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Background: In recent years, the incidence of depression, recognized as a serious psychological disorder, has escalated rapidly. Rehmannia glutinosa DC. (Scrophulariaceae; Rehmanniae Radix, Crude drug) and Lilium lancifolium Thunb. (Liliaceae; Lilii bulbus, Crude drug) constitute a classic anti-depressant combination, exhibiting pharmacological effects that include anti-depressive, anti-anxiety, and anti-inflammatory properties. Current clinical studies have demonstrated that Baihe Dihuang Decoction, a traditional Chinese herbal compound, is effective in treating depression. However, the majority of scholars have predominantly examined Rehmannia glutinosa and Lilium in isolation, and a comprehensive elucidation of their principal active metabolites and pharmacological mechanisms remains lacking.Methods: A comprehensive literature search was conducted as of 29 September 2024, utilizing databases such as PubMed, CNKI, Wanfang Data, Baidu Scholar, and Google Scholar. Additionally, classical texts on Chinese herbal medicine, the Chinese Pharmacopoeia, as well as doctoral and master’s theses, were included in the collected materials. The search employed specific terms including “R. glutinosa,” “Lilium,” “Baihe Dihuang decoction,” “application of Baihe Dihuang decoction,” “pathogenesis of depression,” and “pharmacological action and mechanism of depression.Results: This paper reviewed the traditional applications and dosages of the R. glutinosa-Lilium as documented in Chinese medical classics, thereby establishing a foundation for the contemporary development and clinical application of the classical formula Baihe Dihuang Decoction. Additionally, recent years have seen a comprehensive review of the pharmacological effects and mechanisms of R. glutinosa-Lilium and its principal metabolites in the context of depression.Conclusion: This paper has reviewed the active metabolites of R. glutinosa-Lilium and demonstrated its efficacy in the treatment of depression, as well as its role in modulating the underlying mechanisms of the disorder. The findings aim to serve as a reference for further research into the mechanisms of depression, its clinical applications, and the development of novel therapeutic agents.Keywords: Lilium, Rehmannia glutinosa, depression, active metabolites, pharmacological mechanism
1 INTRODUCTION
Depression, being a prevalent mental disorder, is characterized by a range of clinical manifestations including but not limited to low mood, sluggish cognitive processing, sleep disturbances, social withdrawal, reduced motivation, and in severe cases, self-injurious behavior (Filatova et al., 2021). The COVID-19 pandemic resulted in a global increase of 28% in depression cases in 2020, with young people in particular suffering (Sljivo and Kulenovic, 2023; Blomqvist et al., 2023). At present, the etiology of depression remains incompletely comprehended, albeit the most notable hypotheses include an imbalance of monoamine neurotransmitter imbalance (Hirschfeld, 2000), decreased concentration of neurotrophins (Duman and Monteggia, 2006), inflammation and oxidative stress (Yang et al., 2020), disorder of Hypothalamus-Pituitary-Adrenal (HPA) axis (Yu et al., 2023), intestinal flora imbalance (Lach et al., 2018), mitochondrial dysfunction (Buttiker et al., 2022), etc. Despite the efficacy of selective serotonin reuptake inhibitors, tricyclic antidepressants, and other Western pharmacological interventions in treating depression, they are associated with certain drawbacks, including suboptimal therapeutic outcomes, prolonged duration of action, significant adverse effects, and high expenses (Kovich et al., 2023; Stachowicz and Sowa-Kucma, 2022). As a result, it is imperative to find new depression-treating drugs.
Traditional Chinese medicine (TCM) compound prescriptions offer numerous advantages in the treatment of depression, such as the incorporation of multiple metabolites, pathways, and targets, with a notable emphasis on drug compatibility (Xiong et al., 2022; Liu et al., 2023; Yang et al., 2022). Compared with the compound of TCM, drug pairing is a relatively fixed form of two-flavor drug in clinical use, which is more conducive to clarifying the interaction mechanism between drugs and the mechanism of action of drugs on the body (Tao et al., 2018; Song et al., 2017; Wang B. H. et al., 2021). Rehmannia glutinosa-Lilium is a classic antidepressant pair with pharmacological effects such as antidepressant, anxiolytic, anti-inflammatory, etc (Ma et al., 2019; Zhao et al., 2022; Chi et al., 2019). Rehmannia glutinosa DC., a member of the Scrophulariaceae family, is a traditional Chinese medicinal botanical drug that possesses the ability to alleviate heat, promote blood cooling, and enhance yin and fluid nourishment (Geng, 2022). Contemporary pharmacological studies have demonstrated its antioxidant, anti-inflammatory, bacteriostatic, antidepressant, sedative, and hypnotic properties (Li et al., 2022; Yan et al., 2021; Liu C et al., 2017). Lilium lancifolium Thunb. is a dry, fleshy scale leaf of the Liliaceae family, which is a Chinese medicinal botanical drug that nourishes the lungs and clears the mind and calms the mind (He D et al., 2022). Modern pharmacology has found that it has antioxidant, anti-inflammatory, bacteriostatic, antidepressant, sedative, and hypnotic effects (Zhou et al., 2021; Pan et al., 2017; Sim et al., 2020). At present, there are many studies on R. glutinosa and Lilium single medicine, and clinical studies show that Baihe Dihuang Decoction as a Chinese medicine’s compound prescriptions have a good effect on depression treatment, but its main active metabolites and pharmacological mechanism have not been described. This article reviews the antidepressant active metabolites and their mechanism of action in the combination of R. glutinosa-Lilium, for the purpose of providing references for research on depression’s mechanism of action, clinical application, and new drug development.
2 METHODS OF DATA ACQUISITION
To ensure a comprehensive and systematic review of the existing literature on Rehmannia glutinosa-Lilium, a meticulous search strategy was implemented. A comprehensive literature search was conducted as of 29 September 2024, utilizing databases such as PubMed, CNKI, Wanfang Data, Baidu Scholar, and Google Scholar. Additionally, classical texts on Chinese herbal medicine, the Chinese Pharmacopoeia, as well as doctoral and master’s theses, were included in the collected materials.
The search terms were carefully selected to encompass the broad spectrum of research areas relevant to Rehmannia glutinosa-Lilium. The search employed specific terms including “R. glutinosa,” “Lilium,” “Baihe Dihuang decoction,” “Traditional uses of R. glutinosa-Lilium,” “Chemical composition of R. glutinosa,” “chemical composition of Lilium” “neurotransmitters and depression,” “Brain-derived neurotrophic factor and depression,” “oxidative stress and depression,” “glutamic acid and depression,” “the hypothalamus-pituitary-adrenal and depression,” “intestinal microorganisms and depression,” “application of Baihe Dihuang decoction,” “pathogenesis of depression,” and “pharmacological action and mechanism of depression.
The inclusion criteria for the studies were as follows: 1) studies that report traditional uses of R. glutinosa-Lilium, 2) studies that report active metabolites in antidepressants of Rehmannia glutinosa-Lilium, 3) research the effect of the active metabolites in R. glutinosa-Lilium on depression. Studies not directly pertinent to these areas and in vitro experimental studies are excluded, and records are subsequently screened based on title and abstract to identify those meeting the inclusion criteria. The full articles are then obtained for further relevance assessment. Data extraction concentrates on the historical application of R. glutinosa-Lilium, its chemical composition, and its role in the treatment of depression. Finally, the extracted data are synthesized and prepared for comprehensive analysis in the review.
3 TRADITIONAL USES OF REHMANNIA GLUTINOSA-LILIUM
