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The serotonin (5-hydroxytryptamine) system represents a crucial neurotransmitter network that regulates mood, behavior, and cognitive functions, playing a significant role in the pathogenesis and progression of depression. Although this perspective faces significant challenges, the serotonin system continues to exert substantial modulatory effects on specific aspects of psychological functioning and actively contributes to multiple pathological processes in depression development. Therefore, this review systematically integrates interdisciplinary research advances regarding the relationship between the 5-hydroxytryptamine (5-HT) system and depression. By focusing on core biological processes including serotonin biosynthesis and metabolism, SERT gene regulatory networks, and protein molecular modifications, it aims to elucidate how 5-HT system dysregulation contributes to the development of depression, while providing novel research perspectives and therapeutic targets for innovative antidepressant drug development.
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GRAPHICAL ABSTRACT
 The association between the serotonin system and depression. AADC, aromatic amino acid decarboxylase; G, glycosyl; IDO, indoleamine 2,3-dioxygenase; KYN, kynurenine; P, phosphate; Pal, palmitoyl; Ub, ubiquitin; SERT, serotonin transporter; SIP, SERT interacting protein; SNP, single nucleotide polymorphism; TDO, tryptophan 2,3-dioxygenase; Tph, tryptophan hydroxylase.



1 The monoamine hypothesis of depression

Depressive disorders (also known as depression) are characterized by depressive mood (e.g., sad, irritable, empty) or loss of pleasure accompanied by other cognitive, behavioral, or neurovegetative symptoms that significantly affect the individual’s ability to function. According to statistics, approximately 280 million people worldwide suffer from depression, accounting for 3.8% of the global population (Wróbel et al., 2024). Currently, several widely recognized hypotheses aim to explain the pathogenesis of depression. These include the monoamine hypothesis (Li, 2024), the neuroplasticity hypothesis (Chen et al., 2024), the inflammation hypothesis (Lemogne et al., 2024), the hypothalamic-pituitary-adrenal (HPA) axis dysfunction hypothesis (He et al., 2024), the glutamate-GABA imbalance hypothesis (Bi et al., 2024), and the gene-environment interaction hypothesis (Ejiohuo et al., 2025) (Figure 1). Among these, the monoamine hypothesis is one of the earliest accepted theories. In the 1950s, doctors accidentally discovered that isoniazid (Isoniazid) and iproniazid (Iproniazid), which were used to treat tuberculosis, could improve the depressive symptoms of patients (Loomer et al., 1957). In contrast, the antihypertensive drug reserpine (Reserpine) led to severe depressive symptoms in some patients (Freis, 1954). Coincidentally, these drugs all altered monoamine signaling. It was only then that people first connected changes in monoamines to mood regulation. Later, Schildkraut (1965) summarized the research data at the time and proposed that norepinephrine deficiency might lead to the development of depression. Coppen (1967) also systematically explored the role of serotonin (5-HT) in mood regulation and suggested the possibility of treating depression by modulating 5-HT levels. They believed that dysfunction or dysregulation of the monoamine system could be one of the pathological bases of depression, which ultimately led to the formation of the monoamine hypothesis. As researchers continue to explore the 5-HT system, it has gradually become recognized as one of the most important targets for treating depression, anxiety, panic, mood disorders, and other mental illnesses (Hung L. Y. et al., 2024). Since various antidepressants have highly similar effects on 5-HT levels (Witt et al., 2023), 5-HT is also considered a common link connecting different types of antidepressants (Witt et al., 2023), making it a key neurotransmitter related to the pathophysiology of depression.

[image: Figure 1]

FIGURE 1
 Pathogenesis of depression. 5-HT, serotonin; BDNF, brain-derived neurotrophic factor; GR, glucocorticoid receptor; HP, hippocampus; HPA axis, hypothalamic-pituitary-adrenal axis; KYN, kynurenine; SCFAs, short-chain fatty acids.


