bersudsky, Y., et al. (2019). Curcumin as add-on to antipsychotic treatment in patients with chronic schizophrenia: a randomized, double-blind, placebo-controlled study. Clin. Neuropharmacol. 42 (4), 117–122. doi:10.1097/WNF.0000000000000344
 Müller, N. (2018). Inflammation in schizophrenia: pathogenetic aspects and therapeutic considerations. Schizophr. Bull. 44 (5), 973–982. doi:10.1093/schbul/sby024
 Muthian, G., and Bright, J. J. (2004). Quercetin, a flavonoid phytoestrogen, ameliorates experimental allergic encephalomyelitis by blocking IL-12 signaling through JAK-STAT pathway in T lymphocyte. J. Clin. Immunol. 24 (5), 542–552. doi:10.1023/B:JOCI.0000040925.55682.a5
 Neha, J. A. S., and Singh, N. (2016). Silymarin and its role in chronic diseases. Adv. Exp. Med. Biol. 929, 25–44. doi:10.1007/978-3-319-41342-6_2
 Nestler, E. J., Peña, C. J., Kundakovic, M., Mitchell, A., and Akbarian, S. (2016). Epigenetic basis of mental illness. The neuroscientist: a review journal bringing neurobiology, neurology and psychiatry. Neuroscientist 22 (5), 447–463. doi:10.1177/1073858415608147
 Ni, P., Ma, Y., and Chung, S. (2024). Mitochondrial dysfunction in psychiatric disorders. Schizophr. Res. 273, 62–77. doi:10.1016/j.schres.2022.08.027
 Nieoullon, A. (2002). Dopamine and the regulation of cognition and attention. Prog. Neurobiol. 67 (1), 53–83. doi:10.1016/s0301-0082(02)00011-4
 Nieto, R., Kukuljan, M., and Silva, H. (2013). BDNF and schizophrenia: from neurodevelopment to neuronal plasticity, learning, and memory. Front. Psychiatry 4, 45. doi:10.3389/fpsyt.2013.00045
 Nieto, R. R., Carrasco, A., Corral, S., Castillo, R., Gaspar, P. A., Bustamante, M. L., et al. (2021). BDNF as a biomarker of cognition in schizophrenia/psychosis: an updated review. Front. Psychiatry 12, 662407. doi:10.3389/fpsyt.2021.662407
 Niu, J., Cao, Y., and Ji, Y. (2020). Resveratrol, a SIRT1 activator, ameliorates MK-801-induced cognitive and motor impairments in a neonatal rat model of schizophrenia. Front. Psychiatry 11, 716. doi:10.3389/fpsyt.2020.00716
 Nowak, M., Tryniszewski, W., Sarniak, A., Wlodarczyk, A., Nowak, P. J., and Nowak, D. (2022). Concentration dependence of anti- and pro-oxidant activity of polyphenols as evaluated with a light-emitting Fe(2+)-egta-H(2)O(2) system. Mol. (Basel, Switz.) 27 (11), 3453. doi:10.3390/molecules27113453
 Nunes, T., Almeida, L., Rocha, J. F., Falcão, A., Fernandes-Lopes, C., Loureiro, A. I., et al. (2009). Pharmacokinetics of trans-resveratrol following repeated administration in healthy elderly and young subjects. J. Clin. Pharmacol. 49 (12), 1477–1482. doi:10.1177/0091270009339191
 Ouyang, Z., Anqun, T., Qi, Z., Yi, X., Cheng, Y., Huang, L., et al. (2022). Preparation of naringin-chitosan oligosaccharide complex and study on its antioxidant and antibacterial activities %J food and fermentation industry. Carbohydrate Polymers 48 (9), 123–131. 
 Ozdal, T., Sela, D. A., Xiao, J., Boyacioglu, D., Chen, F., and Capanoglu, E. (2016). The reciprocal interactions between polyphenols and gut microbiota and effects on bioaccessibility. Nutrients 8 (2), 78. doi:10.3390/nu8020078
 Park, J. W., and Choi, J. S. (2019). Role of kaempferol to increase bioavailability and pharmacokinetics of nifedipine in rats. Chin. J. Nat. Med. 17 (9), 690–697. doi:10.1016/S1875-5364(19)30083-4
 Park, Y. U., Jeong, J., Lee, H., Mun, J. Y., Kim, J. H., Lee, J. S., et al. (2010). Disrupted-in-schizophrenia 1 (DISC1) plays essential roles in mitochondria in collaboration with Mitofilin. Proc. Natl. Acad. Sci. U. S. A. 107 (41), 17785–17790. doi:10.1073/pnas.1004361107
 Parsons, M. P., and Raymond, L. A. (2014). Extrasynaptic NMDA receptor involvement in central nervous system disorders. Neuron 82 (2), 279–293. doi:10.1016/j.neuron.2014.03.030
 Patel, P., Garala, K., Singh, S., Prajapati, B. G., and Chittasupho, C. (2024). Lipid-based nanoparticles in delivering bioactive compounds for improving therapeutic efficacy. Pharm. (Basel). 17 (3), 329. doi:10.3390/ph17030329