The synergistic effects of R. glutinosa and Lilium have been found to be efficacious in the treatment of a diverse range of ailments such as depression, climacteric syndrome, anxiety, insomnia, cancer, hypertension, and others (Qing et al., 2023; Zhu and Xie, 2022). The earliest recorded herbal literature of R. glutinosa and Lilium is Shen Nong Ben Cao Jing of the Eastern Han Dynasty (Wu, 1963). Nevertheless, the composition of the Baihe Dihuang Decoction, which includes both R. glutinosa and Lilium, was first recorded in Jin Kui Yao Lun authored by Zhang Zhongjing (He and He, 2005). The treatment and preparation methods of Baihe Dihuang Decoction, as documented by physicians in previous dynasties, have remained largely consistent, with the exception of variations in the quantities of Lilium and raw R. glutinosa juice utilized. During the Tang Dynasty, Sun Simiao, a physician, modified the dosage of R. glutinosa juice to 2 L in Bei Ji Qian Jin Yao Fang, a treatment for Lily disease and irregular menstruation (Gao and Shen, 2008). Lily disease is clinically manifested as anxiety and depression, and depression is the main clinical manifestation of Lily disease (Junjie et al., 2024). Similarly, in the Song Dynasty, Pang Anshi altered the dosage of Lilium to ten and the dosage of R. glutinosa juice to half a liter in the treatment of Lily disease, as documented in Shang Han Zong Bing Lun (Zou and Liu, 1989). The documentation pertaining to the primary administration, formulation, and application of Baihe Dihuang Decoction in Jin Kui Fang Lun Yan Yi during the Yuan Dynasty aligns with the principles outlined in Zhang ZhongJing’s theory (Zhou and Wang, 1993). In Ben Cao Hui Yan, Ni Zhumu, a physician during the Ming Dynasty, introduced a modification to the administration of R. glutinosa by increasing the dosage to eight taels (Zheng, 2005). The effectiveness and preparation techniques documented in other medical texts from the Ming Dynasty, such as Yi Zong Bi Du (Gu, 2005) and Zu Ji (Da, 1987) as well as those from the Qing Dynasty, including Jin Kui Fang Ge Kuo (Chen and Chen, 1963), Zhang Shi Yi Tong (Sun and Wang, 2005), Wen Re Jing Wei (Lu, 1997) have not changed much compared with the Jin Kui Yao Lun. Presently, Baihe Dihuang Decoction has been included in the initial group of ancient traditional formulas and is predominantly employed in the management of depression (Ma et al., 2019) (Table 1).
TABLE 1 | Traditional uses of Rehmannia glutinosa-Lilium.
[image: Table 1]4 REHMANNIA GLUTINOSA-LILIUM ACTIVE METABOLITES IN ANTIDEPRESSANTS
The efficacy of TCM in treating depression has garnered the attention of scholars worldwide, prompting them to explore TCM’s compound prescription. Recently, many Chinese proprietary medicines with good antidepressant properties have been discovered, including Chaihu Shugan Powder (Fan et al., 2023), Yueju Pill (Ren and Chen, 2017), Baihe Dihuang Decoction (Xue X. Y. et al., 2022), Kaixin Powder (Xu F. et al., 2023) and Sini Powder (He X et al., 2022), etc. With further in-depth study, it is found that the material basis of antidepressant effect in TCM compound prescription is the active metabolites of TCM (Zhang H. et al., 2021; Deng et al., 2022; Yang et al., 2023). Rehmannia glutinosa and Lilium are both medicinal and edible plants, as a commonly used antidepressant pair, has a good improvement effect on depression (Table 2). Baihe Dihuang Decoction was identified by liquid mass spectrometry (LP-MS) with 94 chemical metabolites, including 33 metabolites into blood and 9 metabolites into brain (Wu et al., 2021). The liquid chromatography-mass spectrometry (LC-MS) technique was employed to analyze the decoction of Lilium, Rehmannia and Baihe Dihuang Decoction, which revealed the presence of 36 novel compounds in the Baihe Dihuang Decoction that were not detected in the individual decoctions of Lilium and Rehmannia, and the antidepressant active metabolites verbascoside only existed in the co-decoction (Mao et al., 2024). The identified metabolites were correlated with depression, and it was determined that saponins, phenylpropanoids, iridoid terpenoids, flavonoids, alkaloids, and phenylethanol glycosidesmay constitute the primary active metabolites in the therapeutic management of depression (Table 3).
TABLE 2 | Ameliorating effect of Baihe Dihuang Decoction on depression.
[image: Table 2]TABLE 3 | The main antidepressant metabolites of Rehmannia glutinosa-Lilium.
[image: Table 3]5 ANTIDEPRESSANT MECHANISM OF REHMANNIA GLUTINOSA-LILIUM
5.1 Effects of active metabolites of Rehmannia glutinosa-Lilium on the function of monoamine neurotransmitters
Neurotransmitters play a crucial role in facilitating signal transmission between neurons and effectors within the body (Hu and Wu, 2023). Monoamine neurotransmitters are central neurotransmitters, including catecholamine and indoleamine, the former is a neurotransmitter based on catecholamine, including norepinephrine (NE), epinephrine and dopamine (DA), while the latter is composed of indole and ethylamine, which mainly refers to 5-hydroxytryptamine (5-HT) (Wu, 2023). The occurrence of depression is associated with the modulation of monoamine neurotransmitter levels, and when a decrease in the levels of 5-HT, NE, and DA may have an impact on the emotional state of individuals (El et al., 2010; Perez-Caballero et al., 2019).
Catalpol, the chemical metabolites, found in R. glutinosa, possesses a significant concentration of iridoids and displays a multitude of pharmacological properties, including but not limited to antidepressant, cognitive-enhancing, and neuroprotective effects (Zhang and Liu, 2019). Treatment with catalpol (5, 10, or 20 mg/kg) for 14 days reduced mice’s depressive-like behavior in a depression model, and it was found that catalpol increased the content of 5-HT and 5-hydroxyindoleacetic acid (5-HIAA) in mice’s brains, while exhibiting minimal influence on the levels of NE and DA. This study to indicate that catalpol has an antidepressant-like effect and that its action may be mediated by the central serotonergic system (Wang et al., 2014). The phenylethanol glycoside acteoside, extracted from Radix Rehmanniae, exhibits many pharmacological properties, such as antidepressant properties, antitumor properties, anti-inflammatory properties, neuroprotective properties, etc (Ge et al., 2023). Current studies have have demonstrated that acteoside substantially elevates the serum concentrations of 5-HT, GABA, and DA in depressed mice, and the mechanism underlying the antidepressant effects of acteoside is believed to involve the augmentation of monoamine neurotransmitters, the attenuation of pro-inflammatory cytokines, and the restoration of neurotransmitter levels (Xue X. et al., 2022). Recent studies have revealed that the primary metabolites of Lilium are saponins, which exhibit antidepressant, antioxidant, anti-inflammatory, antibacterial, and regulatory properties on the cerebral and gut axis (Sun et al., 2022). Administration of intragastric Lilium saponins to mice with depression resulted in a reduction of depressive-like behavior and a decrease in body temperature (Wang, 2014). Moreover, the administration of Lilium extracts resulted in elevated levels of DA and 5-HT, thereby restoring the function of monoamine neurotransmitters in rats with depression (Guo et al., 2009). Gallic acid, a ubiquitous phenolic acid in nature, is a crucial bioactive metabolites of Lilium, exhibiting anti-aging, antioxidant, anti-inflammatory, and other therapeutic properties (Zhang and Ma, 2020; Wang P. et al., 2023). Administration of 60 mg/kg gallic acid reduced depressive behavior in depressive model mice, and its antidepressant action is mediated by increasing not only 5-HT levels in the synaptic space, but also catecholamine levels in the brain (Can et al., 2017). Berberine, the principal bioactive metabolites of Lilium alkaloids, exhibits a range of pharmacological effects including antibacterial, anti-inflammatory, antiviral, lipid-modulating, hypoglycemic, antiarrhythmic, antihypertensive, immunomodulatory, and antitumor properties (Chen et al., 2023; Zhao L. et al., 2023; Tan et al., 2023). Berberine has been observed to significantly decrease the resting time of TST and FST in mice with depression, while concurrently elevating the levels of NE and 5-HT in the hippocampus and prefrontal cortex, and the mechanism of action of berberine is believed to be linked to the regulation of monoamine neurotransmitters in the brain (Peng et al., 2007) (Figure 1; Table 4).5-HT may contribute to the pathophysiology of depression via the cAMP/PKA/CREB signaling pathway, which is mediated by the 5-HT1A receptor (Brites and Fernandes, 2015). The elevated concentration of the psamine transporter (DAT) enhances the reuptake rate of DA at synaptic terminals, resulting in a reduction of DA levels in the synaptic cleft and subsequently contributing to depressive symptoms (Zaaijer et al., 2015). 5-HT and NE interact with G protein-coupled receptors (GPCRs) to facilitate neural transmission and generate electrical signals that modulate emotional responses (Yang et al., 2018). Consequently, R. glutinosa-Lilium may modulate depressive symptoms by enhancing the secretion and synthesis of neurotransmitters such as 5-HT, DA, and NE.
