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Abstract: Anxiety disorders are complex neuropsychiatric conditions with incompletely understood mechanisms, which hinders the 
development of targeted therapies. Natural products have attracted attention as promising anxiolytic candidates due to their multi- 
component nature, synergistic effects, and ability to modulate multiple molecular targets and signaling pathways. However, 
a systematic integration of anxiety pathology with the mechanisms of natural products is still lacking. This review summarizes recent 
advances in the molecular and cellular basis of anxiety and explores how natural products (such as flavonoids, terpenoids, and 
alkaloids) interact with key genes, receptors, and intracellular signaling pathways. It also addresses current research limitations, 
including insufficient depth of mechanistic studies, lack of standardized models, and challenges in clinical translation. By synthesizing 
mechanistic and therapeutic evidence, this work aims to support the development of effective, evidence-based natural anxiolytics with 
improved clinical applicability. 
Keywords: anxiety disorder, pathological mechanism, natural product, anxiolytic, clinical translation

Introduction
Anxiety disorders, including panic disorder (with or without agoraphobia), generalized anxiety disorder, social anxiety 
disorder, specific phobias, and separation anxiety disorder, are the most prevalent mental health conditions globally, 
contributing to substantial healthcare costs and a significant disease burden. Large-scale population studies suggest that 
up to 33.7% of individuals will experience anxiety-related symptoms at some point in their lives, with global prevalence 
estimates ranging widely from 3.8% to 25%. Furthermore, chronic comorbid conditions affect up to 70% of those with 
anxiety disorders, exacerbating the impact on overall health. These disorders can severely impair daily functioning and 
quality of life. In clinical practice, first-line treatments typically include selective serotonin reuptake inhibitors, serotonin- 
norepinephrine reuptake inhibitors, and benzodiazepines. While these conventional treatments can effectively relieve 
symptoms, provide symptomatic relief, approximately one-third of patients do not respond adequately, highlighting the 
limitations in current treatment options and the need for more effective therapies.1–4

More importantly, as a complex mental health condition, the molecular and neurobiological mechanisms underlying 
anxiety disorders remain poorly understood, posing significant challenges to the development of targeted therapeutic 
strategies. Consequently, a systematic analysis of the mechanisms involved in the occurrence and progression of anxiety 
disorders, the development of new anti-anxiety drugs with enhanced safety and efficacy, and the identification of their 
molecular targets and signaling pathways have become key scientific challenges in the field of mental health research, 
which urgently require innovative breakthroughs.

Natural products are metabolites derived from a wide range of sources, including animals, plants, insects, micro
organisms, marine organisms, and even human and animal bodies. Their unique and multifaceted mechanisms of action 
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enable them to overcome the limitations of conventional Western medicines, which often target single molecular 
pathways. This makes natural products a promising avenue for developing treatments for complex diseases. 
International research shows that the majority of new chemical entity drugs are either directly derived from natural 
products or are structural derivatives, underscoring their critical role in modern drug discovery. As a result, natural 
products not only serve as a valuable resource for disease treatment but also drive innovation in drug development, 
continually unlocking significant market potential and industrial value in the healthcare sector.5,6

Recent advancements in molecular biology technologies have greatly enhanced our understanding of the pathological 
mechanisms underlying anxiety disorders. Meanwhile, natural products have demonstrated unique advantages in anti- 
anxiety treatment due to their ability to regulate multiple molecular targets. However, several key challenges persist in 
current research, including fragmented insights into the underlying mechanisms, difficulty in identifying active pharma
cological metabolites, and poorly defined target networks. These limitations have significantly hindered the development 
of natural product-based anti-anxiety therapies.

This review systematically explored the cascade of mechanisms underlying anxiety disorders through 
a comprehensive analysis of relevant literature and examined the intervention properties of natural products from 
multiple perspectives. Additionally, it provided an in-depth evaluation of the limitations in current research, laying the 
groundwork for the development and clinical translation of precision anti-anxiety therapies based on natural products.

Review Method
To investigate the pathological mechanisms of anxiety disorders and the potential role of natural products in their 
treatment, we conducted a comprehensive literature search across PubMed, Web of Science, and ScienceDirect databases. 
The search terms included: “natural product,” “anxiety,” “anxiolytic,” “anxiety disorder,” “neuroinflammation,” “neuro
plasticity,” “synaptic plasticity,” “microbial-gut-brain axis,” “glial cell,” “astrocyte,” “mitochondrion,” “neurogenesis,” 
“autophagy,” “epigenetics,” “glutamate,” “hypothalamic-pituitary-adrenal axis,” and “microglia.” Articles were indepen
dently reviewed by two researchers based on titles, abstracts, and full texts, in accordance with predefined inclusion and 
exclusion criteria. The inclusion criteria were: (1) original research articles published in English, and (2) studies 
investigating the mechanisms of natural products in the treatment of anxiety disorders. The exclusion criteria were: (1) 
articles published in languages other than English; (2) gray literature; (3) editorials; and (4) duplicate publications.

Pathological Mechanism of Anxiety Disorder
Neuroinflammation
Neuroinflammation is primarily characterized by the activation of innate immune cells in the CNS, leading to the release 
of pro-inflammatory cytokines and other bioactive substances. Neuroinflammation plays an important role in the 
pathogenesis of anxiety disorders, with microglia (resident immune cells of CNS) being especially involved. For 
example, in Rev-erbα knockout mice, increased levels of pro-inflammatory cytokines in the hippocampus, along with 
dysfunctional microglial activity, have been linked to anxiety-like behaviors.7,8 Additionally, a study demonstrated that 
a deficiency in the ten-eleven translocation 2 (TET2) protein promotes anxiety-like behaviors by activating the NLR 
family pyrin domain containing 3 (NLRP3)/interleukin-1β (IL-1β) inflammatory pathway in microglia.9 In addition, 
dysfunction of the P2X7 receptor (P2X7R), a key regulator of neuroinflammation, has been associated with emotional 
disturbances, such as anxiety, through psychological stress-induced demyelination in the amygdala. This effect is 
mediated via the activation of the P2X7R/NLRP3 inflammasome cascade.10,11 Moreover, ATP-induced activation of 
P2X7Rs in the hippocampus stimulates microglia, contributing to pain-related anxiety and depression-like behaviors 
through IL-1β signaling.12

Moreover, microglia also mediate anxiety induced by environmental factors. For instance, exposure to polystyrene 
nanoplastics during early adulthood activates both microglia and astrocytes in mice, resulting in persistent neuroinflamma
tion and anxiety-like behavior that lasts up to ten months post-exposure.13 In endocrine-related conditions, hyperglycemia 
upregulates the expression of the neuronal transcription factor tonicity-responsive enhancer binding protein, which in turn 
promotes increased expression of C-C motif chemokine ligand 2 (CCL2) in the medial prefrontal cortex (PFC) and ventral 
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hippocampus. CCL2 activates microglia through its receptor CCR2, triggering the release of pro-inflammatory cytokines and 
inducing anxiety-like behavior.14 Treatment with extracellular vesicles derived from BV2 cells significantly reduced pro- 
inflammatory gene expression in microglia and alleviated anxiety-like behavior.15 Additionally, acid sphingomyelinase- 
regulated anxiety-like behavior has been linked to microglial activation via the Toll-like receptor (TLR) signaling pathway.16 

Adipose triglyceride lipase (ATGL)-mediated lipolysis of triglycerides leads to the production of inflammatory lipid 
mediators, which stimulate microglial inflammatory responses. Inhibiting ATGL reduces neuroinflammation and improves 
behavioral abnormalities, including anxiety.17 Furthermore, the pro-inflammatory cytokines interleukin-17A (IL-17A) and 
interleukin-17C (IL-17C) induce anxiety-like behavior by increasing the firing frequency of IL-17RA-positive neurons in the 
basolateral amygdala (BLA), while the anti-inflammatory cytokine interleukin-10 (IL-10) exerts anxiolytic effects by 
reducing the firing frequency of these neurons via IL-10RA signaling18 (Figure 1).

Overall, neuroinflammatory responses play an important role in the pathological development of anxiety disorders, 
particularly through inflammatory signaling mechanisms mediated by microglia. Among these mechanisms, the P2X7 signaling 
pathway is a key regulator of microglial activation, and its dysregulated activation has been implicated in the onset of anxiety-like 
behaviors by promoting the release of pro-inflammatory cytokines. However, the specific regulatory mechanisms of other 
neuroinflammation-related signaling pathways in anxiety disorders, beyond the P2X7 pathway, are not yet fully understood. 
Further systematic investigations are required to elucidate the spatiotemporal roles of these pathways in the occurrence and 
development of anxiety disorders.