 Payne, A., Nahashon, S., Taka, E., Adinew, G. M., and Soliman, K. F. A. (2022). Epigallocatechin-3-Gallate (EGCG): new therapeutic perspectives for neuroprotection, aging, and neuroinflammation for the modern age. Biomolecules 12 (3), 371. doi:10.3390/biom12030371
 Perkins, D. O., Jeffries, C. D., and Do, K. Q. (2020). Potential roles of redox dysregulation in the development of schizophrenia. Biol. Psychiatry 88 (4), 326–336. doi:10.1016/j.biopsych.2020.03.016
 Perry, V. H., Nicoll, J. A., and Holmes, C. (2010). Microglia in neurodegenerative disease. Nat. Rev. Neurol. 6 (4), 193–201. doi:10.1038/nrneurol.2010.17
 Pillinger, T., Rogdaki, M., McCutcheon, R. A., Hathway, P., Egerton, A., and Howes, O. D. (2019). Altered glutamatergic response and functional connectivity in treatment resistant schizophrenia: the effect of riluzole and therapeutic implications. Psychopharmacol. Berl. 236 (7), 1985–1997. doi:10.1007/s00213-019-5188-5
 Porro, C., Cianciulli, A., Trotta, T., Lofrumento, D. D., and Panaro, M. A. (2019). Curcumin regulates anti-inflammatory responses by JAK/STAT/SOCS signaling pathway in BV-2 microglial cells. Biol. (Basel). 8 (3), 51. doi:10.3390/biology8030051
 Pozo-Rodríguez, A., Méndez-Líter, J. A., García-Villalba, R., Beltrán, D., Calviño, E., Santana, A. G., et al. (2022). Synthesis and characterization of a novel resveratrol xylobioside obtained using a mutagenic variant of a GH10 endoxylanase. Antioxidants (Basel) 12 (1), 85. doi:10.3390/antiox12010085
 Prakash, V., Bose, C., Sunilkumar, D., Cherian, R. M., Thomas, S. S., and Nair, B. G. (2024). Resveratrol as a promising nutraceutical: implications in gut microbiota modulation, inflammatory disorders, and colorectal cancer. Int. J. Mol. Sci. 25 (6), 3370. doi:10.3390/ijms25063370
 Prestwood, T. R., Asgariroozbehani, R., Wu, S., Agarwal, S. M., Logan, R. W., Ballon, J. S., et al. (2021). Roles of inflammation in intrinsic pathophysiology and antipsychotic drug-induced metabolic disturbances of schizophrenia. Behav. Brain Res. 402, 113101. doi:10.1016/j.bbr.2020.113101
 Priyamvada, R., Ranjan, R., Jha, G. K., and Chaudhury, S. (2021). Correlation of neurocognitive deficits with positive and negative symptoms in schizophrenia. Industrial Psychiatry J. 30 (2), 249–254. doi:10.4103/ipj.ipj_44_20
 Pycock, C. J., Kerwin, R. W., and Carter, C. J. (1980). Effect of lesion of cortical dopamine terminals on subcortical dopamine receptors in rats. Nature 286 (5768), 74–76. doi:10.1038/286074a0
 Qian, Y. S., Ramamurthy, S., Candasamy, M., Shadab, M., Kumar, R. H., and Meka, V. S. (2016). Production, characterization and evaluation of kaempferol nanosuspension for improving oral bioavailability. Curr. Pharm. Biotechnol. 17 (6), 549–555. doi:10.2174/1389201017666160127110609
 Quesada-Vázquez, S., Eseberri, I., Les, F., Pérez-Matute, P., Herranz-López, M., Atgié, C., et al. (2024). Polyphenols and metabolism: from present knowledge to future challenges. J. Physiol. Biochem. 80 (3), 603–625. doi:10.1007/s13105-024-01046-7
 Quideau, S., Deffieux, D., Douat-Casassus, C., and Pouységu, L. (2011). Plant polyphenols: chemical properties, biological activities, and synthesis. Angew. Chem. Int. Ed. Engl. 50 (3), 586–621. doi:10.1002/anie.201000044
 Rajendran, R., Menon, K. N., and Nair, S. C. (2022). Nanotechnology approaches for enhanced CNS drug delivery in the management of schizophrenia. Adv. Pharm. Bull. 12 (3), 490–508. doi:10.34172/apb.2022.052
 Ransohoff, R. M., and Perry, V. H. (2009). Microglial physiology: unique stimuli, specialized responses. Annu. Rev. Immunol. 27, 119–145. doi:10.1146/annurev.immunol.021908.132528
 Rao, N., Northoff, G., Tagore, A., Rusjan, P., Kenk, M., Wilson, A., et al. (2019). Impaired prefrontal cortical dopamine release in schizophrenia during a cognitive task: a [11C]flb 457 positron emission tomography study. Schizophr. Bull. 45 (3), 670–679. doi:10.1093/schbul/sby076