[image: Figure 1]FIGURE 1 | The active substances in Rehmannia glutinosa-Lilium inhibits 5-HT reuptake in nerve endings and cell bodies.
TABLE 4 | Active substances regulating monoamine neurotransmitters in Rehmannia glutinosa-Lilium.
[image: Table 4]5.2 Brain-derived neurotrophic factor levels in response to Rehmannia glutinosa-Lilium active metabolites
Brain-derived neurotrophic factor (BDNF) is a crucial neurotrophic factor in the brain that plays a pivotal role in the growth, survival, and synapse formation of neurons that are linked to emotional and cognitive functions (Lima et al., 2019). According to a study of depression patients, the level of BDNF decreased with increasing severity of the disease, and the more serious the condition, the lower the level of BDNF (Du et al., 2023; Lee et al., 2007). There are two receptors for BDNF, one high-affinity receptor that binds tyrosine kinase receptor B and another low-affinity receptor that binds neurotrophic factor (p75 NTR). BDNF participates in the pathophysiological process of depression mainly through the induction of intracellular tyrosine residue autophosphorylation and receptor dimerization by binding to TrkB (Liu and Wang, 2015). The primary routes through which phosphorylated TrkB initiates downstream signaling cascades predominantly encompass the PI3K/AKT pathway, MAPK pathway, and PLCγ/PKC pathway. These pathways facilitate enhanced synaptic plasticity, improved neuronal growth and survival, and ultimately provide neuroprotection and nutritional support to the nerves (Wang et al., 2020; Mosiolek et al., 2021).
According to the experiment, catalpol significantly increased PI3K, Akt, Nrf2, HO-1, TrkB, BNDF, and other gene and protein expression in rats modeled by CUMS, and confirmed that PI3K/Akt/Nrf2/HO-1 signaling pathways were upregulated by catalpol’s antidepressant mechanism on depression, improving hippocampal neuroprotection and antioxidant levels (Wang J et al., 2021). Phenolic acids are one of the main active metabolites of lilies, in which Regaloside A in Lilium saponins plays a role in various antidepressant compound prescriptions (Luo et al., 2017). Following treatment with Regaloside A, there was an increase in the cell survival rate and phosphorylation levels of BDNF, TrkB, PI3K, and Akt, which is postulated that Regaloside A exerts antidepressant effects via the BDNF-TrkB pathway (Yuan et al., 2021). Contemporary pharmacological research has determined that Rehmanin D possesses the capability to mitigate PC-12 cell impairment caused by elevated levels of cortisol, and the effect is attributed to its potential to augment BDNF expression and elicit anti-apoptotic responses via the BDNF-TrkB pathway, ultimately safeguarding nerve cells and manifesting antidepressant properties (Zhang et al., 2022). After chlorogenic acid treatment, the nerve damage score and brain water content of mice decreased, BDNF, NGF, 5-HT, and 5-HIAA proteins were upregulated, while pro-inflammatory cytokines iNOS, IL-6, TNF-α, NLRP3, and IL-1β were significantly downregulated (Liu et al., 2021) (Figure 2; Table 5). BDNF specifically binds to the TrkB receptor, thereby activating downstream signaling pathways such as PI3K/Akt, MAPK, and cAMP, among others (Fries et al., 2023). This interaction enhances the release of presynaptic neurotransmitters, facilitating nerve signal transmission (Li et al., 2024). Consequently, R. glutinosa-Lilium has been shown to elevate BDNF levels, thereby supporting normal neuronal function and promoting emotional recovery as well as the improvement of cognitive function.
[image: Figure 2]FIGURE 2 | The active metabolites of Rehmannia glutinosa-Lilium can regulate brain-derived neurotrophic factor. (BDNF, Brain-derived neurotrophic factor; TrkB, Tyrosine kinase receptor B; P75NRT, Neurotrophin P75 receptor; PLCγ, Phospholipase Cγ; PI3K, Phosphatidylinositol 3 kinase; Raf, Raf kinas).
TABLE 5 | An active metabolites in Rehmannia glutinosa-Lilium that regulates the level of a brain-derived neurotrophic factor.
[image: Table 5]5.3 Rehmannia glutinosa-Lilium metabolites’ effects on inflammation and oxidative stress
Oxidative stress refers to the state of cellular imbalance resulting from the overproduction of reactive oxygen species (ROS) and the insufficient antioxidant capacity of cells (Sies, 2015). This condition can lead to various pathological processes, including but not limited to inflammation, neurodegeneration, tissue damage, and cell death, when ROS production exceeds the antioxidant response (Bhatt et al., 2020; Redza-Dutordoir and Averill-Bates, 2016; Xing et al., 2024a). The pathophysiology of depression is strongly influenced by oxidative stress and inflammation, the body is stimulated by stress, the redox balance is broken, and the body’s antioxidant enzyme function changes abnormally, producing excess ROS, pro-inflammatory factors are released, and the inflammatory response is activated, ultimately leading to disturbances in the structure and function of biological macromolecules and proteins in nerve cells, culminating in the manifestation of depression (Kohler et al., 2016; Pandey et al., 2018; Vavakova et al., 2015; Zhang, 2018). Clinical studies have provided empirical evidence indicating that individuals suffering from inflammatory diseases are more likely to experience depression (Beurel et al., 2020). Furthermore, an elevation in the levels of pro-inflammatory cytokines, specifically IL-1β, IL-6, and TNF-α, is positively correlated with the severity of depressive symptoms (Neupane et al., 2022; Boucas et al., 2022). Moreover, inhibiting ROS and malondialdehyde (MDA) and increasing antioxidant enzymes like superoxide dismutase and catalase (CAT) can alleviate depression symptoms (Lindqvist et al., 2017).
Geniposide, an iridoid discovered in R. glutinosa, also has demonstrated antidiabetic, antioxidant, antidepressant, and neuroprotective properties (He et al., 2023; Kimura et al., 2023; Li et al., 2020). The current investigation provides evidence that the regulation of GLP-1R/AKT by geniposide effectively mitigates depressive behavior induced by repeated inhibitory stress (RRS) and hippocampal neuronal apoptosis in mice, concomitantly decreasing the content of pro-inflammatory cytokines IL-1β and TNF-α (Zhao et al., 2018). The ethanol extract derived from Lilium exhibits a specific inhibitory effect on the nuclear factor κ B (NF- κ B) signal pathway, which is induced by inhibitor kappa B kinase β (IKK β), thereby exerting an anti-inflammatory effect and the main bioactive metabolites in the Lilium alcohol extract were identified as quercetin, luteolin, and kaempferol through high performance liquid chromatography (HPLC) (Han et al., 2018). This observation indicates that lilies may mitigate oxidative stress by modulating glutamate metabolism, which subsequently activates the Nrf-2 signaling pathway (Xing et al., 2024b). Quercetin, luteolin, and kaempferol are flavonoids in Lilium, which have potent antioxidant activity (Xu et al., 2022). The administration of Quercetin has been observed to yield a significant reduction in anxiety and depression in mice that have been subjected to chronic unpredicted stress (CUS)-induced depression and quercetin has been observed to decrease the expression of oxidative stress markers and pro-inflammatory cytokines in hippocampal neurons, thereby conferring protection to the mouse brain against oxidative and inflammatory stress (Mehta et al., 2017). The administration of luteolin to CUMS mice leads to a significant increase