Figure 1 Neuroinflammation in anxiety disorders. 
Abbreviations: CNS, central nervous system; NLRP3, NLR Family Pyrin Domain Containing 3; IL-1β, interleukin-1β; BDNF, brain-derived neurotrophic factor; ROS, 
reactive oxygen species; ATP, adenosine triphosphate.
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Neuroplasticity
Synaptic Plasticity
Neuroplasticity, a fundamental concept in neuroscience, refers to the brain’s ability to change and adapt through the 
continuous formation of new neural connections. A critical aspect of neuroplasticity is synaptic plasticity, which involves 
dynamic modifications at the synapse level and underpins learning and memory processes.19 Disruption of synaptic 
plasticity plays a significant role in the pathological development of anxiety disorders. Anxiety-like behavior is often 
associated with the loss of synaptic plasticity and the downregulation of synaptic plasticity regulatory factors.20,21 

Abnormal expression of genes related to synaptic plasticity, inflammation, and oxidative stress has been observed in 
anxiety-like behaviors induced by ovarian hormone withdrawal in mice.22 In addition, in a lipopolysaccharide (LPS)- 
induced model of depression and anxiety, synaptic loss in the hippocampal dentate gyrus (DG) and impaired microglial 
phagocytic function were observed in mice.23 Mechanistic studies have shown that, in anxiety-like behaviors, the 
deficiency of hippocampal Tachykinin receptor 3 (TACR3) disrupts long-term potentiation in the DG.24 The complex 
formed by tropomyosin receptor kinase C (TrkC) and presynaptic protein tyrosine phosphatase sigma (PTPσ) plays 
a critical role in excitatory synaptic maturation by regulating synaptic protein phosphorylation. Dysfunction of this 
complex can lead to synaptic developmental defects and anxiety-related behaviors.25 Moreover, indoleamine 2,3-dioxy
genase 1 (IDO1) has been implicated in chronic migraine pain sensitivity and comorbid anxiety, as it regulates microglial 
activation and synaptic pruning in the anterior cingulate cortex (ACC).26

Gamma-aminobutyric acid (GABA) is a non-protein amino acid and a major neurotransmitter that plays a crucial role 
in promoting relaxation, alleviating depression and insomnia, and regulating synaptic transmission and neuronal 
development.27 GABA is closely related to synaptic plasticity and anxiety. A reduction in the number of GABAergic 
interneurons can impair cortical inhibitory neurotransmission, potentially leading to an imbalance between excitation and 
inhibition (E/I) in the PFC.28 Moreover, maternal immune activation (MIA) disrupts the GABAergic inhibitory balance 
in hippocampal CA1 pyramidal neurons of offspring, resulting in neurodevelopmental abnormalities and anxiety-like 
behavior.29 Further research has demonstrated that G protein-coupled GABAB receptors in dopamine neurons of the 
ventral tegmental area (VTA) interact with hyperpolarization-activated cyclic nucleotide-gated (HCN) channels at 
GABAergic synapses. This interaction serves as a negative feedback mechanism that limits the duration of inhibitory 
postsynaptic potentials (IPSPs), thereby helping to mitigate the development of anxiety.30 Chronic stress, on the other 
hand, increases Src kinase activity and tyrosine phosphorylation of calmodulin, which disrupts the interaction between 
MyosinVa and Neuroligin2, leading to reduced GABA transmission and heightened anxiety-like behavior.31

Neurogenesis
Neurogenesis refers to the generation of functional neurons from neural progenitor cells in the hippocampal DG, 
contributing to the repair and maintenance of neuronal circuits.32 Disruptions in neurogenesis can play a significant 
role in the development of anxiety-like behaviors. For example, the absence of serine/threonine protein kinase 24 
(STK24), a protein involved in cell apoptosis, spinal cord synapse formation, and neuronal migration, disrupts hippo
campal development, reduces adult hippocampal neurogenesis, and induces anxiety-like behavior.33 In antibiotic-treated 
mice exhibiting anxiety-like behavior, inhibition of the glycogen synthase kinase-3β (GSK-3β)/cyclic adenosine mono
phosphate (cAMP) response element binding protein (CREB) pathway, along with reduced brain-derived neurotrophic 
factor (BDNF) signaling, results in decreased neurogenesis in the ventral hippocampal DG.34 Additionally, mechanistic 
studies have shown that premature reduction of lamin B1 in adult neural stem/progenitor cells induces age-related 
anxiety-like behavior. Although the absence of lamin B1 initially promotes neurogenesis, it ultimately depletes the stem 
cell pool and reduces the survival of newly formed neurons, leading to a significant decline in neurogenic capacity.35 

Interestingly, neurogenesis regulation has demonstrated potential anti-anxiety effects, such as the use of near-infrared 
light (940 nm/40 Hz) to enhance neurogenesis in the hippocampus.36

Glutamate System
Glutamate is the primary neurotransmitter in the vertebrate brain, with approximately one glutamatergic synapse per 
cubic millimeter of neural fibers. Upon presynaptic release, glutamate rapidly diffuses across the synaptic cleft, with only 
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a small fraction binding to receptors at the postsynaptic site, thereby initiating neural effects.37 However, excessive 
glutamate input can lead to excitotoxicity, resulting in neuronal cell death following acute brain injury.38 Maternal-infant 
separation has been shown to alter the expression of metabotropic glutamate receptor 5 (mGluR5) and influence anxiety- 
related behaviors in adult rats.39 The hippocampus plays an important role in anxiety induced by peripheral inflamma
tion; for example, activation of metabotropic glutamate receptor 1 in colitis mice triggers anxiety-like behaviors through 
overactivation of hippocampal glutamate synapses.40 In a chronic restraint stress anxiety model, enhanced presynaptic 
glutamate release from unidirectional projection neurons in the dorsomedial PFC (dmPFC) to the BLA results in an 
excitation/inhibition (E/I) imbalance favoring excitation.41 Long-term consumption of low-dose aspartame has also been 
shown to induce anxiety-like behaviors in both male and female mice by upregulating glutamate signaling-related genes 
in the amygdala while downregulating GABA-related genes, leading to increased excitability in the amygdala.42 

Additionally, reducing glutamate levels, such as through pyruvate-mediated clearance of blood glutamate, has been 
shown to alleviate anxiety symptoms following traumatic brain injury.43

In summary, neuroplasticity plays a pivotal role in the pathophysiology and treatment of anxiety disorders, particu
larly through mechanisms involving synaptic plasticity, hippocampal neurogenesis, and the imbalance between the 
GABAergic inhibitory system and the glutamatergic excitatory system. Intervention strategies targeting these neuroplas
ticity mechanisms hold significant promise as emerging approaches for anti-anxiety therapies. Future research should 
focus on exploring the interactions between different neuroplasticity processes and developing a precise intervention 
framework based on multimodal regulation of plasticity. These advancements will be crucial not only for deepening our 
understanding of the underlying mechanisms but also for translating these insights into effective clinical applications for 
anxiety disorders.

Hypothalamic-Pituitary-Adrenal (HPA) Axis
The HPA axis is a complex network of positive and negative feedback mechanisms involving the pituitary gland, adrenal 
glands, and hypothalamus. In response to external stressors, the paraventricular nucleus of the hypothalamus releases 
corticotropin-releasing hormone (CRH), which stimulates the pituitary to secrete adrenocorticotropic hormone (ACTH). 
ACTH, in turn, prompts the adrenal cortex to produce glucocorticoids, including cortisol. Cortisol exerts its effects 
through a negative feedback mechanism that prevents excessive activation of the HPA axis, helping to maintain 
homeostasis. Both positive and negative feedback processes regulate essential physiological functions, such as immunity, 
fertility, and the body’s stress response. Disruptions in these processes are implicated in the pathophysiology of anxiety 
disorders,44,45 with HPA axis dysregulation commonly observed in animal models. Notably, elevated levels of CRH and 
CRHR1 proteins have been found in the amygdala, contributing to the progression of anxiety-like behaviors.46,47

Mechanistic studies have demonstrated that transgenic mice overexpressing myristoylated alanine-rich C-kinase 
substrate-like 1 (MARCKSL1) exhibit significant anxiety-like behaviors. These behaviors are characterized by increased 
activity of CRH neurons in the paraventricular nucleus (PVN) of the hypothalamus, elevated CRH mRNA expression, 
and higher plasma cortisol levels, suggesting hyperactivity of the HPA axis.48 In gender-specific studies, female mice 
exhibited more pronounced anxiety-like behaviors immediately after stress exposure. Furthermore, the oval nucleus of 
the bed nucleus of the stria terminalis in female mice showed both higher levels and prolonged release of corticotropin- 
releasing factor (CRF) compared to males. CRF neurons in females also exhibited significantly higher expression levels 
of CRF receptor 1 (CRFR1) than those in males.49 In addition, regulation of the HPA axis, such as through the use of 
dexmedetomidine, has been shown to alleviate acute stress-induced anxiety-like behaviors in mice by inhibiting the 
neuronal activity of CRH in the PVN50 (Figure 2).

In summary, the occurrence and development of anxiety disorders are closely associated with dysfunction of the HPA 
axis, particularly with overactivity of CRH and the heightened expression of CRFR1 in females compared to males. This 
gender-specific difference may provide a neurobiological basis for the observed gender disparities in the onset of anxiety 
disorders. In addition, intervention strategies targeting CRH regulation have shown promising potential for the treatment 
of anxiety. However, the molecular mechanisms underlying HPA axis dysfunction in anxiety disorders remain insuffi
ciently understood. Further research is needed, especially to elucidate the causal relationship between HPA axis 
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dysregulation and the pathological processes of anxiety. These studies will provide the theoretical foundation necessary 
for the development of precise diagnostic and therapeutic strategies.