In recent decades, the monoamine hypothesis of depression has been increasingly challenged due to several limitations observed in antidepressant drugs developed under this framework. These limitations encompass delayed therapeutic onset, treatment resistance in certain patient populations, and the theory’s inability to account for the underlying causes of neurotransmitter dysregulation. After reviewing the data in the field of 5-HT research, Moncrieff et al. (2023) concluded that there is no convincing evidence to suggest that depression is related to or caused by decreased 5-HT levels or activity, and raised questions about the high usage rates of antidepressant drugs. Shortly thereafter, this study encountered substantial opposition from the scientific community, primarily attributed to deficiencies in its assessment methodology, inaccurate interpretation of clinical pharmacological significance, and erroneous analysis of molecular imaging data related to serotonin transporter binding (Jauhar et al., 2023; Royal College of Psychiatrists, 2019). Ongoing research has identified multiple pathogenic factors in depression, including impaired neuroplasticity, inflammatory dysregulation, neuroimmune dysfunction, disrupted BDNF signaling, and HPA axis abnormalities (Chen et al., 2024; Lemogne et al., 2024; He et al., 2024; Köhler et al., 2017; Duman and Aghajanian, 2012; Castrén and Rantamäki, 2010). For instance, depressed patients frequently exhibit volume reductions in the hippocampus and prefrontal cortex, while antidepressant treatment upregulates neuronal plasticity-related molecules and enhances neurogenesis and synaptic density in these regions (Park et al., 2023). Clinical studies demonstrate elevated peripheral levels of pro-inflammatory cytokines (IL-6, TNF-α, IL-10) in major depressive disorder (MDD, which is a clinically diagnosed condition, while depression typically refers to depressive symptoms without a clinical diagnosis) (Köhler et al., 2017). Chronic unpredictable mild stress (CUMS) induces cortisol elevation and depressive-like behaviors in mice (Xu et al., 2025). Serotonin deficiency may interact with these pathological mechanisms, collectively driving disease progression. Specifically, monoamines participate in neuroimmune regulation by modulating microglial activity and cytokine release (Miller and Raison, 2016), while also maintaining neuronal development, synaptic plasticity, BDNF signaling, and HPA axis homeostasis through regulation of glucocorticoid receptor (GR) expression and function (Bagdy and Makara, 1994; Pariante and Lightman, 2008). Chronic monoamine deficiency may impair synaptic structure and function by suppressing BDNF signaling (Xu et al., 2000), compromising neuroprotective effects (Liu et al., 2021), and inhibiting hippocampal stem cell proliferation (Park et al., 2023). Additionally, it may disrupt HPA axis negative feedback regulation, exacerbating cortisol-induced neurotoxicity and neuronal damage. Together, these effects drive the pathogenesis of depression (Farooqi et al., 2018) (Figure 1).

While the chemical imbalance hypothesis might be considered reductionistic in accounting for the cerebral alterations associated with depression, it remains indispensable across various etiological theories of the disorder. This conceptual model contributes to our understanding of specific psychological processes and offers essential theoretical support and clinical direction for depression research and treatment. Consequently, this review systematically integrates cross-disciplinary research progress regarding the association between the 5-HT system and depressive disorders. By investigating key processes including serotonin biosynthesis and metabolism, serotonin transporter (SERT) gene regulation, and protein post-translational modifications, this study aims to elucidate how 5-HT system dysregulation contributes to the development of depression. These findings will advance the development of early diagnostic approaches, improve mechanistic understanding of the disease, and facilitate targeted therapeutic interventions.