in the activation of SOD and GSH-Px in brain tissue, a reduction in MDA levels, and inhibition of neuronal oxidative stress (Liu et al., 2013). Kaempferol activates the AKT/catenin cascade in the prefrontal cortex of CSDS mice, thereby augmenting its antioxidant and anti-inflammatory properties (Gao et al., 2019). Notably, a neuroinflammatory response is triggered by the activation of microglia and subsequent release of pro-inflammatory cytokines (Zhang et al., 2016). Under normal circumstances, microglia (M0) in the central nervous system are in a quiescent state and play the role of “immune surveillance,” while microglia in the pathological state come to life and release a series of cytokines, which participate in the occurrence and development of neuroinflammation (Xu et al., 2020). The continuous activation of classical activated microglia (M1) will produce excessive inflammatory factors and oxidative stress, causing damage to nerve cells and leading to aggravation of the disease, while alternative activated microglia (M2) can promote tissue repair and regeneration and play a neuroprotective role (Kwon and Koh, 2020; Wolf et al., 2017; Chen et al., 2024). Thus, the inhibition of M1 microglia proliferation can lead to an improvement in depressive symptoms and a prevention of neuroinflammation. Compared with the model group, the Rehmannia glycoside D-group exhibited a reduction in the levels of pro-inflammatory cytokines IL-6 and IL-1β released by M1 microglia, and an increase in the levels of anti-inflammatory cytokines IL-4 and IL-10 released by M2 microglia, which may be attributed to the inhibition of microglial transformation from M2 to M1 (Wang H. H. et al., 2021). As measured by CUMS, Catalpol not only increased hippocampal SOD, CAT, GSH-Px, GST, GST and GSH levels in rats, but also inhibit microglial polarization of the M1 phenotype and reduce the expression of IL-1β, TNF-α and iNOS (Wang Y. T. et al., 2021) (Figure 3; Table 6). Oxidative stress can enhance the activity of the rate-limiting enzyme in tryptophan metabolism by promoting neuroinflammation, leading to increased production of quinolinic acid and stimulating microglia to express kynurenine-3-monooxygenase (KMO, resulting in the conversion of kynurenine to the neurotoxic metabolite quinolinic acid (Vaglio-Garro et al., 2024; Qin and Zhang, 2020; Sipahi et al., 2023). Empirical studies have demonstrated that the activation of NF-κB and the presence of pro-inflammatory cytokines such as IL-1β and TNF-α can enhance the expression and activity of iNOS, promotes the production of nitric oxide (NO), induces the release of glutamate-containing vesicles from astrocytes, inhibits the reuptake of glutamate, and consequently elevates extracellular glutamate concentrations (Ida et al., 2008; Olivenza et al., 2000; Du et al., 2022). Consequently, oxidative stress interacts with inflammation to exacerbate depressive symptoms and R. glutinosa-Lilium may exert an antidepressant effect by reducing the levels of pro-inflammatory cytokines IL-1β and TNF-α and modulating the tryptophan-kynurenine pathway (Guo et al., 2024).
[image: Figure 3]FIGURE 3 | The activation of pattern recognition receptors (PRRs) triggers the NLRP3 inflammasome and caspase-1, leading to interleukin-1 beta (IL-1β) and interleukin-18 (IL-18) activation. Oxidized mitochondrial DNA (ox-mtDNA) and mitochondrial reactive oxygen species (ROS) also activate the inflammasome. Additionally, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) promotes the production of tumor necrosis factor alpha (TNF-α) and interleukin-6 (IL-6). The proinflammatory cytokines IL-1β and IL-18 further activate the enzymes indoleamine 2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase (TDO) within the kynurenine pathway, facilitating the degradation of tryptophan into kynurenine. These two cytokines further activate kynurenine 3-monooxygenase (KMO), the enzyme responsible for directing the degradation of kynurenine into 3-hydroxykynurenine (3HK) and quinolinic acid, both of which are neurotoxic agents, rather than into kynurenic acid, a neuroprotective agent. Kynurenic acid functions as an NMDA receptor agonist and enhances glutamate levels, subsequently increasing intracellular calcium concentrations. This process results in the excessive production of reactive oxygen species (ROS) via the kynurenine pathway.
TABLE 6 | The active substances in Rehmannia glutinosa-Lilium that regulate inflammation and oxidative stress.
[image: Table 6]5.4 Effect of active metabolites of Rehmannia glutinosa-Lilium on glutamic acid
Neuroimaging and autopsy studies found that depression patients’ plasma, cerebrospinal fluid, and brain glutamate (Glu) concentrations were higher, and serum Glu levels were positively correlated with MDD severity (Zhang et al., 2013; Yan, 2022). With ketamine, a glutamate receptor (NMDAR) antagonist, as a quick-acting antidepressant, the role of glutamatergic nervous system in depression has received widespread attention (Murrough et al., 2017). Glu homeostasis is maintained by the glutamate-glutamine cycle in the central nervous system, and neurons and astrocytes provide a strong guarantee of neuronal activity (Eid et al., 2016; Mahmoud et al., 2019). A high concentration of Glu damages nerve cells and overstimulates glutamate receptors (NMDAR, etc.), which may contribute to depression (Wu et al., 2014). In the rat model of depression induced by CUMS, the levels of NMDAR phosphorylation and subunit NR1/NR2B protein increased significantly, the abnormal concentration of Glu in synaptic space led to the overactivation of extra synaptic NMDAR, and a large amount of Ca2+ influx led to intracellular Ca2+ overload, resulting in nerve cell death (Li et al., 2018; Beneyto et al., 2007).
Modern studies have found that catalpol in R. glutinosa can significantly reverse the decrease of cell survival rate and muscarinic receptor density induced by L-Glu, suggesting that catalpol may have neuroprotective effects by regulating the cholinergic nervous system (Wang et al., 2008). Acubin inhibits glutamate receptor NMDAR1 and oxidative stress, thereby improving Glu excitotoxicity, and improving PC-12 cell damage induced by Glu, which has potential activity in the treatment of depression (Lu et al., 2022). The phenylethanol glycoside compound echinacoside exhibits neuroprotective, antiinflammatory, antioxidant, antiviral, cardiac activity, and many other biological properties (Liu et al., 2018). Moreover, echinacoside crosses the blood-brain barrier, suggesting potential clinical application for neurological diseases (Zhu et al., 2013). Echinacea glycoside may improve Glu-induced PC-12 cell damage by reducing intracellular Ca2+ accumulation, inhibiting NMDAR1 protein expression and antioxidation (Lu et al., 2021). The consumption of berberine significantly decreased ROS production, lipid peroxidation, and DNA fragmentation in glutamate-damaged hippocampal cells, increasing glutathione content and SOD activity, and the anti-apoptotic effect of berberine was demonstrated by reducing the overexpression of Caspase-3 and Bax/Bcl-2 induced by glutamate (Xue, 2021) (Figure 4; Table 7). In vivo, elevated glutamate levels lead to the over-activation of NMDA receptors, causing a substantial influx of Ca2+ and subsequent Ca2+ overload (Zhou et al., 2024). This cascade triggers downstream pathways that result in the production of reactive oxygen species and mitochondrial dysfunction, ultimately leading to neuronal damage (Wang Y. L et al., 2021). Rehmannia glutinosa-Lilium may exert an antidepressant effect by mitigating Ca2+ accumulation within cells and inhibiting the expression of glutamate receptors.
[image: Figure 4]FIGURE 4 | Upon depolarization of presynaptic glutamatergic neurons, gamma-aminobutyric acid (GABA) receptors inhibit the fusion of glutamate-containing vesicles with the presynaptic membrane. Additionally, Group II metabotropic glutamate receptors (mGluRs) modulate glutamate release by inhibiting adenylyl cyclase activity, thereby indirectly influencing synaptic plasticity and long-term potentiation (LTP). In a postsynaptic glutamatergic neuron, the activation of N-methyl-D-aspartate receptors (NMDARs) via brain-derived neurotrophic factor (BDNF) can be associated with the initiation of neurotrophic or apoptotic pathways. Subsequently, BDNF-TrkB signaling enhances the activation of extracellular signal-regulated kinase (ERK),serine/threonine-specific protein kinase (Akt), and the mechanistic target of rapamycin complex 1 (mTORC1) signaling pathways.