Microbial-Gut-Brain Axis
The microbial population in the human gastrointestinal system is diverse, and its extensive genetic and metabolic 
capacity plays a crucial role in various aspects of human biology, including development, aging, disease, and health 
maintenance. One of the most significant interactions is the “microbiota-gut-brain” axis, which facilitates bidirectional 
communication between the gut microbiota and the CNS.51 Growing evidence links gut microbiota composition with 
anxiety and depression disorders. For example, patients with anxiety disorders often exhibit a higher relative abundance 
of pro-inflammatory bacteria and a lower abundance of short-chain fatty acid (SCFA)-producing bacteria.52 In addition, 
dysbiosis of the gut microbiota in individuals with ulcerative colitis (UC), such as the presence of Enterococcus mundtii, 
has been linked to anxiety and depression-like behaviors. This is thought to occur via the downregulation of colon 
neuropeptide Y (NPY) expression, leading to reduced peripheral and central NPY levels. Research shows that the 
reduction of NPY is a driving factor for anxiety like behavior.53 Further investigations into UC-related anxiety have 
revealed that gut microbiota dysbiosis, metabolic disturbances, and a decrease in immune proteins contribute to systemic 
inflammation, which affects CNS function through the microbiota-gut-brain axis.54 In preclinical studies, maternal-infant 
separation has been shown to disrupt gut microbiota composition in mice, significantly reducing the abundance of 
Lactobacillus reuteri and impairing the expression of intestinal amino acid transporters. This reduction in amino acids, 
particularly glutamine, limits the synthesis of glutamate (Glu) and GABA in the medial PFC (mPFC), resulting in 
synaptic dysfunction, social deficits, and anxious behavior. It is also a driving factor for anxiety like behavior.55 

Moreover, exposure to 3.5 GHz radiofrequency radiation has been shown to induce metabolic disorders by causing 

Figure 2 HPA axis in anxiety disorders. 
Abbreviations: CRH, corticotropin-releasing hormone; ACTH, adrenocorticotropic hormone.
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gut microbiota dysbiosis, activating NLRP3-dependent pyroptosis in hippocampal CA3 neurons, and ultimately con
tributing to anxiety-like behaviors in mice.56

On the other hand, emerging evidence suggests that the “microbiota-gut-brain” axis also plays a key role in mediating 
anti-anxiety effects. For instance, short-term psychological stress can induce intestinal permeability, exposing microbial 
products that activate intestinal immune responses. This activation promotes the differentiation of T helper 17 cells, 
which rely on IL-1β signaling to produce IL-22. Elevated IL-22 then crosses the damaged blood-brain barrier (BBB) and 
enters the brain septum, where it directly interacts with neurons expressing IL-22 receptors, inhibiting their activation 
and alleviating anxiety-like behavior.57 Additionally, intestinal-derived lactate has been shown to shift tryptophan 
metabolism from the neurotoxic kynurenine pathway toward the synthesis of 5-hydroxytryptamine (5-HT)), by upregu
lating tryptophan hydroxylase (TPH1) and inhibiting IDO1. Meanwhile, Akkermansia muciniphila enhances propionic 
acid production in a lactate-enriched environment, collectively alleviating anxiety behavior in mice while repairing 
intestinal barrier function.58 Furthermore, fluoxetine, a commonly used anti-anxiety and anti-depressant drug, has been 
shown to increase the abundance of Lactobacillus species in the gut, which in turn regulates the expression of serotonin 
receptors (5-HT1A, 5-HT2C) and melanocortin 4 receptors via the enteric nervous system.59 In conclusion, accumulating 
research highlights the critical role of the “microbiota-gut-brain” axis in the onset and progression of anxiety disorders. 
Targeted modulation of the gut microbiota and its interaction with the CNS may offer promising therapeutic strategies for 
the development of novel anti-anxiety treatments, grounded in a deeper understanding of its pathophysiological 
mechanisms (Figure 3).

Mitochondrial Quality Control
In eukaryotic cells, mitochondria are the primary organelles responsible for energy production, playing a crucial role in 
regulating cellular metabolism. Beyond energy production, mitochondria are essential for various biological functions, 
including redox homeostasis, immune responses, differentiation, and cell proliferation. The mitochondrial quality control 
(MQC) system, which includes processes such as mitochondrial biogenesis, dynamics, and autophagy, is continuously 

Figure 3 Microbial-gut-brain axis in anxiety disorders.
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modulated by a variety of physiological signals and external stimuli.60 Mitochondrial dysfunction is frequently observed 
in individuals with high anxiety traits or anxiety disorders, manifesting as abnormal energy metabolism, increased 
oxidative stress, dysregulated neurosteroid synthesis, and alterations in mitochondrial DNA copy number.61 Large-scale 
data analysis, such as that using the UK Biobank, suggests that mitochondrial function may mediate the effects of 
behavioral factors (such as alcohol consumption and smoking) on mental health through mechanisms like oxidative stress 
and impaired energy metabolism. For example, alcohol consumption has been shown to increase mitochondrial hetero
geneity, leading to mitochondrial dysfunction and exacerbating anxiety and depression.62 Moreover, chronic ethanol 
exposure induces mitochondrial damage and the release of mitochondrial DNA, activating the cyclic GMP-AMP 
synthase (cGAS)/stimulator of interferon genes (STING) pathway. This activation triggers microglial activation and 
neuroinflammation in the PFC, contributing to anxiety-like behaviors.63

Further molecular biology studies involving neurons have highlighted the critical role of Mitofusin-2 (Mfn2) in the 
nucleus accumbens in regulating anxiety and depression-like behaviors. Mfn2 influences mitochondrial structure and the 
function of medium spiny neurons (MSNs), which are key to these behaviors.64 In addition, the expression of Mfn2 in D2 
MSNs of the nucleus accumbens is a key determinant of social advantage, as it helps maintain mitochondrial function 
and neuronal excitability.65 Recent studies have also shown that polystyrene nanoparticles, with varying surface 
modifications, can accumulate in the mouse brain following oral exposure. This accumulation leads to abnormal 
mitochondrial morphology, decreased membrane potential, and reduced ATP production. The imbalance causes excessive 
mitochondrial fission and neuronal apoptosis, a process mediated by Dynamin-related protein 1 (Drp1), ultimately 
triggering anxiety-like behaviors.66

In terms of treatment, Early Handling has been shown to exert anti-anxiety effects in high-anxiety mice by regulating 
mitochondrial dynamics, specifically the balance between mitochondrial fission and fusion in the hypothalamus, as well 
as modulating energy metabolism pathways.67 Additionally, running track exercise enhances the Sirtuin 1 (SIRT1)- 
dependent proliferator-activated receptor gamma coactivator-1 alpha (PGC1α)/nuclear respiratory factor 1 (NRF1)/ 
mitochondrial transcription factor A (TFAM) axis, which promotes hippocampal mitochondrial biogenesis and alleviates 
anxiety and depression-like behaviors in APP/PS1 mice.68 These findings suggest that targeting mitochondrial function 
regulation, such as modulating the balance of mitochondrial dynamics, could offer a promising strategy for developing 
anti-anxiety treatments.

Glial Cells
Glial cells are found in all organisms with a CNS. As the brain becomes more complex, the number, diversity, and 
function of glial cells have increased significantly.69 They are primarily categorized into astrocytes, microglia, oligoden
drocytes, and oligodendrocyte precursor cells, collectively accounting for approximately half of the total cells in the 
mammalian CNS. Glial cells provide essential nutritional and metabolic support for neurons.70 Abnormal glial function 
plays a crucial role in the pathological development of anxiety. For instance, obesity can lead to the aging of astrocytes 
and microglia surrounding the lateral ventricles in mice, causing these aged cells to secrete pro-inflammatory cytokines 
that inhibit neural stem cell activity, reducing neurogenesis and contributing to anxiety-like behaviors.71 Additionally, 
dysregulated circadian rhythms can impair oligodendrocyte myelin formation via overexpression of brain and muscle 
ARNT-like protein-1 (Bmal1), which is linked to anxiety and depression-like behaviors.72 Mice subjected to unpredict
able chronic mild stress and prolonged social isolation exhibit anxiety and depression-like behaviors, along with 
abnormal activation of microglia and astrocytes in the hippocampal DG region, which in turn impairs hippocampal 
neurogenesis.73 Furthermore, astrocyte-specific knockout of the melatonin receptor 2 (Mtnr1b) disrupts the excitation/ 
inhibition (E/I) balance by downregulating the GABAergic signaling pathway, inducing anxiety-like behaviors.74 The 
absence of nucleotide transporters in astrocytes also leads to increased anxiety and depression-like behaviors and reduced 
reward motivation.75 Furthermore, disruptions in the mechanistic target of rapamycin (mTOR) complexes 1 and 2 
(mTORC1 and mTORC2) in astrocytes of the VTA are associated with anxiety and depression, with mTORC2 
dysfunction specifically contributing to anxiety-like behavior in mice.76

These findings highlight the pathological role of abnormal glial cell function in anxiety-like behaviors, suggesting that 
targeted regulation of glial cells may offer promising therapeutic benefits. For example, ATP released by hippocampal 
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astrocytes has been shown to enhance excitatory synaptic transmission in granule cells of the dentate gyrus (DG), 
contributing to anxiety-like effects.77 In addition, activation of the Gi-coupled G protein-coupled receptor (Gi-GPCR) 
signaling pathway in astrocytes alleviates anxiety phenotypes in Sapap3 gene knockout mice.78 Additionally, activating 
cannabinoid receptor 1 in astrocytes has been demonstrated to reduce anxiety and depression-like behaviors by regulating 
BBB function.79 Microglia, through CX3C chemokine ligand 1 (CX3CL1)-C-X3-C motif chemokine receptor 1 
(CX3CR1)-dependent phagocytosis, inhibit GABACeA neuronal activity, promoting the resolution of anxiety after 
acute stress.80 Therefore, glial cells, especially astrocytes, play an essential regulatory role in the pathophysiology of 
anxiety disorders. Targeting specific molecular pathways within these cells holds significant potential for developing 
effective therapeutic strategies. While preclinical animal models have shown promising results, the translational 
application of these therapeutic targets requires further systematic validation, as there is considerable species hetero
geneity in glial cell function.