2 Discovery and composition of the serotonin system

Serotonin, also known as 5-HT, is one of the oldest neurotransmitters. Its discovery can be traced back to the 1930s. In 1937, the Italian scientist Vialli and Erspamer (1937) discovered a chemical substance found in the enterochromaffin cells of the intestine, which had a strong smooth muscle contraction effect. He named it enteramine (meaning “intestinal amine”). Ten years later, Maurice isolated a substance from bovine serum that could induce vasoconstriction and named it serotonin (Rapport et al., 1948). In 1952, Erspamer and Asero (1952) successfully isolated and purified enteramine and identified its chemical structure as 5-HT. Further research confirmed that “enteramine” and “serotonin” were the same substance. Subsequently, scientists discovered the presence of 5-HT in both the central nervous system and peripheral tissues (Nair, 1965; Anton and Gennaro, 1965). In 1967 and 1972, the two catalytic enzymes necessary for 5-HT synthesis—tryptophan hydroxylase (Tph) (Lovenberg et al., 1967) and aromatic L-amino acid decarboxylase (AADC) (Christenson et al., 1970)—were discovered. In 1957, the 5-hydroxytryptamine receptor (5-HTR) was identified for the first time. Gaddum and Picarelli (1957) proposed two distinct mechanisms of 5-HT action on smooth muscle and attributed them to two different types of receptors, referred to as “D” and “M” types. It was not until 1979 that Peroutka and Snyder (1979), through radioligand binding experiments, first identified the existence of 5-HTR1 and 5-HTR2. He proposed that 5-HTR1 is an inhibitory receptor that reduces cyclic adenosine monophosphate (cAMP) levels, while 5-HTR2 is an excitatory receptor that activates phospholipase C. A few years later, the 5-HTR3 was discovered and identified as the only ligand-gated ion channel receptor, differing from the traditional G protein-coupled receptors (GPCRs) (Barnes et al., 1989). In the 1990s, molecular cloning techniques confirmed the existence of new subtypes such as 5-HTR4, 5-HTR5, 5-HTR6, and 5-HTR7 (Hoyer et al., 1994). To date, seven receptor families comprising 14 subtypes of 5-HTR have been identified in mammals (Brunetti et al., 2024).



3 Synthesis and metabolism of serotonin

5-HT is distributed in both the central and peripheral tissues. Since it cannot cross the blood–brain barrier, two relatively independent systems are required for its synthesis.

In the central nervous system, 5-HT is primarily synthesized in the raphe nuclei. Dietary tryptophan competes with leucine, isoleucine, and other neutral amino acids for neutral amino acid transporters to cross the blood-brain barrier and enter the central nervous system. Once inside, tryptophan is taken up by 5-HT nerve terminals in the raphe nuclei (Ahmed, 2024; Steinbusch et al., 2021). The absorbed tryptophan is then converted into 5-HT through the actions of Tph2 and AADC (Specker et al., 2023; Baribeau et al., 2024). Subsequently, a portion of the synthesized 5-HT is rapidly transported into vesicles by vesicular monoamine transporters (Vmat) and stored (Hung L. Y. et al., 2024). The remaining intracellular free 5-HT is metabolized by monoamine oxidase (MAO) and aldehyde dehydrogenase (ALDH) into 5-hydroxyindoleacetic acid (5-HIAA) (Best et al., 2010). When neurons are mechanically or chemically stimulated, 5-HT stored in vesicles is rapidly released into the synaptic cleft. In the synaptic cleft, part of the free 5-HT binds to downstream receptors to exert its effects, part is reabsorbed into the cell through the presynaptic SERT, and the rest is further metabolized extracellularly into 5-HIAA (Best et al., 2010) (Figure 2). Meanwhile, presynaptic 5-HT autoreceptors regulate the synthesis and release of intracellular 5-HT through negative feedback by sensing changes in extracellular 5-HT levels (Ansari et al., 2024). These raphe nuclei 5-HT neurons project extensively throughout the brain, participating in functions such as mood regulation, sleep-wake control, appetite regulation, pain perception, and motor coordination (Mao et al., 2024; Wang et al., 2024; Tahiri et al., 2024; Hao et al., 2023). Notably, 5-HT within the pineal gland cells is further converted into melatonin under enzymatic action, contributing to sleep-wake regulation (Xia et al., 2024).
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FIGURE 2
 Synthesis and metabolism of 5-HT in the central nervous system. 4a-OH-BH4, 4a-hydroxy-tetrahydrobiopterin; 5-HIA, 5-hydroxyindoleacetic acid; 5-HTp, 5-hydro-xytryptophan; 5-HTR, 5-HT receptor; AADC, aromatic L-amino acid decarboxylase; ALDH, aldehyde dehydrogenase; ANAT, arylalkylamine N-acetyltransferase; BH4, tetrahydrobiopterin; DHPR, dihydropteridine reductase; Gαi, G proteins alpha inhibitory subunit; HIOMT, hydroxyindole-O-methyltransferase; LAT1, L-type amino acid transporter 1; Lle, lsoleucine; Leu, leucine; MAO, monoamine oxidase; NADP+, nicotinamide adenine dinucleotide phosphate; SERT, serotonin transporter; Tp-h2, tryptophan hydroxylase 2; TRP, transient receptor potential; Trp, tryptophan; Tyr, tyrosine; VitB6/B3, vitamin B6/vitamin B3; VMAT2, vesicular monoamine transporter 2.