TABLE 7 | Active substances regulating glutamate in Rehmannia glutinosa-Lilium.
[image: Table 7]5.5 The hypothalamus-pituitary-adrenal (HPA) axis is influenced by active metabolites of Rehmannia glutinosa-Lilium
Depression can be caused by excessive excitation of the HPA neurohormone, which regulates stress states in the body (Juruena et al., 2018; Tang et al., 2019). The hypothalamus begins with adrenocorticotropic hormone-releasing hormone (CRH) secreted by the paraventricular nucleus and then stimulates the pituitary gland, where the anterior lobe releases adrenocorticotropic hormone (ACTH), which in turn induces adrenal gland secretion of CORT. In turn, CORT regulates the stress response by reducing its own secretion by sending feedback signals to the hypothalamus and pituitary to reduce the production of CRH and ACTH (Sarno et al., 2021; Plotsky et al., 1998). It was found that the secretion and response of CORT, the level of CRH in cerebrospinal fluid and inflammation increased in patients with severe depression (Zunszain et al., 2011; Amasi-Hartoonian et al., 2022; Horowitz et al., 2020). The increase of CORT level caused by imbalance of HPA axis was directly related to depressive symptoms (Wang et al., 2022). Behavioral test results of mice after injection of CORT suggested depression-like behavior, and serum levels of CORT, ACTH, and CRH increased dose-dependently and over time (Chen et al., 2021; Mikulska et al., 2021; Lok et al., 2012; Joseph and Golden, 2017).
Geneniposide was found to restore the negative feedback between the CRH expression and HPA axis injured by CUMS, which inhibited its high activity, and a significant reduction in CORT serum levels, as well as CRH mRNA expression, was also observed, but ACTH levels were not significantly affected (Cai et al., 2015). Lilium saponins have been found to exhibit an antidepressant effect by suppressing the hyperactivity of the HPA axis, leading to a reduction in circulating levels of COR, ACTH and CRF mRNA in rats (Guo et al., 2010). In mice, the antidepressant effect of catalpol is attributed to its ability to regulate both NF-κB and Nrf2, thereby inhibiting HPA axis hyperactivity, central inflammation, oxidative damage, and depression-like behavior induced by CORT (Song et al., 2021). Berberine has the potential to induce a calming and hypnotic effect through the inhibition of the HPA axis and the augmentation of the levels of 5-HT and NE in the hypothalamus of a mouse model of insomnia induced by PCPA (Zhou et al., 2014) (Figure 5; Table 8). When 5-HT levels in the brain are low, ACTH secretion of the pituitary gland increases, resulting in increased secretion of peripheral cortisol, which suggest that the 5-HT system in the brain exerts an inhibitory effect on ACTH secretion (Zhao et al., 2021a). Following the interaction between cortisol and glucocorticoid receptors, there is an activation of tyrosine aminotransferase and tryptophan pyrroliase, which reduces the synthesis of the 5-HT and NE precursors, tyrosine and tryptophan, resulting in a decrease in the content of monoamine transmitters in the brain and worsening anxiety and depression (Arborelius and Eklund, 2007; Greenstein and Hunt, 2023). Therefore, R. glutinosa-Lilium regulates the HPA axis by reducing the content of hormones such as CORT, ACTH and CRH, thus playing an antidepressant role.
[image: Figure 5]FIGURE 5 | The active metabolites of Rehmannia glutinosa-Lilium can reduces COR levels and inhibits further release of ACTH and CRH, and depressive symptoms disappear.
TABLE 8 | Active substances regulating hypothalamus-pituitary-adrenal axis in Rehmannia glutinosa-Lilium.
[image: Table 8]5.6 Effects of active metabolites of Rehmannia glutinosa-Lilium on intestinal microorganisms
The gut-brain axis, which refers to the complex interaction between the gastrointestinal tract and the brain, has been demonstrated to exert a significant impact on emotional regulation, cognitive processes, and the central nervous system, ultimately contributing to the pathogenesis of depression (Tian et al., 2022; Kim et al., 2023; Xie et al., 2023). Recent research has demonstrated notable alterations in the intestinal microbiota of both depressed individuals (Huang Y et al., 2023) and animal models of depression (Xie et al., 2023), indicating a strong association between gut flora and depression (Zhang M. et al., 2021; Zhao N. et al., 2023). By regulating coding RNA, non-coding RNA and various signal pathways, intestinal flora can regulate not only the function of hippocampal and microglia, but also the expression level of BDNF and immune inflammatory response related to depression, which ultimately affect depression’s occurrence and development, suggesting that a potential target for treating depression could be inhibition of intestinal flora (Chen et al., 2022; Xu M. et al., 2023).
The anti-fatigue, antidepressant, antibacterial, and other effects of Lilium polysaccharides have been demonstrated in modern pharmacological studies (Gao et al., 2015). Lilium polysaccharides regulate intestinal flora imbalance by inhibiting the increase of LPS, IL-6, and TNF- α, increasing the content of secretory immunoglobulin A (SIgA) and regulating intestinal flora imbalance by cultivating beneficial bacteria and inhibiting harmful bacteria (Zhao et al., 2020). In STZ-induced diabetic mice, oral administration of 300 mg/kg R. glutinosa stachyose can significantly lower blood glucose levels, restore the number of Lactobacillus and some normal bacteria reduced by disease to a certain extent, which has the dual effect of regulating blood sugar and intestinal flora (Wang, 2013). Following the administration of kaempferol, the intestinal microbiota of mice with ulcerative colitis exhibited an increase in richness and the relative ratio of Firmicutes and Bacteroides was observed to increase, while the relative abundance of pathogenic species decreased and the abundance of probiotics increased (Qu, 2021). Berberine can significantly reduce the levels of both Trichobacterium and Clostridium diffrium in rats, increase the levels of Rumen and Lactic Acid Bacteria, and inhibit pro-inflammatory cytokines, thus inhibiting the overactivated inflammatory response by regulating rat intestinal flora (Huang D. X. et al., 2023). In mice with non-alcoholic fatty liver disease (NAFLD), the administration of chlorogenic acid resulted in an increase in intestinal flora and the secretion of glucagon-like peptide-1 (GLP-1), which is known to regulate inflammation (Shi et al., 2021) (Figure 6; Table 9). Turicibacter is an intestinal bacterium that expresses a sodium transporter-related protein exhibiting sequence and structural homology to mammalian neurotransmitters, among which DA, NE, acetylcholine, and GABA are all neurotransmitters closely associated with depression, thus causing depressive mood and behavior (Fung et al., 2019; Feng et al., 2024). We hypothesize that R. glutinosa-Lilium may influence the synthesis and transport of neurotransmitters by effectively preventing intestinal microorganisms from entering systemic circulation, inhibiting the body’s immune response, and regulating the abundance of intestinal flora, thereby achieving therapeutic effects in the treatment of depression.
[image: Figure 6]FIGURE 6 | The active metabolites in Rehmannia glutinosa-Lilium can regulate intestinal microorganisms. (HPA, Hypothalamus-pituitary-adrenal; 5-HT, 5-hydroxytryptamine; BDNF, Brain-derived neurotrophic factor).
TABLE 9 | Active substances regulating intestinal microorganisms in Rehmannia glutinosa-Lilium.
[image: Table 9]6 TOXICITY STUDIES