Other Types
Autophagy is the primary intracellular degradation mechanism through which cytoplasmic materials are transported to 
lysosomes for breakdown. Beyond merely eliminating cellular debris, autophagy acts as a dynamic system, recycling 
components to produce new building blocks and energy essential for cellular regeneration and homeostasis.81 For 
instance, when combined with a high-calorie self-service diet, alpha-ketoglutarate exacerbates anxiety-like behaviors 
and upregulates autophagy-related gene expression.82 Additionally, nicotine activates the phosphatidylinositol-3-kinase 
(PI3K)/protein kinase B (Akt)/mechanistic target of rapamycin (mTOR) pathway, enhancing autophagy and alleviating 
hippocampal neuron damage and anxiety-like behaviors induced by chronic stress.83 Furthermore, the NLRP3 inflam
masome-specific inhibitor MCC950 has been shown to improve cognitive function and reduce anxiety-like behaviors in 
Alzheimer’s disease model rats by inhibiting NLRP3 inflammasome-mediated neuroinflammation and excessive 
autophagy.84

DNA methylation regulates a wide range of biological activities, including embryonic development, transcription, 
chromatin structure, genomic imprinting, and chromosomal integrity.85 However, studies have shown that paclitaxel 
inhibits the expression of DNA methyltransferase 3a (DNMT3a), leading to DNA hypomethylation. This alteration 
results in the upregulation of GABA_A receptor β1 subunits and other related components in the mPFC, enhancing 
inhibitory synaptic transmission and mediating chemotherapy-related neuropathic pain and anxiety-like behaviors.86 In 
addition, mice exposed to social stress during adolescence exhibit increased anxiety-like behaviors in adulthood, 
a significant reduction in the low-frequency amplitude of mPFC activity, and a marked increase in histone H3K9 
methylation levels in this region.87

Overall, the pathological mechanisms underlying anxiety disorders may be associated with abnormal autophagy 
regulation and the dysregulation of epigenetic modifications, including DNA methylation and histone methylation. 
However, current research has not yet fully elucidated the precise mechanisms through which these biological processes 
contribute to anxiety disorders. Further investigation into the molecular regulatory networks involved, as well as potential 
intervention strategies targeting these pathways, holds significant promise. In-depth studies could pave the way for the 
development of novel therapeutic targets for anxiety disorders in the future (Figure 4).

Molecular Mechanism of Natural Products
Flavonoids
Flavonoids, a diverse group of plant-derived secondary metabolites, are known for their broad pharmacological benefits, 
including anti-cancer, antioxidant, anti-inflammatory properties, and their ability to reduce vascular fragility.88 These 
compounds have also shown potential in the treatment of anxiety disorders. For instance, 7,8-dihydroxyflavone, 
a flavonoid, has been found to regulate glutamate transmission via the tropomyosin-related kinase B (TrkB) receptor 
in the BLA, helping alleviate alcohol-induced anxiety-like behavior caused by chronic alcohol exposure.89 Another 
flavonoid, cynaroside, derived from natural plants, has been shown to effectively improve anxiety-like behaviors in mice 
subjected to chronic unpredictable mild stress (CUMS). Its mechanism involves inhibiting the polarization of microglia 
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toward the M1 pro-inflammatory phenotype, reducing neuroinflammation, and mitigating ferroptosis, which contributes 
to its anxiolytic effects.90 Additionally, Ziziphus jujuba Mill., a traditional Chinese medicine (TCM) known for its 
sedative properties, contains the flavonoid spinosin, which regulates the extracellular signal-regulated kinase 1/2 (ERK1/ 
2)-CREB-BDNF signaling pathway, helping to alleviate anxiety-like behaviors.91

Astragalin, a natural flavonoid found in various edible plants such as green tea, mulberries, and dodder,92 has been 
shown to exert its anti-anxiety effects by modulating the ACC and lateral hypothalamus through the C-X-C chemokine 
receptor type 4 (CXCR4)-Beclin1/VPS34 signaling pathway. This modulation inhibits neuronal excitability and enhances 
autophagy, ultimately reducing pain sensitivity and anxiety-like behavior in mice.93 Another flavonoid, daidzin, derived 
from Glycine max (L). Merr., exhibits anti-anxiety effects through its antioxidant and anti-inflammatory properties, along 

Figure 4 Pathological mechanism of anxiety disorder. 
Abbreviations: HPA, hypothalamic-pituitary-adrenal; MGB, Microbial-gut-brain.
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with its ability to regulate the cholinergic system.94 Icariin, extracted from epimedium sagittatum (Siebold & Zucc). 
Maxim., alleviates anxiety-like behavior induced by hematopoietic shock in mice by inhibiting astrocyte activation, 
likely through NFκB-induced epigenetic reprogramming.95 In addition, cyanidin has been found to inhibit the IL-17A 
signaling pathway, reduce downstream inflammatory responses, and regulate glutamate transporter function in the 
amygdala, providing potential therapeutic benefits for anxiety caused by methylenedioxypyrovalerone (MDPV) 
withdrawal.96

Luteolin, a flavonoid found in various fruits, vegetables, and botanical drugs (such as Lonicera japonica Thunb), has 
demonstrated significant neuroprotective effects in multiple contexts, including inflammation, oxidation, and cancer.97 In 
animal models of latent depression, luteolin has been shown to regulate glycerophospholipid metabolism in both the 
hippocampus and PFC, contributing to the alleviation of anxiety and depression-like behaviors.98 Additionally, luteolin 
modulates the NFκB/NLRP3 inflammasome axis, reducing anxiety-like behaviors in rats subjected to sleep deprivation.99 

It also exhibits therapeutic benefits in managing chronic pain-induced anxiety and depression-like symptoms, likely 
through its antioxidant, anti-inflammatory, and neuroprotective properties in both the hippocampus and PFC.100 In 
Parkinson’s disease models, luteolin has shown to have both anti-inflammatory and antioxidant effects, improving 
anxiety and depression-like behaviors in Parkinson’s rats.101

Quercetin, a widely recognized flavonoid, has shown promise in reducing anxiety through multiple mechanisms. It 
exerts its effects primarily by inhibiting neuroinflammation and microglial activation, preventing microglia from 
transforming into the M1 phenotype—a state associated with inflammation. This modulation occurs through the 
regulation of the TLR4 pathway, which is involved in immune responses and neuroinflammation. Additionally, quercetin 
has been found to reshape gut microbiota homeostasis, further contributing to the regulation of brain metabolism, which 
may help alleviate anxiety symptoms.102,103 Although quercetin is considered safe by the Food and Drug Administration 
for use under normal conditions (since 2010), it is still recommended to consult a doctor before taking high doses of 
quercetin, especially if combined with other medications, to avoid any potential interactions or side effects.104

Phenolic
Polyphenols, which are bioactive metabolites found in plants, offer a wide range of health benefits through various 
mechanisms, including cardiovascular protection, modulation of the gut microbiota, anti-inflammatory, antioxidant, and 
anti-obesity effects. TCM, an integral part of global healthcare, serves as an important source of natural medicinal 
resources that can inspire the development of modern pharmacological therapies. Among TCM materials, pony bark 
stands out as a representative medicinal plant, with its active metabolite, Paeonol, demonstrating significant effects on the 
CNS according to modern pharmacological studies.105 In the context of anxiety, Paeonol has been shown to effectively 
reverse anxiety-like behaviors in ovariectomized mice. This effect is attributed to its ability to restore the expression of 
the G protein-coupled receptor 30 (GPR30) in the PFC and hippocampus, and to enhance the activity of BDNF in these 
regions. Additionally, Paeonol activates the PI3K/Akt/mTOR signaling pathway, which plays a crucial role in regulating 
neuronal survival and synaptic plasticity.106 In addition, Paeonol inhibits the activation of the metabotropic glutamate 
receptor 5 (mGluR5) and gamma-aminobutyric acid type B receptor subunit 2 (GABBR2), and modulates β-arrestin2, 
thereby influencing the cAMP-protein kinase A (PKA) signaling cascade. This modulation helps alleviate anxiety 
symptoms, especially in conditions such as premenstrual dysphoric disorder and psychiatric symptoms associated with 
periodic hormonal changes. Paeonol’s action on these pathways also plays a role in preventing hippocampal injury.107