In peripheral tissues, 5-HT is primarily synthesized by enteric nerve cells, with a small portion synthesized by enterochromaffin-like cells, mast cells, and other cells (Mao et al., 2024; Roumier et al., 2019; Mawe et al., 2023). Dietary tryptophan enters the intestinal lumen, is absorbed into cells via the amino acid transport system of enterochromaffin cells, and is then converted into 5-HT through the actions of Tph1 and AADC (Kannen et al., 2020). Enterochromaffin cells release 5-HT into the lamina propria, where part of the 5-HT is reabsorbed by nearby enterocytes and goblet cells, another portion binds to the receptors of the enterochromaffin cells themselves, and a third interacts with sensory nerve terminals or immune cells. The remaining 5-HT is absorbed by platelets into the bloodstream (Kannen et al., 2020). After 5-HT binds to receptors on sensory nerve terminals (mainly 5-HTR3 and 5-HTR1), it transmits signals to the central nervous system (spinal nerves) and the prevertebral sympathetic ganglia (vagal afferents) for various processing (Wood, 2007). When 5-HT interacts with immune cells, it induces changes in downstream inflammatory factors (Roumier et al., 2019; Kannen et al., 2020). The remaining 5-HT that enters the bloodstream is partly metabolized in a free form by liver enzymes (Mao et al., 2024) and partly stored in platelet cell granules. When tissue damage or acute inflammation occurs, platelets are activated and release 5-HT into the blood. On one hand, 5-HT promotes platelet aggregation and peripheral vasoconstriction, participating in hemostasis (Berger et al., 2009). On the other hand, 5-HT regulates immune responses by inducing lymphocyte proliferation, modulating cytokine release, and recruiting neutrophils to the injury site to combat infection (Mauler et al., 2016). Additionally, serotonin is involved in processes such as gastrointestinal regulation (Kannen et al., 2020), mammary gland development (Fayyaz et al., 2024), vascular tone regulation (Wabel et al., 2024), bone density (Bulut et al., 2024), and heart rate control (Sheng et al., 2024).



4 The 5-HT system and depression


4.1 5-HT

While not the sole driver, 5-HT deficiency and metabolic dysregulation contribute to certain aspects of depression, such as modulating emotional processing. This phenomenon was initially observed as early as the 1950s. Reserpine, by depleting the concentrations of monoamine neurotransmitters (primarily catecholamines and serotonin) in the brain, has been observed to induce significant depressive symptoms in some patients (Freis, 1954). This phenomenon provided support for the “monoamine hypothesis” of depression and marked the beginning of understanding the role of 5-HT in the disorder. Subsequently, both animal models and human studies have consistently demonstrated that serotonin deficiency often leads to depression-like behaviors. Saldanha et al. (2009) found that serum 5-HT levels in patients with depression were significantly lower than those in healthy individuals. Postmortem analysis of brain tissues from individuals with MDD, who exhibited suicidal tendencies revealed increased expression of 5-HTR1A in the dorsolateral nucleus, a phenomenon that may also be attributed to reduced 5-HT levels in this brain region (Stockmeier, 1997). Additionally, chronic stress has been shown to induce a significant reduction in 5-HT release in both plasma and multiple brain regions of experimental animals, accompanied by the emergence of depression-like behaviors (Ahmad et al., 2010; Yi et al., 2008). Furthermore, researchers have observed dysregulated levels of 5-HIAA, a major metabolite of 5-HT, in the cerebrospinal fluid and urine of patients with depression, which were significantly correlated with the severity of depressive symptoms (Asberg et al., 1976; Bhatia et al., 1978). This finding suggests that 5-HT metabolism may be impaired in individuals with depression. In subsequent studies, researchers further discovered that patients with MDD exhibited significantly elevated levels of MAO-A distribution throughout the brain (Meyer et al., 2006), while peripheral MAO activity was also increased (Georgotas et al., 1986; Fähndrich et al., 1982). Collectively, these findings suggest that elevated serotonin metabolism may be actively involved in the pathogenesis of depression.