The extract of Rehmannia was evaluated for acute toxicity in mice using the LD50 and MTD methods, with no fatalities observed. Concurrently, a subchronic toxicity study was conducted on 80 Sprague-Dawley rats, which were allocated into four groups: low (1,670 mg/kg), medium (8,330 mg/kg), high (16,700 mg/kg) doses of Rehmannia extract, and a control group. After 30 days of continuous intragastrical administration of the extract, there were results no significant differences in body weight, blood biochemical parameters, organ coefficients, or visceral histopathology between the treatment groups and the control group (Liu J et al., 2017). According to the acute toxicity classification standard of the World Health Organization (WHO) and the results from both acute and subchronic toxicity tests, Rehmannia extract is deemed safe and non-toxic at clinical doses. The cytotoxicity of the water extract of Lilium, both before and after sulfur fumigation, was assessed. The cytotoxicity of the aqueous extract of Lilium, both prior to and following sulfur fumigation, was assessed. Concentrations ranging from 0 to 800 mg/L demonstrated that the post-fumigation aqueous extract of Lilium exhibited no significant impact on the viability of human liver LO2 cells, human renal proximal tubule HK-2 cells, and rat adrenal pheochromocytoma PC-12 cells. Furthermore, no significant differences were observed when compared to the pre-fumigation aqueous extract. These findings suggest that Lilium concentrations between 0 and 800 mg/L do not induce cytotoxic effects (Zhang et al., 2023). Rehmannia and Lilium are not only recognized in the Chinese Pharmacopoeia, but are also listed among Chinese medicinal materials utilized for both therapeutic and dietary purposes, with a long-standing history of consumption. However, certain metabolites within Rehmannia and Lilium may exhibit toxic side effects.
Although colchicine in lilies is relatively less toxic, its metabolism in the liver through deacetylation results in the formation of the more toxic compound dicolchicine. This metabolite repeatedly interacts with the gastrointestinal mucosa during enterohepatic circulation, leading to symptoms of poisoning such as nausea, vomiting, and abdominal pain. These interactions can further result in damage to liver and kidney function and may lead to metabolic acidosis, as well as respiratory and circulatory failure (Liu et al., 2024). Furthermore, colchicine exhibits significant cardiotoxicity, with severe cases potentially resulting in mortality due to circulatory failure and fatal arrhythmias (Mullins et al., 2000). Liver biopsy specimens from mice treated with AU did not reveal any abnormal histological findings. Following a single intraperitoneal injection of 1–100 mg/kg AU, all Wistar rats survived, but administration of 100 mg/kg AU led to paralysis (Xue et al., 2012). Acute toxicity assessments conducted on mice with gavage doses of 10, 20, and 40 g/kg AU indicated that mice receiving 40 g/kg AU experienced a slight reduction in free movement and food intake, along with the presence of fatty or soft stools. Nevertheless, these phenomena gradually normalized by days 2–3 and no animals exhibited symptoms of poisoning or mortality within 14 days post-treatment (Li, 2011). Consequently, while medicinal and edible plants are generally considered safe, they are not devoid of potential adverse effects, including side effects and toxicity, which may be dose-dependent, particularly in long-term studies.
7 CONCLUSION AND FUTURE PERSPECTIVES
Globally, depression affects hundreds of millions of people, but because depression affects many systems of the body, the treatment of depression is a difficult problem for both modern medicine and TCM. The treatment of depression is currently limited to a single target or a single signal pathway, target-signal pathway interactions are not sufficiently discussed in depth, and the drugs used in clinics still cannot fully cure a variety of depression-related diseases.
The pathogenesis of depression is interconnected, with no single factor acting independently. For instance, an imbalance in monoamine neurotransmitters can lead to increased inflammation, while the inflammatory response can exacerbate the reduction of 5-HT levels, collectively contributing to the development of depression (Guo et al., 2024). Glutamic acid can elevate NO levels, and NO, in turn, can regulate the release of neurotransmitters such as 5-HT and DA (Wang R. et al., 2023). The hyperactivation of the HPA axis and the subsequent excessive secretion of corticosterone lead to the compromise of the blood-brain barrier, which in turn results in neuronal damage and contributes to the pathophysiology of depression (Zhao et al., 2021b). Additionally, the gut microbiota plays a significant role in modulating depressive states by influencing inflammatory pathways and altering the synthesis of neurotransmitters (Feng et al., 2024). Combinations of TCM compounds have multiple advantages, such as multi-metabolites, multi-pathway, and multi-target treatment. Chinese traditional medicine’s active metabolites is a monomer compound extracted and purified from TCM, which is the TCM’s main metabolites and its compound preparations to exert its pharmacological effects, and its target, signaling pathway and mechanism for treating diseases are relatively clear (Xing et al., 2024c). In this review, we reviewed for the first time that R. glutinosa-Lilium has an active ingredient in antidepressant. We found that catalpol, geniposide, Lilium saponins, gallic acid and berberine can relieve depression by enhancing the levels of monoamine neurotransmitters in the brain, such as 5-HT, DA, and NE. Catalpol, Regaloside A, Rhmannioside D and chlorogenic acid on depression can be attributable to its ability to upregulate the expression of BDNF and TrkB receptors. Geniposide, ethanol extract of Lilium, quercetin, luteolin, kaempferol, Rhmannioside D and catalpol inhibit the occurrence of depression by improving oxidative stress and inflammation. Catalpol, aucubin, echinacosid and berberine reduces depression symptoms by reducing Glu levels and NMDAR expression. Geniposide, Lilium Saponins, catalpol and berberine inhibits the release of hormones such as ACTH and CRH, thereby reducing depression symptoms. Lilium Polysaccharides, stachyose, kaempferol, berberine and gallic acid regulates intestinal flora by inhibiting harmful bacteria, therefore reducing depression symptoms.
According to this review, we found that catalpol, acteoside, gallic acid, berberine, Regaloside A, chlorogenic acid, Rhmannioside D, geniposide, quercetin, luteolin, kaempferol, aucubin, echinacoside, stachyose and other main active metabolites were found in the R. glutinosa-Lilium (Table 10). Although the therapeutic effect of R. glutinosa-Lilium on depression has been substantiated, its application in the development of antidepressant agents remains relatively underexplored. Active metabolites such as catalpol, ralinosin A, and genipine present significant potential for development as lead compounds to enhance pharmacological efficacy, which provides a reliable basis for the development of antidepressant drugs. Secondly, leveraging the traditional prescription of Baihe Dihuang Decoction, advanced methodologies such as network pharmacology, bioinformatics, and systems biology were employed to optimize the formulation, enhance therapeutic efficacy, and refine the compatibility, which aim to harness the multi-metabolites and multi-target treatment characteristics inherent in traditional Chinese medicine, thereby augmenting its antidepressant effects. Therefore, the future research direction should focus on using new technology to systematically describe the antidepressant tool of TCM from many aspects, multi-targets, and multi-levels, and simultaneously explore new antidepressant targets and develop fast, effective, and specific antidepressant drugs to provide a new direction for clinical trials of depression.
TABLE 10 | The main antidepressant active metabolites in Rehmannia glutinosa-Lilium.
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Geniposide Fluoxetine hydrochloride | RRS Male ICR mice | 50, 100 mg/kg | 15 days TNF-al, IL-1p] Zhao et al. (2018)
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Ethanol extract of Mock LPS RAW2647 cells | 0-300 pg/mL | 24 h COX-2[, TNF-al, iNOS|, | Han etal. (2018)
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Quercetin 0.3% carboxymethyl cus Swiss albino mice 30 mg/kg 26 days 1L-61, TNF-al, 1L-1BL, Mehta et al.
cellulose COX-2|, (2017)
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Mitochondrion-targeted | CUMS | Male C57BL/ 20 mg/kg 35 days IL-1B], TNF-al, iNOS| Wang Y. T. et al.
antioxidant peptide $$31 6 mice (2021)
(5 mg/kg)