Preclinical studies indicate that Salidroside, a promising metabolite derived from Rhodiola rosea L., exerts a variety 
of pharmacological effects, including anti-inflammatory, antioxidant, and neuroregenerative properties through multiple 
signaling pathways.108 In a post-traumatic stress disorder (PTSD) model, Salidroside has been shown to reduce 
neuroinflammation, enhance hippocampal synaptic plasticity, and prevent hippocampal neuron apoptosis, thus helping 
to treat PTSD and alleviate anxiety-like behaviors.109 Curcumin, a natural polyphenolic metabolite extracted from 
turmeric, is a potent antioxidant and anti-inflammatory agent.110 However, its clinical application is limited by poor 
water solubility, instability, and low bioavailability. To address these challenges, there has been growing interest in 
synthesizing novel curcumin analogues to enhance its efficacy. For example, the curcumin analogue NL04 has been 
found to alleviate central sensitization in bone cancer pain by inhibiting the activation of the NLRP3 inflammasome, 
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reducing IL-1β release, and significantly improving anxiety-like behaviors.111 Additionally, the polyphenol punicalin, 
derived from Punica granatum L., has demonstrated the ability to suppress anxiety induced by LPS through the TLR4/ 
NFκB signaling pathway.112

Resveratrol, a well-known natural phenolic metabolite found in various foods (for example, grapes, etc),113 has been 
shown to exert anti-anxiety effects in the social isolation stress model by regulating the NFκB/NLRP3 signaling 
pathway.114 In addition, resveratrol enhances brain antioxidant levels, restores monoamine balance, and mitigates HPA 
axis dysfunction, providing notable neuroprotective effects.115 In adolescent models of social isolation, resveratrol 
alleviates anxiety-like behavior by modulating spinal plasticity and improving mitochondrial function in the nucleus 
accumbens of female mice.116 Furthermore, resveratrol has been shown to reduce neuroinflammation and microglial 
activation in the hippocampus in experimental cerebral palsy, thereby protecting against memory impairments and 
anxiety-like behaviors.117 These studies collectively highlight resveratrol’s significant anti-anxiety effects through 
a multi-target regulatory mechanism across different animal models. However, the bioavailability of resveratrol following 
oral administration remains low (<5%), and high doses may lead to nephrotoxicity, liver damage, and other potential side 
effects.118 Future research should focus on optimizing its pharmacokinetics, investigating its toxicity mechanisms, and 
developing novel delivery systems to enhance its therapeutic potential.

Terpenoids
Terpenes, a family of naturally occurring organic chemicals, are found in plants, insects, and microbes. β-Sitosterol, the 
most abundant plant sterol, is present in nearly all plant-based foods and some traditional Chinese botanical drugs. Due to 
its broad spectrum of biological functions, β-sitosterol has been used to treat various diseases.119 Recent studies suggest 
that β-sitosterol can alleviate anxiety symptoms associated with migraines, with its mechanism involving the improve
ment of oxidative/nitrosative stress and the enhancement of mitochondrial function.120 Geniposide, the primary bioactive 
metabolite of Gardenia jasminoides J.Ellis., is a naturally occurring iridoid glycoside with a variety of pharmacological 
properties, including anti-inflammatory, antioxidant, neuroprotective, and anti-diabetic effects.121 In a diabetes animal 
model, Bo et al demonstrated that Geniposide regulates CREB-mediated adult neurogenesis, which helps treat diabetes- 
related depression and anxiety.122

Glycyrrhizin, a triterpenoid glycoside found in the roots of licorice plants, is the primary active metabolite of 
Glycyrrhiza glabra L and exhibits a range of pharmacological activities.123 Glycyrrhizin has been shown to alleviate 
chronic hypoxia-induced white matter injury and oxygen-glucose deprivation-induced oligodendrocyte damage while 
improving anxiety-like behavior through the inhibition of the HMGB1/TLR4 pathway, exerting anti-inflammatory 
effects.124 In addition, glycyrrhizin enhances anxiety-like behavior by modulating Glutamate transporter 1 and Period 
(Per) 1/2-dependent pathways.125 Saffron, originally cultivated in East and Middle Eastern regions and later in 
Mediterranean countries,126 contains carotenoids that alleviate depression and anxiety in UCMS-induced rats. The 
mechanism underlying these effects involves the regulation of the BDNF-ERK-CREB signaling pathway.127 

Moreover, quinoa saponin may serve as a natural dietary supplement for treating and preventing anxiety by regulating 
the gut-brain axis and inhibiting activation of the TLR4/MyD88/NFκB pathway.128

Artemisinin, derived from Artemisia annua L., is well-known for its potent anti-malaria properties. Recent studies 
have shown that artemisinin administration can alleviate PTSD-like symptoms in single prolonged stress rats, including 
anxiety, cognitive impairments, reduced socialization, and improvements in synaptic plasticity, while also reducing 
neuronal apoptosis.129 In PTSD animal models exhibiting anxiety, sodium aescinate has been shown to improve 
pathological behaviors by inhibiting NLRP3 inflammasome activation in the Dorsal Raphe Nuclei (DRN), reducing 
DRN apoptosis and alleviating mitochondrial damage.130 Limonene, a monoterpene found in citrus fruit peel oils,131 

alleviates anxiety-related behaviors by modulating dopaminergic and GABAergic neuron activity via the A2A 
receptor.132 Similarly, geraniol, another natural monoterpene, has demonstrated anti-inflammatory, antioxidant, neuro
protective, and anti-cancer properties.133 It alleviates anxiety-like behavior in rats by reducing oxidative stress, repairing 
hippocampal neurotransmission, and normalizing cortical electroencephalography wave patterns following a single 
electric shock.134 In addition, the anti-anxiety effects of geraniol may be linked to its gastric healing properties, 
promoting gastric mucosa repair and reducing the recurrence of injury.135
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Paeoniflorin, the main active metabolite of Paeonia lactiflora Pall.,136 alleviates visceral hypersensitivity and anxiety 
in irritable bowel syndrome (IBS)-like rats by regulating HPA axis activity and the BDNF/TrkB/phosphorylase Cγ1 
(PLCγ1) signaling pathway.137 Furthermore, paeoniflorin demonstrates favorable toxicological characteristics, exhibiting 
low toxicity in acute toxicity tests without signs of genetic toxicity or mutagenicity.138 However, to ensure its clinical 
safety, continuous monitoring is essential, alongside further exploration of its mechanisms, particularly regarding 
pharmacokinetic interactions and adaptive responses during long-term use. These investigations would provide valuable 
scientific insights, facilitating a more comprehensive risk-benefit assessment for clinical applications.

Polysaccharide
Polysaccharides, along with proteins and nucleic acids, are essential biomacromolecules that play crucial roles in the 
growth and development of organisms. They are important metabolites of cell membranes and microbial cell walls in 
both higher plants and animals.139 Fucoidan, a polymer composed of l-fucose and l-fucosyl-4-sulfate, is naturally 
found in marine resources. Fucoidan has been shown to inhibit P-selectin, thereby preventing neutrophil aggregation at 
injury sites.140 Research by Li et al demonstrated that fucoidan downregulates the NLRP3 inflammasome pathway, 
increases mRNA levels of BDNF and PSD95 in the cerebral cortex and hippocampus, and regulates the intestinal 
microbiota. Additionally, fucoidan enhances intestinal barrier and BBB permeability, restores the abnormal structure of 
the intestinal microbiota, and alleviates UC and associated anxiety-like behaviors.141 Cichorium intybus 
L. oligosaccharides (CIOs), derived from chicory, are a mixture of oligosaccharides and polysaccharides. Treatment 
with CIOs increases 5-HT levels, reduces damage to hippocampal neurons, and upregulates the BDNF/ERK and PI3K/ 
AKT/mTOR signaling pathways. These effects collectively contribute to the anti-anxiety and anti-depressive proper
ties of CIOs in CUMS mice.142

Inulin, a soluble dietary fiber found in various plants as a reserve polysaccharide,143 has been shown to alleviate 
anxiety-like behaviors induced by constipation. This effect is mediated through several mechanisms, including the 
inhibition of neuroinflammation, prevention of synaptic ultrastructure damage, upregulation of tight junction protein 
expression, regulation of gut microbiota, and an increase in the concentration of SCFAs in fecal matter.143,144 Therefore, 
natural polysaccharides like fucoidan and inulin exert anti-anxiety effects via multi-target, multi-pathway regulatory 
mechanisms. These bioactive polysaccharides hold promise as new candidates for anti-anxiety therapies, potentially 
expanding the medicinal value of natural products. Future research should focus on exploring the structure-activity 
relationships, dose-response mechanisms, and synergistic effects of these polysaccharides, providing a solid theoretical 
foundation for the development of novel anti-anxiety treatment strategies based on polysaccharide molecules.