 Rashid, K., Wachira, F. N., Nyabuga, J. N., Wanyonyi, B., Murilla, G., and Isaac, A. O. (2014). Kenyan purple tea anthocyanins ability to cross the blood brain barrier and reinforce brain antioxidant capacity in mice. Nutr. Neurosci. 17 (4), 178–185. doi:10.1179/1476830513Y.0000000081
 Reichenberg, A., Yirmiya, R., Schuld, A., Kraus, T., Haack, M., Morag, A., et al. (2001). Cytokine-associated emotional and cognitive disturbances in humans. Arch. Gen. Psychiatry 58 (5), 445–452. doi:10.1001/archpsyc.58.5.445
 Reyes-Madrigal, F., León-Ortiz, P., Mao, X., Mora-Durán, R., Shungu, D. C., and de la Fuente-Sandoval, C. (2019). Striatal glutathione in first-episode psychosis patients measured in vivo with proton magnetic resonance spectroscopy. Arch. Med. Res. 50 (4), 207–213. doi:10.1016/j.arcmed.2019.08.003
 Roberts, R. C. (2021). Mitochondrial dysfunction in schizophrenia: with a focus on postmortem studies. Mitochondrion 56, 91–101. doi:10.1016/j.mito.2020.11.009
 Różański, G., Kujawski, S., Newton, J. L., Zalewski, P., and Słomko, J. (2021). Curcumin and biochemical parameters in metabolic-associated fatty liver disease (MAFLD)-A review. Nutrients 13 (8), 2654. doi:10.3390/nu13082654
 Saleem, A., Qurat Ul, A., and Akhtar, M. F. (2022). Alternative therapy of psychosis: potential phytochemicals and drug targets in the management of schizophrenia. Front. Pharmacol. 13, 895668. doi:10.3389/fphar.2022.895668
 Samaei, A., Moradi, K., Bagheri, S., Ashraf-Ganjouei, A., Alikhani, R., Mousavi, S. B., et al. (2020). Resveratrol adjunct therapy for negative symptoms in patients with stable schizophrenia: a double-blind, randomized placebo-controlled trial. Int. J. Neuropsychopharmacol. 23 (12), 775–782. doi:10.1093/ijnp/pyaa006
 Seo, S., Kim, G. Y., Kim, M. H., Lee, K. W., Kim, M. J., Chaudhary, M., et al. (2024). Nanocrystal formulation to enhance oral absorption of silybin: preparation, in vitro evaluations, and pharmacokinetic evaluations in rats and healthy human subjects. Pharmaceutics 16 (8), 1033. doi:10.3390/pharmaceutics16081033
 Shakeri, A., Panahi, Y., Johnston, T. P., and Sahebkar, A. (2019). Biological properties of metal complexes of curcumin. Biofactors 45 (3), 304–317. doi:10.1002/biof.1504
 Sharma, A., Bhardwaj, P., and Arya, S. K. (2021). Naringin: a potential natural product in the field of biomedical applications. Carbohydr. Polym. Technol. Appl. 2, 100068. doi:10.1016/j.carpta.2021.100068
 Shkundin, A., and Halaris, A. (2023). Associations of BDNF/BDNF-AS SNPs with depression, schizophrenia, and bipolar disorder. J. Personalized Med. 13 (9), 1395. doi:10.3390/jpm13091395
 Shokouhi, G., Kosari-Nasab, M., and Salari, A. A. (2020). Silymarin sex-dependently improves cognitive functions and alters TNF-α, BDNF, and glutamate in the hippocampus of mice with mild traumatic brain injury. Life Sci. 257, 118049. doi:10.1016/j.lfs.2020.118049
 Simpson, E. H., and Kellendonk, C. (2017). Insights about striatal circuit function and schizophrenia from a mouse model of dopamine D(2) receptor upregulation. Biol. psychiatry 81 (1), 21–30. doi:10.1016/j.biopsych.2016.07.004
 Sinha, M., Sachan, D. K., Bhattacharya, R., Singh, P., and Parthasarathi, R. (2022). ToxDP2 database: toxicity prediction of dietary polyphenols. Food Chem. 370, 131350. doi:10.1016/j.foodchem.2021.131350
 Slifstein, M., van de Giessen, E., Van Snellenberg, J., Thompson, J. L., Narendran, R., Gil, R., et al. (2015). Deficits in prefrontal cortical and extrastriatal dopamine release in schizophrenia: a positron emission tomographic functional magnetic resonance imaging study. JAMA Psychiatry 72 (4), 316–324. doi:10.1001/jamapsychiatry.2014.2414
 Song, J. Z., Li, L. J., Ji, L., Shun, L., and Rui, Y. (2017). The pharmacokinetics of Tiangou antihypertensive capsule in rat in vivo. Biomed. Rep. 6 (1), 113–119. doi:10.3892/br.2016.810
 Song, X., Gong, Z., Liu, K., Kou, J., Liu, B., and Liu, K. (2020). Baicalin combats glutamate excitotoxicity via protecting glutamine synthetase from ROS-induced 20S proteasomal degradation. Redox Biol. 34, 101559. doi:10.1016/j.redox.2020.101559