Note: SOD, superoxide dismutase; MDA, malondialdehyde; GSH-Px, Glutathione peroxidase; CAT, catalase; GST, Glutathione S-transferase; COX-2, Cyclooxygenase-2; TNF-a, Tumor.
necrosis factor-a; RRS, repeated restraint stress; INOS, inducible nitric oxide synthase; IL-6, Interleukin-6; CSDS, chronic social defeat stress; L-1§, Interleukin-1p; CUMS, chronic
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Lilium polysaccharides  lizhu intestine | Lincomycin Male Kunming | 50, 100, 21 days LPS|, 1L-6], TNF-a| Zhao et al. (2020)
(10 mg/kg) hydrochloride mice 200 mg/kg

Rehmannia glutinosa  Metformin STZ Male Kunming | 300 mg/kg 49 days Lactobacillus|, Bacteroides| = Wang (2013)
stachyose (400 mg/kg) mice
Kaempferol Mock uc Female C57BL/ | 50 mg/kg 14 days Firmicutes/BacteroidesT, | Qu (2021)

6] mice Proteobacteria|
Berberine Mock NAFLD SD rat 150 mg/kg 112 days Clostridium |, Lactic acid | Huang D. X. et al.

bacteria, 1L-6], TNF-al | (2023)

Chlorogenic acid Mock NAELD Male CS7BL/ | 60 mg/kg 84 days GLP-11, Escherichia colil, | Shi et al. (2021)