Alkaloid
Alkaloids, a class of nitrogen-containing organic metabolites found in plants, fungi, and some animals, are known for 
their alkaline characteristics and significant biological activities. Coptisine, a benzyltetrahydroisoquinoline alkaloid, is 
a key metabolite of Coptis chinensis Franch.145 In the LPS-induced anxiety model, administration of 60 mg/kg of 
coptisine significantly alleviates anxiety-like behavior. This effect is attributed to coptisine’s regulation of the Warburg 
effect in microglia via pyruvate kinase isoform M2.146 Berberine, a bioactive metabolite found in various Chinese 
botanical drugs, has been traditionally used for treating conditions like diarrhea and dysentery. In recent years, it has 
gained attention for its broad pharmacological effects and health benefits.147 In the context of anti-anxiety research, 
berberine has been shown to significantly alleviate anxiety-like behavior in mice with chronic pain. This effect is 
mediated by the inhibition of neurons projecting from the ventral lateral thalamus to the cingulate anterior cortex 
(Cg2).148

Moreover, berberine has low toxicity at conventional doses, offering clinical benefits without significant side effects, 
although mild gastrointestinal reactions have been reported in some patients.149 However, further research is needed to 
investigate the effects of other alkaloid-based natural products on normal physiological functions and tissue structures 
when exerting anti-anxiety pharmacological effects. A particularly important area for exploration is the systematic 
evaluation of their safe therapeutic window for selective action on the CNS.
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Botanical Drugs Extracts
Botanical drugs extracts, which are concentrated active metabolites isolated from various plant parts (such as roots, 
stems, leaves, flowers, and fruits) through physical or chemical methods, are rich in bioactive compounds like alkaloids, 
flavonoids, and polysaccharides. These extracts are widely used in medicine, health products, cosmetics, and food. 
Hibiscus syriacus Linnaeus flower (HSF), also known as Mugunghwa, is an ornamental shrub and the national flower of 
South Korea. The extract of HSF and its saponins have been shown to alleviate sleep disorders and reduce anxiety-like 
behaviors. This effect is believed to be mediated by the regulation of GABA receptors, ventrolateral preoptic nucleus 
(VLPO) neuron activity, and neuropeptide expression.150 Passiflora incarnata L., a perennial plant commonly used in 
TCM, has long been recognized for its ability to alleviate stress. Recent studies have confirmed its effectiveness in 
treating insomnia, anxiety, and depression.151 Specifically, the hydroalcoholic extract of Passiflora incarnata L has been 
shown to improve Valproic acid-induced autism and anxiety-like behaviors through its antioxidant and neuroprotective 
properties.152 Echinacea purpurea (L). Moench., a member of the Asteraceae family, is widely known for its ability to 
regulate inflammatory conditions, such as skin inflammation, sore throats, and gum swelling. Recent studies suggest that 
its extract can help alleviate brain damage induced by Bifenthrin, reduce oxidative stress and improve behavioral 
disorders, including anxiety.153 In clinical trials, it has been found that kava (Piper methylsticum G. Forst) extract has 
a certain therapeutic effect on acute situational anxiety and is relatively safe.154 In addition, hops (Humulus lupulus L.) 
dry extract can alleviate patients’ anxiety.155

Essential Oils
Aromatherapy is a holistic treatment practice that uses the aromatic essences of plant essential oils, which have gained 
significant attention for their therapeutic potential in promoting overall health. Essential oils derived from plant 
metabolites have played an important role in aromatherapy as a complementary medical treatment approach.156 

Bergamot essential oil (BEO), an extract from the bergamot fruit, has demonstrated significant neuroprotective 
effects.157 In a study by Zhu et al, inhalation of 1.0% BEO was found to significantly reduce anxiety-like behaviors. 
This effect was primarily mediated through the activation of anterior olfactory nucleus (AON) Glu neurons, which project 
to ACCGABA neurons, thereby indirectly inhibiting the activity of ACCGlu neurons, ultimately alleviating anxiety-like 
behavior.158 Patchouli essential oil has been shown to improve stress-induced anxiety and depression-like behaviors by 
regulating the gut microbiota, SCFAs production, and regulating neurotransmitter levels.159 Perilla frutescens (L). 
Britton essential oil has also been reported to alleviate behavioral disorders, including anxiety-like behaviors, in social 
stress mice. Its mechanism of action is thought to involve the regulation of cortisol levels, modulation of hippocampal 
neurotransmitters, and activation of the ERK signaling pathway.160 Citrus reticulata Blanco pericarpium viride is widely 
used in TCM, often in combination with other herbal metabolites to treat anxiety and depression. The essential oil 
derived from Citrus reticulata Blanco pericarpium viride has been shown to regulate olfactory glutamate levels, inhibit 
neurotoxicity caused by excessive activation of N-methyl-D-aspartate receptors (NMDAR), promote neurogenesis, and 
alleviate anxiety.161

Other Types
Ruscogenin, a major bioactive steroidal saponin derived from Ophiopogon japonicus (Thunb). Ker Gawl., has been shown to 
exert anti-inflammatory and anti-anxiety effects.162 In models of chronic pain-induced anxiety disorders, ruscogenin 
regulates the TLR4-mediated NFκB/mitogen-activated protein kinase (MAPK)/NLRP3 signaling pathway, effectively 
reducing inflammation and anxiety-like behaviors.163 Betaine, also known as trimethylglycine, is widely distributed across 
animals, plants, and microorganisms. It plays a crucial role as an osmoprotectant and methyl donor in various physiological 
processes.164 Betaine’s anti-anxiety effects are attributed to its ability to inhibit DNA damage and mitochondrial dysfunction, 
which blocks the cGAS/STING pathway, thereby promoting hippocampal neurogenesis and alleviating anxiety 
symptoms.165 Isochlorogenic acid A, a phenolic acid found in various medicinal plants, is known for its protective effects 
on organs such as the lungs, liver, and intestines. In the context of anxiety, isochlorogenic acid A exerts its effects through the 
BDNF/Nuclear factor erythroid-related factor 2 (Nrf2)/Glutathione peroxidase (GPx4) signaling pathways, mitigating lead- 
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induced neuroinflammation, ferroptosis, oxidative stress, and anxiety-like behavior.166 Shikonin, a naphthoquinone metabo
lite isolated from the Lithospermum erythrorhizon Siebold & Zucc root, is primarily recognized for its potent anti-tumor 
activity. In anxiety disorders, shikonin reduces the expression of pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) in the 
hippocampus, contributing to its anti-anxiety effects167,168 (Figure 5 and Table 1).

Limitations and Challenges
Anxiety disorders, being complex mental health conditions, remain incompletely understood in terms of their pathophy
siological mechanisms, which presents significant challenges to conventional single-target drug therapies. These 

Figure 5 Anxiolytic molecular mechanisms of natural products. 
Abbreviations: ERK, extracellular signal regulated kinase; CREB, cAMP response element binding protein; BDNF, brain-derived neurotrophic factor; NLRP3, NLR Family 
Pyrin Domain Containing 3; TLR4, toll-like receptor 4; PI3K, phosphatidylinositol-3-kinase; Akt, protein kinase B; mTOR, mechanistic target of rapamycin; NF-κB, nuclear 
factor-kappa B; Nrf2, nuclear factor erythroid-related factor 2; GPx4, glutathione peroxidase.
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Table 1 Natural Product Research Information

Natural Product Potential 
Sources

Type CAS NO. Molecular 
Formula

Structural Diagram Modeling 
Method

Involving 
Behavioral 

Tests

Study Dosage Main molecular 
Mechanisms

Reference

7,8-dihydroxyflavone Godmania 
aesculifolia 

(Kunth) 
Standl

Flavonoid 38183-03-8 C15H10O4 Chronic 

intermittent alcohol 

(ethanol) exposure

Ethanol 

Preference Test, 

OFT, EPM.

5 mg/kg Regulating glutamate 

transmission involving TrKB 

in BLA

[89]

Cynaroside Lonicera 
japonica 
Thunb

Flavonoid 5373-11-5 C21H20O11 In vivo: CUMS 
In vitro: LPS

OFT, TST, EPM, 
FST, Marble 

Burying Test.

In vivo: 10, 20, 30 and 
40 mg/kg 

In vitro: 1 and 10 μM

Inhibit polarization of 
microglia into M1 phenotype, 

reduce inflammation and 

ferroptosis levels

[90]

Spinosin Ziziphus 
jujuba Mill

Flavonoid 72063-39-9 C28H32O15 CRS EPM, OFT, 

Novelty 
suppressed 

feeding test.

1.25, 2.5 and 5 mg/kg Regulating the ERK1/ 

2-CREB-BDNF signaling 
pathway

[91]

Astragalin Green tea Flavonoid 480-10-4 C21H20O11 CFA Paw withdrawal 

threshold test, 
Paw thickness 

test,OFT.

60 mg/kg Inhibit neuronal excitability in 

ACC and LH and activate 
neuronal autophagy

[93]
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Daidzin Glycine 
max (L). Merr

Flavonoid 552-66-9 C21H20O9 Traumatic brain 

injury

Morris water 

maze test, 

Y Maze test, 

Novel object 
recognition test, 

OFT, LDB, FST, 

TST.

5 mg/kg Regulating acetylcholine 

levels

[94]

Icariin Epimedium 
sagittatum 
(Siebold & 

Zucc). Maxim

Flavonoid 489-32-7 C33H40O15 Hemorrhagic shock 

and resuscitation

LDB, EPM. 40 mg/kg Inhibition of astrocyte 

activation

[95]

Cyanidin Red berries Flavonoid 13306-05-3 C15H11O6
+ MDPV withdrawal Elevated zero 

maze 

0.5 mg/kg Inhibit IL-17A signaling 

pathway, reduce downstream 

inflammatory response, 

regulate amygdala glutamate 
transporter function

[96]

Luteolin Lonicera 
japonica 
Thunb

Flavonoid 491-70-3 C15H10O6 Late-onset 

depression

SPT, OFT, FST, 

Morris water 
maze.