 Chinese Clinical Trial Registry. Study on the efficacy and safety of quercetin in improving cognitive impairment in schizophrenia: Chinese clinical trial registry. Available online at: https://www.chictr.org.cn/showproj.html?proj=210310( Accessed May 10, 2011). 
 Suárez-Méndez, S., García-de la Cruz, D. D., Tovilla-Zárate, C. A., Genis-Mendoza, A. D., Ramón-Torres, R. A., González-Castro, T. B., et al. (2020). Diverse roles of mtDNA in schizophrenia: implications in its pathophysiology and as biomarker for cognitive impairment. Prog. Biophys. Mol. Biol. 155, 36–41. doi:10.1016/j.pbiomolbio.2020.04.004
 Sullivan, C. R., O'Donovan, S. M., McCullumsmith, R. E., and Ramsey, A. (2018). Defects in bioenergetic coupling in schizophrenia. Biol. Psychiatry 83 (9), 739–750. doi:10.1016/j.biopsych.2017.10.014
 Sun, P., Cai, R., Chen, L., Li, Y., Jia, H., Yan, M., et al. (2020). Natural product glycosylation: biocatalytic synthesis of quercetin-3,4'-O-diglucoside. Appl. Biochem. Biotechnol. 190 (2), 464–474. doi:10.1007/s12010-019-03103-0
 Tejero, I., Gonzalez-García, N., Gonzalez-Lafont, A., and Lluch, J. M. (2007). Tunneling in green tea: understanding the antioxidant activity of catechol-containing compounds. A variational transition-state theory study. J. Am. Chem. Soc. 129 (18), 5846–5854. doi:10.1021/ja063766t
 Tian, R., Wang, H., Xiao, Y., Hu, P., Du, R., Shi, X., et al. (2020). Fabrication of nanosuspensions to improve the oral bioavailability of total flavones from hippophae rhamnoides L. And their comparison with an inclusion complex. AAPS PharmSciTech 21 (7), 249. doi:10.1208/s12249-020-01788-9
 Upthegrove, R., and Khandaker, G. M. (2020). Cytokines, oxidative stress and cellular markers of inflammation in schizophrenia. Curr. Top. Behav. Neurosci. 44, 49–66. doi:10.1007/7854_2018_88
 Urbina-Varela, R., Soto-Espinoza, M. I., Vargas, R., Quiñones, L., and Del Campo, A. (2020). Influence of BDNF genetic polymorphisms in the pathophysiology of aging-related diseases. Aging Dis. 11 (6), 1513–1526. doi:10.14336/AD.2020.0310
 Valko, M., Leibfritz, D., Moncol, J., Cronin, M. T., Mazur, M., and Telser, J. (2007). Free radicals and antioxidants in normal physiological functions and human disease. Int. J. Biochem. Cell Biol. 39 (1), 44–84. doi:10.1016/j.biocel.2006.07.001
 Vallée, A. (2022). Neuroinflammation in schizophrenia: the key role of the WNT/β-Catenin pathway. Int. J. Mol. Sci. 23 (5), 2810. doi:10.3390/ijms23052810
 van Elst, L. T., Valerius, G., Büchert, M., Thiel, T., Rüsch, N., Bubl, E., et al. (2005). Increased prefrontal and hippocampal glutamate concentration in schizophrenia: evidence from a magnetic resonance spectroscopy study. Biol. psychiatry 58 (9), 724–730. doi:10.1016/j.biopsych.2005.04.041
 Vargas, A. J., and Burd, R. (2010). Hormesis and synergy: pathways and mechanisms of quercetin in cancer prevention and management. Nutr. Rev. 68 (7), 418–428. doi:10.1111/j.1753-4887.2010.00301.x
 Vasileva, S. S., Tucker, J., Siskind, D., and Eyles, D. (2022). Does the gut microbiome mediate antipsychotic-induced metabolic side effects in schizophrenia?Expert Opin. Drug Saf. 21 (5), 625–639. doi:10.1080/14740338.2022.2042251
 Vaz-da-Silva, M., Loureiro, A. I., Falcao, A., Nunes, T., Rocha, J. F., Fernandes-Lopes, C., et al. (2008). Effect of food on the pharmacokinetic profile of trans-resveratrol. Int. J. Clin. Pharmacol. Ther. 46 (11), 564–570. doi:10.5414/cpp46564
 Vo, T. P., Pham, T. V., Tran, T. N. H., Vo, L. T. V., Vu, T. T., Pham, N. D., et al. (2023). Ultrasonic-assisted and microwave-assisted extraction of phenolics and terpenoids from abelmoschus sagittifolius (kurz) merr roots using natural deep eutectic solvents. ACS Omega 8 (32), 29704–29716. doi:10.1021/acsomega.3c03929