6 mice 1L-6], TNF-a|

Note: LPS, lipopolysaccharide; IL-6, Interleukin-6; TNF-a, Tumor necrosis factor-

'Z, streptozotocin; UC, Ulcerative colitis.
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Geniposide Fluoxetine Male SD rats 20, 50, 21 days CORT|, ACTH|, CRH mRNA| | Cai et al. (2015)
hydrochloride 100 mg/kg
(10 mg/mL)

Lilium saponins Fluoxetine Male SD rats 12,24, 21 days CORT], ACTHL, DAT, 5-HTT | Guoetal. (2010)
hydrochloride 48 mg/kg
(2 mg/mL)

Catalpol Fluoxetine Male Kunming | 20 mg/kg 35 days Nrf2], NF-kB, IL-1B], TNF-al, | Song et al.
hydrochloride mice iNOS[, NOJ, GSH-Px], GSTT, | (2021)
(20 mg/mL SODT, MDA

Berberine Diazepam Female 75 mg/kg 5 days NET, 5-HTT, HPA| Zhou et al.
(2.25 mg/kg) Kunming mice (2014)

Note: CORT, cortisol; ATCH, adrenocorticotropin;

A, dopamine; 5-HT, 5-hydroxytryptamine; NF-xB, Nuclear factor kappa-B; iNOS, inducible nitric oxide synthase; Nrf2, Nuclear factor E2-

related factor 2; IL-1p, Interleukin-1; NO, nitric oxide; TNF- a, Tumor necrosis factor-a; GSH-Px, Glutathione peroxidase; SOD, superoxide dismutase; GST, Glutathione S-transferase; CUMS,

chronic unpredictable mild stimulation; MDA, Malondialdehyde.
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Catalpol Fluoxetine hydrochloride | CUMS | Male SD rats 10 mg/kg 35 days PI3KT, Akt], Nrf2], HO-11, | Wang H. H. et al.
(10 mg/mL) TrkBT, BDNE] (2021)
I I
Regaloside A Mock CORT | SH-SY5Ycells  5,15,25,50,75, | 24h Akt], BDNET, TrkBT, PI3KT  Yuan et al. (2021)
100 pmol/L
Rehmannia Fluoxetine (03 pmol/L)  CORT | PC-12cells | 5,10, 2h BDNFT, TrkB] Zhang et al. (2022)
Glycoside D 20 pmol/L.
T T
Chlorogenic acid 0.5% sodium Ap Male 20, 50, 21 days BDNFT, NGFT, 5-HTT, 5- Liu et al. (2021)
carboxymethyl cellulose Kunming 100 mg/kg HIAAT, iNOSJ, IL-6], TNE-
(20, 50, 100 mg/kg) mice al, NLRP3|, IL-1B|

Note: PI3K, Phosphatidylinositol-3-kinase; CUMS, chronic unpredictable mild stimulation; Nrf2, Nuclear factor E2-related factor 2; HO-1, Heme oxygenase 1; CORT, cortisol; TrkB, Tyrosine
kinase receptor B; BDNF, Brain-derived neurotrophic factor; Akt, Protein kinase B.
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Gallic acid Fluoxetine (30 mg/mL) | Depression ~ Male BALB/c 30,60 mgkg | 4 days 5-HTT, DAT Can et al. (2017)
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Decoction hydrochloride | chronic unpredictable 15 g/kg (Zhao et al, 2021a) oteobacterial, | (2024)
(18 mg/kg) mild stress stimulation Cyanobacteria]
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