25 mg/kg Regulating 

glycerophospholipid 
metabolism

[98]

Sleep deprivation SPT, FST, TST, 
OFT, EPM.

10 and 20 mg/kg Regulating the inflammasome 
axis of NFκB/NLRP3

[99]

Chronic 

neuropathic pain

Hot-plate test, 

Acetone drop 

test, Acetone 

drop test, FST, 
EPM, TST, OFT.

10, 25 and 50 mg/kg Antioxidant, anti- 

inflammatory, and 

neuroprotective properties

[100]

6-hydroxydopamine TST, SPT, FST, 
OFT.

10, 25 and 50 mg/kg Antioxidant and anti- 
inflammatory properties

[101]

(Continued)
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Table 1 (Continued). 

Natural Product Potential 
Sources

Type CAS NO. Molecular 
Formula

Structural Diagram Modeling 
Method

Involving 
Behavioral 

Tests

Study Dosage Main molecular 
Mechanisms

Reference

Quercetin Vegetables 

and fruits

Flavonoid 117-39-5 C15H10O7 4-vessel occlusion Morris Water 

Maze Test, OFT.

10, 30 and 50 mg/kg Inhibit neuroinflammation 

and microglial activation, 

while preventing their 

transformation into M1 
phenotype by regulating the 

TLR4/TRIF pathway

[102]

CUMS SPT, EPM, FST, 

Morris water 

maze test.

50 mg/kg Regulating gut microbiota [103]

Paeonol Paeonia 
lactiflora Pall

Phenolic 552-41-0 C9H10O3 Ovariectomized OFT, Novel 
object 

recognition task, 

Y-maze test, 

EPM, Splash 
test, FST.

10 and 30 mg/kg Upregulation of PI3K/Akt/ 
mTOR signaling pathway and 

BDNF activity in 

hippocampus

[106]

Premenstrual 
dysphoric disorder

EPM, Social 
interaction 

activities.

12.11 mg/kg Inhibiting GRM5/GABBR2/β- 
arrestin2 and activating 

cAMP-PKA signaling pathway

[107]

Salidroside Rhodiola rosea 
L

Phenolic 10338-51-9 C14H20O7 Single prolonged 

stress

OFT, EPM, 

Morris water 

maze test.

25, 50 and 75 mg/kg Inhibit hippocampal neuron 

apoptosis, enhance 

hippocampal synaptic 

plasticity, and reduce 
neuroinflammatory response

[109]

Punicalin Punica 
granatum L

Phenolic 65995-64-4 C34H22O22 LPS Morris water 

maze test, OFT, 

FST, TST.

In vivo: 1500 mg/kg 

In vitro: 1, 5, and 10 μg/ 

mL

Inhibition of TLR4/NFκB 

signaling pathway

[112]
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Resveratrol Grapes Phenolic 501-36-0 C14H12O3 Social isolation 

stress

EPM, FST, TST, 

OFT.

20, 40 and 80 mg/kg Regulating the NFκB/NLRP3 

signaling pathway

[114]

Maternal 

deprivation

LDB, OFT, SPT, 

FST, RIT.

20 and 40 mg/kg Improve brain antioxidant 

and monoamine levels, as 
well as HPA axis 

dysregulation

[115]

Social isolation SPT, OFT, EPM, 

FST, Social 

Interaction Test.

20 mg/kg Regulating spine plasticity 

and mitochondrial function

[116]

Cerebral palsy T-Maze Test, 

LDB, EPM.

10 mg/kg Reduce neuroinflammation in 

the hippocampus

[117]

β-sitosterol Plant-based 

foods

Terpenoid 83-46-5 C29H50O Nitroglycerin OFT, Hole- 

board test.

10 mg/kg Improving oxidative/ 

nitrosative stress and 
enhancing mitochondrial 

function

[120]

Geniposide Gardenia 
jasminoides J. 

Ellis

Terpenoid 24512-63-8 C17H24O10 High-fat diet 
combined with 

corticosterone

Morris water 
maze, SPT, FST, 

OFT.

20 and 100 mg/kg Regulating CREB mediated 
adult neurogenesis

[122]

(Continued)
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Table 1 (Continued). 

Natural Product Potential 
Sources

Type CAS NO. Molecular 
Formula

Structural Diagram Modeling 
Method

Involving 
Behavioral 

Tests

Study Dosage Main molecular 
Mechanisms

Reference

Glycyrrhizin Glycyrrhiza 
glabra L

Terpenoid 1405-86-3 C42H62O16 In vivo: Chronic 
hypoxia 

In vitro: Oxygen- 

glucose deprivation

Beam Walking 
Tests, Novel 

Object 

Recognition 

test, OFT.

In vivo: 50 mg/kg 
In vitro: 5, 10, 15, 20, 25, 

30 and 35 μM

Inhibition of HMGB1/TLR4 
pathway

[124]

CRS OFT, EPM, TST, 

FST, Novelty 
suppression 

feeding.

4, 20 and 100 mg/kg Regulating GLT1 and Per1/ 

2-dependent pathways

[125]

Artemisinin Artemisia 
annua L

Terpenoid 63968-64-9 C15H22O5 Single prolonged 

stress

OFT, EPM, 

Morris water 
maze, Social 

interaction test.

18 mg/kg Improve synaptic plasticity 

and reduce neuronal 
apoptosis

[129]

Sodium aescinate Chestnut Terpenoid 20977-05-3 C54H84 

NaO23
+

Single prolonged 

stress

Morris water 

maze, OFT.

3.6 mg/kg Inhibit NLRP3 activation, 

reduce apoptosis levels, and 

improve mitochondrial 
functional damage

[130]

Limonene Citrus fruit 

peel oils

Terpenoid 138-86-3 C10H16 - Locomotor 

activity, EPM.

5 and 10 mg/kg Regulation of dopaminergic 

and gamma aminobutyric 

neuron activity mediated by 
A2A receptors

[132]
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Geraniol Rose Terpenoid 106-24-1 C10H18O Electric foot shock OFT, LDB, 

Social 

interaction test.

10 and 30 mg/kg Normalized neural 

transmission, reduced 

oxidative stress, and 

reversed abnormal EEG wave 
pattern

[134]

Paeoniflorin Paeonia 
lactiflora Pall

Terpenoid 23180-57-6 C23H28O11 Maternal 

Separation

OFT, EPM. 20, 40 and 80 mg/kg HPA axis activity and BDNF/ 

TrkB/PLCγ1 signaling 

pathway

[137]

Fucoidan Marine 
sources

Polysaccharide - - - Dextran sulfate 
sodium

OFT, TST. 100 and 400 mg/kg Regulating the “microbiota- 
gut-brain” axis

[141]

Cichorium intybus 
L. oligo- 

polysaccharides

Cichorium 
intybus L

Polysaccharide - - - Acute behavioral 
despair and chronic 

unpredictable mild 

stress

OFT, Marble 
Burying Test, 

Novelty- 

Suppressed 

Feeding Test, 
SPT, FST,TST.

100 and 200 mg/kg Upregulation of BDNF/ERK 
and PI3K/AKT/mTOR 

cascade

[142]

Dietary inulin Helianthus 
tuberosus L

Polysaccharide - - - Diphenoxylate TST, Marble 

Burying Test, 

EPM, SPT.

10% INU Regulating the “microbiota- 

gut-brain” axis

[144]

Coptisine Coptis 
chinensis 
Franch

Alkaloid 3486-66-6 C19H14 

NO4
+

LPS OFT, LDB, EPM. 15, 30 and 60 mg/kg Regulating the Warburg 

effect of microglia

[146]

(Continued)
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Table 1 (Continued). 

Natural Product Potential 
Sources

Type CAS NO. Molecular 
Formula

Structural Diagram Modeling 
Method

Involving 
Behavioral 

Tests

Study Dosage Main molecular 
Mechanisms

Reference

Berberine Coptis 
chinensis 
Franch

Alkaloid 2086-83-1 C20H18 

NO4
+

CFA OFT, EPM. 2.5, 5 and 10 mg/kg Inhibition of activation of 
VLT-Cg2 neurons

[148]

Hibiscus syriacus 
Linnaeus extract

Hibiscus 
syriacus L

Botanical 
drugs extracts

- - - Restraint stress EPM. 50, 100 and 200 mg/kg Increase the expression of 
GABAARα1 and VLPO

[150]

Hydroalcoholic 
extract of Passiflora 
incarnata L.

Passiflora 
incarnata L

Botanical 
drugs extracts

- - - Valproic acid OFT, Social 
interaction test, 

EPM.

30, 100 and 300 mg/kg Relieve oxidative stress [152]

Echinacea purpurea 
(L). Moench extract

Echinacea 
purpurea (L). 

Moench

Botanical 

drugs extracts

- - - Bifenthrin OFT, Y-Maze 

test, Novel 

object 
recognition test.

465 mg/kg Relieve oxidative stress [153]

Bergamot Essential 
Oil

Citrus × limon 
(L). Osbeck

Essential oil - - - Acute restraint 
stress

Real-time Place 
Preference Test, 

OFT, EPM.