 Walker, A. K., Budac, D. P., Bisulco, S., Lee, A. W., Smith, R. A., Beenders, B., et al. (2013). NMDA receptor blockade by ketamine abrogates lipopolysaccharide-induced depressive-like behavior in C57BL/6J mice. Neuropsychopharmacol 38 (9), 1609–1616. doi:10.1038/npp.2013.71
 Walle, T., Hsieh, F., DeLegge, M. H., Oatis, J. E., and Walle, U. K. (2004). High absorption but very low bioavailability of oral resveratrol in humans. Drug Metab. Dispos. 32 (12), 1377–1382. doi:10.1124/dmd.104.000885
 Wan, M. L. Y., Co, V. A., and El-Nezami, H. (2021). Dietary polyphenol impact on gut health and microbiota. Crit. Rev. Food Sci. Nutr. 61 (4), 690–711. doi:10.1080/10408398.2020.1744512
 Wang, D., Yan, J., Chen, J., Wu, W., Zhu, X., and Wang, Y. (2015). Naringin improves neuronal insulin signaling, brain mitochondrial function, and cognitive function in high-fat diet-induced obese mice. Cell Mol. Neurobiol. 35 (7), 1061–1071. doi:10.1007/s10571-015-0201-y
 Wang, J., Feng, X., Li, Z., Liu, Y., Yang, W., Zhang, T., et al. (2023). The flavonoid components of Scutellaria baicalensis: biopharmaceutical properties and their improvement using nanoformulation techniques. Curr. Top. Med. Chem. 23 (1), 17–29. doi:10.2174/1568026623666221128144258
 Wang, R., Li, Y. B., Li, Y. H., Xu, Y., Wu, H. L., and Li, X. J. (2008). Curcumin protects against glutamate excitotoxicity in rat cerebral cortical neurons by increasing brain-derived neurotrophic factor level and activating TrkB. Brain Res. 1210, 84–91. doi:10.1016/j.brainres.2008.01.104
 Wang, T. Y., Li, Q., and Bi, K. S. (2018). Bioactive flavonoids in medicinal plants: structure, activity and biological fate. Asian J. Pharm. Sci. 13 (1), 12–23. doi:10.1016/j.ajps.2017.08.004
 Wang, X., Yu, J. Y., Sun, Y., Wang, H., Shan, H., and Wang, S. (2021). Baicalin protects LPS-induced blood-brain barrier damage and activates Nrf2-mediated antioxidant stress pathway. Int. Immunopharmacol. 96, 107725. doi:10.1016/j.intimp.2021.107725
 Weinstein, J. J., Chohan, M. O., Slifstein, M., Kegeles, L. S., Moore, H., and Abi-Dargham, A. (2017). Pathway-specific dopamine abnormalities in schizophrenia. Biol. Psychiatry 81 (1), 31–42. doi:10.1016/j.biopsych.2016.03.2104
 Wen, C., Song, D., Zhuang, L., Liu, G., Liang, L., Zhang, J., et al. (2022). Isolation and identification of polyphenol monomers from celery leaves and their structure-antioxidant activity relationship. Process Biochem. 121, 69–77. doi:10.1016/j.procbio.2022.06.031
 Wu, J. W., Lin, L. C., and Tsai, T. H. (2009). Drug-drug interactions of silymarin on the perspective of pharmacokinetics. J. Ethnopharmacol. 121 (2), 185–193. doi:10.1016/j.jep.2008.10.036
 Wu, N., Zhang, Y., Ren, J., Zeng, A., and Liu, J. (2020). Preparation of quercetin-nicotinamide cocrystals and their evaluation under in vivo and in vitro conditions. RSC Adv. 10 (37), 21852–21859. doi:10.1039/d0ra03324c
 Xing, J., Chen, X., and Zhong, D. (2005). Absorption and enterohepatic circulation of baicalin in rats. Life Sci. 78 (2), 140–146. doi:10.1016/j.lfs.2005.04.072
 Xu, Y., Ku, B. S., Yao, H. Y., Lin, Y. H., Ma, X., Zhang, Y. H., et al. (2005). Antidepressant effects of curcumin in the forced swim test and olfactory bulbectomy models of depression in rats. Pharmacol. Biochem. Behav. 82 (1), 200–206. doi:10.1016/j.pbb.2005.08.009
 Yan, T., He, B., Xu, M., Wu, B., Xiao, F., Bi, K., et al. (2019). Kaempferide prevents cognitive decline via attenuation of oxidative stress and enhancement of brain-derived neurotrophic factor/tropomyosin receptor kinase B/cAMP response element-binding signaling pathway. Phytother. Res. 33 (4), 1065–1073. doi:10.1002/ptr.6300
 Yan, Y., Zhou, H., Wu, C., Feng, X., Han, C., Chen, H., et al. (2021). Ultrasound-assisted aqueous two-phase extraction of synephrine, naringin, and neohesperidin from Citrus aurantium L. fruitlets. Prep. Biochem. Biotechnol. 51 (8), 780–791. doi:10.1080/10826068.2020.1858427
 Yang, Y. D., Lu, N., and Tian, R. (2023). Serum albumin acted as an effective carrier to improve the stability of bioactive flavonoid. Amino Acids 55 (12), 1879–1890. doi:10.1007/s00726-023-03347-5
 Yao, R. Q., Qi, D. S., Yu, H. L., Liu, J., Yang, L. H., and Wu, X. X. (2012). Quercetin attenuates cell apoptosis in focal cerebral ischemia rat brain via activation of BDNF-TrkB-PI3K/Akt signaling pathway. Neurochem. Res. 37 (12), 2777–2786. doi:10.1007/s11064-012-0871-5
 Ye, J., Jiang, Z., Chen, X., Liu, M., Li, J., and Liu, N. (2016). Electron transport chain inhibitors induce microglia activation through enhancing mitochondrial reactive oxygen species production. Exp. Cell Res. 340 (2), 315–326. doi:10.1016/j.yexcr.2015.10.026
 Yu, J., Jia, Y., Guo, Y., Chang, G., Duan, W., Sun, M., et al. (2010). Epigallocatechin-3-gallate protects motor neurons and regulates glutamate level. FEBS Lett. 584 (13), 2921–2925. doi:10.1016/j.febslet.2010.05.011
 Yuan, Y., Yu, L., Bi, C., Huang, L., Su, B., Nie, J., et al. (2025). A new paradigm for drug discovery in the treatment of complex diseases: drug discovery and optimization. Chin. Med. 20 (1), 40. doi:10.1186/s13020-025-01075-4
 Zeng, X., Su, W., Zheng, Y., He, Y., He, Y., Rao, H., et al. (2019). Pharmacokinetics, tissue distribution, metabolism, and excretion of naringin in aged rats. Front. Pharmacol. 10, 34. doi:10.3389/fphar.2019.00034
 Zhang, D., Hua, Z., and Li, Z. (2024). The role of glutamate and glutamine metabolism and related transporters in nerve cells. CNS Neurosci. Ther. 30 (2), e14617. doi:10.1111/cns.14617
 Zhang, J., Cai, W., Zhou, Y., Liu, Y., Wu, X., Li, Y., et al. (2015). Profiling and identification of the metabolites of baicalin and study on their tissue distribution in rats by ultra-high-performance liquid chromatography with linear ion trap-Orbitrap mass spectrometer. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 985, 91–102. doi:10.1016/j.jchromb.2015.01.018
 Zhang, J., Cui, H., Yin, J., Wang, Y., Zhao, Y., Yu, J., et al. (2023). Separation and antioxidant activities of new acetylated EGCG compounds. Sci. Rep. 13 (1), 20964. doi:10.1038/s41598-023-48387-9
 Zhang, L., Dong, M., Guangyong, X., Yuan, T., Tang, H., and Wang, Y. (2018). Metabolomics reveals that dietary ferulic acid and quercetin modulate metabolic homeostasis in rats. J. Agric. Food Chem. 66 (7), 1723–1731. doi:10.1021/acs.jafc.8b00054
 Zhang, Z., Li, X., Sang, S., McClements, D. J., Chen, L., Long, J., et al. (2022). A review of nanostructured delivery systems for the encapsulation, protection, and delivery of silymarin: an emerging nutraceutical. Food Res. Int. 156, 111314. doi:10.1016/j.foodres.2022.111314
 Zhang, Z., and Yang, W. (2021). Paeoniflorin protects PC12 cells from oxygen-glucose deprivation/reoxygenation-induced injury via activating JAK2/STAT3 signaling. Exp. Ther. Med. 21 (6), 572. doi:10.3892/etm.2021.10004
 Zhang, Z. Q., Liua, W., Zhuang, L., Wang, J., and Zhang, S. (2013). Comparative pharmacokinetics of baicalin, wogonoside, baicalein and wogonin in plasma after oral administration of pure baicalin, radix scutellariae and scutellariae-paeoniae couple extracts in normal and ulcerative colitis rats. Iran. J. Pharm. Res. 12 (3), 399–409.
 Zhou, K., Chen, J., Wu, J., Wu, Q., Jia, C., Xu, Y. X. Z., et al. (2019). Atractylenolide III ameliorates cerebral ischemic injury and neuroinflammation associated with inhibiting JAK2/STAT3/Drp1-dependent mitochondrial fission in microglia. Phytomedicine 59, 152922. doi:10.1016/j.phymed.2019.152922
 Zhou, Z. D., Yi, L. X., Wang, D. Q., Lim, T. M., and Tan, E. K. (2023). Role of dopamine in the pathophysiology of Parkinson's disease. Transl. Neurodegener. 12 (1), 44. doi:10.1186/s40035-023-00378-6
 Zuo, D., Lin, L., Liu, Y., Wang, C., Xu, J., Sun, F., et al. (2016). Baicalin attenuates ketamine-induced neurotoxicity in the developing rats: involvement of PI3K/Akt and CREB/BDNF/Bcl-2 pathways. Neurotox. Res. 30 (2), 159–172. doi:10.1007/s12640-016-9611-y
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2025 Ji, Chai, Zhao and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-16-1605027-t003.jpg
Target Medicine