1.0% BEO Activate AONGlu neurons 
and indirectly inhibit 

ACCGABA activity by 

projecting them onto 

ACCGlu neurons

[158]

Pogostemon cablin 
(Blanco) Benth 

essential oil

Pogostemon 
cablin 

(Blanco) 

Benth

Essential oil - - - CUMS OFT, FST. 0.8 mL/kg The interaction with gut 
microbiota affects the central 

nervous system

[159]

Essential oil from 

Perilla frutescens (L). 

Britton

Perilla 
frutescens (L). 

Britton

Essential oil - - - Social defeat stress Social 

interaction test, 

OFT, EPM, FST.

12.5 and 25 mg/kg Regulating cortisol levels, 

hippocampal 

neurotransmitters, and ERK 
signaling

[160]

Citrus reticulata 
Blanco Pericarpium 

Viride essential oil

Citrus 
reticulata 
Blanco

Essential oil - - - CRS EPM, OFT, Food 
seeking pellet 

test.

2.5% and 5% (v/v) Inhibit neurotoxicity caused 
by excessive activation of 

NMDAR and promote 

neurogenesis

[161]
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Ruscogenin Ophiopogon 
japonicus 

(Thunb). Ker 

Gawl

Other type 472-11-7 C27H42O4 In vivo: CFA 
In vitro: LPS

EPM, The von 
Frey Test, Hot 

Plate Test.

In vivo: 5, 10 and 20mg/ 
kg 

In vitro: 0.1, 1 and 10 μM

Regulating the NFκB/MAPKs/ 
NLRP3 signaling pathway in 

microglia

[163]

Betaine Sugar beets Other type 107-43-7 C5H11NO2 Dextran sulfate 
sodium

FST, TST, LDB, 
OFT.

600 mg/kg Inhibiting DNA damage and 
mitochondrial dysfunction to 

block the cGAS-STING 

pathway

[165]

Isochlorogenic acid 
A

Tea Other type 89919-62-0 C25H24O12 Lead (Pb) EPM, LDB. 20 and 40 mg/kg Activate BDNF/Nrf2/GPx4 
pathway

[166]

Shikonin Lithospermum 
erythrorhizon 

Siebold & 

Zucc

Other type 517-89-5 C16H16O5 CUMS FST, EPM, SPT, 
Novel object 

recognition test.

1, 5 and 10 mg/kg Inhibit hippocampal 
neuroinflammation

[168]

Abbreviations: TrKB, tropomyosin related kinase B; BLA, basoleteral amygdala; ERK, extracellular signal regulated kinase; CREB, cAMP response element binding protein; BDNF, brain-derived neurotrophic factor; IL-17, interleukin; 
NF-κB, nuclear factor-kappa B; NLRP3, NLR Family Pyrin Domain Containing 3; TLR4, toll-like receptor 4; PI3K, phosphatidylinositol-3-kinase; Akt, protein kinase B; mTOR, mechanistic target of rapamycin; GRM5, metabotropic 
glutamate receptor 5; GABBR2, gamma-aminobutyric acid type B receptor subunit 2; cAMP, cyclic adenosine monophosphate; HPA, hypothalamic-pituitary-adrenal; HMGB1, high mobility group box 1; VLPO, ventricular preoptic nucleus; 
AON, anterior olfactory nucleus; ACC, anterior cingulate cortex; NMDAR, n-methyl-d-aspartate; cGAS, cyclic GMP-AMP synthase; BDNF, brain-derived neurotrophic factor; Nrf2, nuclear factor erythroid-related factor 2; GPx4, 
glutathione peroxidase; CUMS, chronic unpredictable mild stress; CRS, chronic restraint stress; LPS, lipopolysaccharide; MDPV, methylenedioxypyrovalerone; CFA, complete freund’s adjuvant; FST, forced Swimming Test; TST, tail 
suspension test; OFT, open Field Test; LDB, light/dark box; EPM, elevated plus maze.
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challenges often include limited efficacy and undesirable side effects. In this context, natural products offer distinct 
advantages for anti-anxiety therapy, as they facilitate broader regulation and personalized adaptation, consistent with the 
principles of precision medicine advocated by contemporary healthcare practices. By constructing a multi-target dynamic 
regulatory network, a more biologically adaptive treatment system can be developed. Integrating traditional medical 
wisdom with modern technological advancements provides a promising model for overcoming the deficiencies of 
synthetic, single-target drugs. This novel research framework holds significant potential for the development of new 
treatment strategies that optimize efficacy, stability, and individual variability, ultimately paving the way for break
throughs in the treatment of mental illnesses.

However, current research on the anti-anxiety effects of natural products faces a significant gap in clinical translation. 
Despite the substantial body of preclinical evidence demonstrating the anti-anxiety potential of these natural products, 
most findings remain confined to experimental models. This limitation can be attributed to several factors, including 
heterogeneity in research methodologies, individual differences in clinical samples, and the absence of standardized 
quality control systems for natural products. More importantly, there is a critical shortage of high-quality, evidence-based 
studies, particularly those with rigorous randomized controlled trials (RCTs). This gap has led to a lack of sufficient data 
regarding the efficacy, stability, dose-response relationships, and safety profiles of natural products in clinical settings.

Nevertheless, no pharmacologically active natural compounds are entirely free from non-specific off-target effects on 
normal tissues.169 In the process of alleviating anxiety, natural products may carry the risk of toxicity or adverse effects. 
However, existing research still lacks a systematic evaluation of potential adverse reactions and long-term risks 
associated with natural products, particularly when multiple metabolites are used in combination. This absence of 
a comprehensive safety evaluation system could significantly limit the clinical translation of natural products and hinder 
their broader therapeutic application.

In addition, some natural products have inherent physicochemical limitations, including poor chemical stability, low 
bioavailability, and limited ability to cross the BBB. These factors significantly hinder the targeted delivery of active 
metabolites to the CNS. Furthermore, natural resources such as Chinese herbal medicines, which are derived from 
traditional medicinal systems, often face challenges like heterogeneous cultivation conditions, non-standardized proces
sing methods, and batch-to-batch variability in active metabolites. The lack of well-defined quality control standards 
limits their clinical applicability and complicates the investigation of their pharmacological mechanisms.

Importantly, while classic behavioral paradigms using rodents, such as open-field experiments and elevated plus-maze 
tests, can quantify anxiety-like behaviors, they are insufficient in capturing the complex psychological dimensions of 
human-specific anxiety disorders. In addition, species differences between rodents and humans, in terms of neurobiology 
and the pathological evolution of anxiety, prevent these models from fully replicating the dynamic development of 
complex psychiatric symptoms. Many experimental models focus on short-term anxiety induced by acute stress but fail 
to systematically simulate chronic anxiety or comorbid depression. Consequently, the biological validity and clinical 
relevance of these models remain limited, posing challenges for effectively translating animal-based research into clinical 
applications.

Conclusion and Future Directions
Future research should prioritize the development of a clinical translation research framework for natural products. This 
involves systematically advancing multi-center randomized controlled trials and objectively assessing the clinical 
efficacy of natural products in treating anxiety, utilizing a standardized evaluation system (including anxiety-related 
cognitive dimension scales and biomarker panels). Additionally, it is crucial to gradually improve a collaborative model 
that combines natural product therapies with traditional therapies. Adaptive clinical trial designs should be employed to 
validate the clinical benefits of combination therapies (eg, combined administration of natural products with demon
strated preclinical efficacy and classic anti-anxiety agents such as benzodiazepines). Simultaneously, it is essential to 
closely monitor both the metabolic status and safety profiles of these treatments in patients, ensuring their long-term 
efficacy and patient safety.

In addition, further research is needed to explore advanced targeted delivery systems, such as the development of 
intelligent delivery platforms using nanocarriers and BBB penetration technologies. These systems can enhance the 
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concentration and duration of action of active metabolites in the CNS, ultimately improving therapeutic efficacy. 
Meanwhile, it is crucial to strengthen the quality control evaluation system for TCM, establishing a standardized quality 
control framework across the entire TCM production and application chain. This will help enhance the precision and 
reliability of natural product-based therapies, providing a solid scientific foundation for their clinical translation.

Importantly, in the future, integrating cutting-edge technologies such as single-cell transcriptome sequencing and 
spatial multi-omics is crucial for systematically elucidating the dynamic molecular mechanisms underlying the patho
logical progression of anxiety disorders. This approach will facilitate the development of a phased dynamic model of 
chronic anxiety progression and identify critical time windows for potential optimal interventions using natural products. 
Additionally, combining human-derived organoid models with targeted gene-editing technologies will allow for the 
exploration of cross-species mechanisms and the optimization of treatment strategies.

In summary, there is a persistent and urgent need for systematic investigations into the pathological mechanisms of 
anxiety disorders and the development of targeted interventions in both preclinical and clinical contexts. Such research 
will not only establish a theoretical basis for novel drug discovery but also facilitate the clinical translation of natural 
products with anxiolytic potential, thereby shortening the journey from laboratory findings to practical clinical applica
tions. Although natural products have demonstrated considerable promise in treating anxiety disorders, their efficacy and 
safety require further validation through well-designed human clinical trials.
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