Polyphenols improve schizophrenia | 50, 100 mg/kg Swiss male mice ~ MPO, TNF-q, IL-6, BDNF, GSH, CAT, SOD | Ben-Azu et al. (2024a) | Silymarin

25 mg/kg, 50 mg/kg | Balb-C mice MDA, SOD, GPx Mert etal. (2019) | Quercetin

20 mg/kg, 80 mg/kg | male mice MDA, GPx, CAT, SOD Farkhakfar et al. (2023) | Resveratrol J





OPS/images/fphar-16-1605027-t004.jpg
Mechanism

Dopamine

Glutamic acid

BDNF

Oxidative stress

Immune response

Mitochondrial energy
‘metabolism

Dose Model Target poin lyphenol
50, 100 mg/kg Swiss male mice Dopamine Ben-Azu et al. Silymarin
(2024a)
125,25,5,10 mg/kg | Sprague-Dawley rats Dopamine, DOPAC Xu et al. (2005) Curcumin
480 mM Drosophila melanogaster Dopamine, SOD, CAT, H,0, Filogevi¢ Vujnovié Quercetin
etal. (2023)
10,100 pM Male and female Wistar Dopamine, DOPAC Girsoy and Resveratrol
Albino rats Biiyiikuysal (2008)
3, 10, 30, 50, 100, 200, SD rats Glutamic, Ca**, PKC, PKA Lu et al. (2013) Quercetin
300 pM
25, 50 mg/kg Swiss experimental mice GAD Ben-Azu et al. Naringin
(2024b)
0.1,05, 1, 10, SD rats GS, ROS, 208 proteasome, SDH Song et al. (2020) Baicalin
100 pmol/L Astrocytes
50 mg/kg NMRI mice TNF-a, Glutamic, BONF Shokouhi et al. Silymarin
(2020)
0625,1.25,25,5, 10,20, SD rats BDNF, TrkB, LDH Wang et al. (2008) ~ Curcumin
40 M
1, 10, 25, 50, 100, C6 glioma cells GS, SDH, $100B, Glutamic acid uptake dos Santos et al. Resveratrol
250 pM (2006)
1,5, 10, 20, 50, 100 uM SD rats Glutamic, EAAT2, TBARS Fernandes et al. EGCG
(2015)
50, 100 mg/kg Swiss male mice MPO, TNF-q, IL-6, BDNF, GSH, CAT, SOD  Ben-Azu et al. Silymarin
(2024a)
10, 20 mg/(kg day) SD rats BDNF, TrkB, p-Akt, cleaved caspase-3 Yao etal. (2012) Quercetin
0.02 mg/kg/day, Male Kunming mice BDNF, pTrkB, TrkB, pCREB, CREB, Yan et al. (2019) Kaempferol
0.2 mg/kg/day PERK, ERK
100 mg/kg C57BL/6] mice Wnt/p-catenin, GSK3p, BDNF, Akt Lou et al. (2024) Curcumin
40 mg, 80 mg SD rats SIRT1/CREB/BDNF, SOD, CAT, Gpx Niu et al. (2020) Resveratrol
2g/L, 255 mg/kg C57BL/6] mice ‘TNFa, IL-1b, IRS/AKT, ERK/CREB/BDNF, Mi et al. (2017) EGCG
NT-3, NT-4, Leptin, Resistin
50 mg/kg, 20 mg/kg SD rats Caspase-3, PI3K/Akt, GSK-3p, CREB/BDNF/  Zuo et al. (2016) Baicalin
100 mg/kg B2
0, 20, 50, 100 kM Glial cell, neuron
100 mg/kg C57BLI6 Keapl/Nrf2/HO-1, MDA, SOD, GSH, CAT,  Cheng et al. (2024) = Quercetin
Ach, AChE
50 1M, 100 pM, 150 M, BV2 microglia Nrf-2/HO-1, ROS, NE-xB, IL-6, iNOS, COX-2,  Kim et al. (2022) EGCG
200 uM, 250 pM HIE-1a, PARP, caspase-3
30 mg/kg SD rats Keapl-Nif2-ARE, MDA, NO, CAT, GPx, G, Liao et al. (2023) Curcumin
NQO-1, HO-1, GCLM, p62, CHOP, GRP78
80 mg/kg Wistar albino rats DA, DOPAC, HVA, TH, GR, GPx, MMP, Garabadu and Naringin
Caspase-9, Caspase-3, CI CII CIV CV, RCR  Agrawal (2020)
60 mg/kg BALB/C Claudin-5, ZO-1, ROS, MDA, SOD, Nrf2, HO-  Wang et al. (2021) Baicalin
1,NQOL
4 pg/mL, 8 pg/mL bEnd.3 cell
21 mg/kg Albino Wistar rats GSK3p-Nrf2, Ache, GPx, CAT, SOD Hussein et al. Kaempferol
(2018)
10, 30, 50 M e BV2 microglia cell JAK2, STAT3, NO, IL-6, IL-4, IL-10, IL-1p,  Porro et al. (2019) Curcumin
TNF-a, iNOS, , PI3K/Akt, NF-kB, SOCS-1,
M1, M2
50, 100 pg SJL/J mice, JAK-STAT, IL-12, T cell, IENy, STAT3, STAT4, Muthianand Bright | Quercetin
JAK2, TYK2 (2004)
20 mg/kg, 40 mg/kg BTBR mice JAKI-STATS3, IL-6, TNF-a, IFN-y Ahmadetal. (2018) | Resveratrol
5,10, 20 uM BV-2 cells JAK/STATS, IL-1B, IL-6, TNF-q, IL-10, IGF-1,  Li et al. (2022) Naringin
iNOS, arginase 1
5,10, 20, 40 uM HNSCC cells JAK/STAT3, Bel-2, VEGF, Mcl-1, Cyclin D1, Lin et al. (2012) EGCG
16
0.01, 005,01, 05, 1, C57/BL6 mice ATP, MMP, OCR, ROS, NADH dehydrogenase  Kang et al. (2020) Quercetin
5 pg/mL
100 mg kg-1 day C57BL/6 mice MMP, ATP, ROS Wang et al. (2015) Naringin
03 mg/kg ICR mice MMP, ATP Chenetal. (2017) | Resveratrol
0.1 M, 1 pM, 5 pM NT2-N cells ATP, MMP, OCR, ECAR Liu et al. (2024b) Baicalin
10 pM Wistar rats COX, ATP, PGC-1a , p-AMPKa, HO-I/Ntf-  Hsich et al. (2020) EGCG
2,ROS
1 mg/kg SD rats TCA , NAA, ADP, NAD, Ca’** Chitturi et al. Kaempferol
(2019)
500 mg/kg SAMPS, SAMRI ATP, MMP, ETS Eckert et al. (2013) | Curcumin






OPS/images/fphar-16-1605027-t001.jpg
Polyphenol

compound

Solubility
characteristics

Bioavailability
challenge

References

References

Quercetin

Naringin

Curcumin

Resveratrol

Baicalin

EGCG

Silymarin

Kaempferol

Insoluble

Insoluble

Insoluble

Insoluble

Insoluble

Soluble

Insoluble

Insoluble

Low water solubility, Enzyme
system optimization effect,
Structural limitations

Poor solubility, Molecular
structure characteristics

Low water solubility, Metabolic
instability, Chemical instability,
Rapid elimination, Limited
penetration of the blood-brain
barrier

Poor water solubility, Rapid
‘metabolism

Active Efflux by ABC
Transporters, Low water
solubility,, Low permeability,
Oxidation instability

Low absorption efficiency,
Chemical instability, First-pass
‘metabolism and enzymatic
transformation, Intestinal flora
decomposition, Efflux pump effect

Low water solubility, Poor
chemical stability, Interactions
with digestive enzymes or proteins

Large particle size, Poor water
solubility, Low dissolution rate

Sun et al. (2020)

Ouyangetal. (2022)

Bolger et al. (2022)

Pozo-Rodriguez
et al. (2022)

Jakab et al. (2019)

Caietal. (2018), Dai
et al. (2020)

Zhang et al. (2022)

Park and Choi
(2019), Qian et al.
(2016)

Eutectic technology (quercetin-
nicotinamide eutectic), Carrier
delivery strategies
(nanoparticles, liposomes,
polymer microspheres, protein
carriers)

Physical complex preparation
technology (chitosan
oligosaccharides), Green
solvent technology (DES)

Chemical modification (metal
complexes), Nanoparticles

Nanoparticles, Probiotics,
Glycosylation

Cyclodextrin contains (y-CD),
nanotechnology (nanocrystals,
SNEDDS), Inhibits exocytic
transporters

Nanocarrier delivery systems
(protein carriers, carbohydrate-
based carriers, lipid-based
carriers), Molecular
modification, Combined drug
delivery strategies

Nanotechnology

(nanocomposites, liposomes,

nanocrystalline technology),
phospholipid complexes

Nanotechnology preparation,
Lipid preparations

(Wu et al, 2020) (Attar
etal, 2023) (Yang et al,,
2023)

(Ouyang et al, 2022)
(Dangre et al., 2023)

Shakeri et al. (2019), Ma
etal. (2019)

(la Porte et al,, 2010)
(Prakash et al., 2024)
(Pozo-Rodriguez et al.,
2022)

(Jakab et al., 2019) (Wang
etal, 2023)

(Zhang et al,, 2015) (Zhang
etal, 2023) (Korin et al,
2024) (Mehmood et al.,
2022)

(Zhang et al., 2022) (Zhang
et al, 2023) (Méndez-S
et al, 2019) (Seo et al.,

2024) (Barani et al, 2021)

(Tian et al,, 2020) (Patel
etal, 2024)





OPS/images/fphar-16-1605027-t002.jpg
Cost.

Scalability

Eco-friendliness

References

UAME High extraction efficiency , High Low solvent consumption, Suitable for industry, Green solvents, Waste Vo et al. (2023)
retention of biological activity Energy consumption Flexible parameters reduction
optimization
SEE High selectivity and efficient High initial investment, Low Wide industrial Green solvents, Products canbe | Herzyk et al.
extraction, High purity of the long-term operating costs applications recycled (2024)
extract
MWE High extraction efficiency, High initial investment, Low Industrial applications Green solvents, Recyclable Fernandes et al.

Selective extraction long-term operating costs

remain to be verified

products, Waste reduction

(2019)






OPS/xhtml/nav.xhtml
Contents

		Cover

		Plant-derived polyphenolic compounds for managing schizophrenia: mechanisms and therapeutic potential		1 Introduction

		2 Polyphenols of plant origin		2.1 Quercetin

		2.2 Naringin

		2.3 Curcumin

		2.4 Resveratrol

		2.5 Baicalin

		2.6 EGCG

		2.7 Silymarin

		2.8 Kaempferol





		3 Toxicology

		4 Extraction method of polyphenols

		5 Nanotechnology in enhancing polyphenol delivery

		6 Polyphenols improve schizophrenia

		7 Effects of polyphenols on the pathogenesis of schizophrenia		7.1 Regulates neurotransmitters

		7.2 Improve neurodevelopmental abnormalities

		7.3 Improve oxidative stress

		7.4 Improved immune response

		7.5 Improve mitochondrial energy metabolism

		7.6 Summary of mechanisms





		8 Clinical research on the improvement of schizophrenia by polyphenols

		9 The relationship between multifactor pathological mechanism and schizophrenia

		10 Conclusion

		Author contributions

		Funding

		Generative AI statement

		Publisher’s note

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Pharmacology

Plant-derived polyphenolic

compounds for managing
schizophrenia: mechanisms and

therapeutic potential





OPS/images/fphar-16-1605027-g001.gif





OPS/images/fphar-16-1605027-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