The excessive activation of MAO-A, rapid degradation of 5-HT, and subsequent elevation of 5-HIAA levels may lead to a decline in serotonin levels, thereby impairing mood regulation and cognitive function and potentially triggering or exacerbating depressive symptoms. Consequently, targeting the modulation of 5-HT metabolism has emerged as a significant therapeutic strategy in the treatment of depression. First-generation antidepressants, such as phenelzine and brofaromine, function as MAO inhibitors. They increase the concentrations of monoamine neurotransmitters (including serotonin and norepinephrine) in the brain and reduce 5-HT degradation, often leading to significant improvement in depressive symptoms (Celada et al., 1992). Notably, phenelzine has regained widespread attention in the fields of neuroscience and psychopharmacology due to its additional neuroprotective and antioxidative stress properties (Baker et al., 2012; Harvey et al., 2017). Subsequently, researchers developed selective serotonin reuptake inhibitors (SSRIs), aiming to reduce serotonin metabolism and alleviate depression by blocking 5-HT reuptake. This approach has also demonstrated significant antidepressant efficacy (Talkowski et al., 2008). However, its therapeutic effects are often limited by the overactivation and hypersensitivity of 5-HTR1A, leading to a delayed improvement in mood during the initial stages of treatment (Sharp and Barnes, 2020). Although combining potent 5-HTR1A antagonists with SSRIs has shown potential to enhance antidepressant effects, this strategy requires further support from high-quality randomized controlled trials to confirm its applicability and safety. Additionally, the efficacy of SSRIs is influenced by the kynurenine pathway. Although SSRIs increase synaptic concentrations of 5-HT, excessive activation of the kynurenine pathway can divert tryptophan metabolism toward the production of kynurenine, thereby reducing the availability of tryptophan for 5-HT synthesis. This mechanism may compromise the therapeutic effects of SSRIs (Rampersaud et al., 2025). The activation of the kynurenine pathway is often associated with immune system activation, which may further exacerbate inflammatory responses in patients with depression, thereby diminishing the antidepressant effects of SSRIs (Wichers et al., 2005). Consequently, therapeutic strategies targeting the kynurenine pathway have emerged as a promising new direction for the treatment of depression, offering potential clinical value.



4.2 Tryptophan

Tryptophan, as the precursor for 5-HT synthesis, plays a critical role in determining the rate of 5-HT production based on its concentration and bioavailability (Correia and Vale, 2022). Abnormal levels of tryptophan in the body are considered a significant factor in the development of mood disorders. Since the human body cannot synthesize tryptophan, its levels are primarily influenced by dietary intake (Correia and Vale, 2022; Poeggele et al., 2022). Researchers have found that elderly patients with mild to moderate depression have lower tryptophan intake from food (Chojnacki et al., 2020). Healthy individuals who consume low levels of tryptophan are also more susceptible to depression (Lindseth et al., 2015). However, after appropriately increasing tryptophan intake, their emotional disorders improve (Lindseth et al., 2015; Chojnacki et al., 2023) and the incidence of depression and pancreatic cancer decreases (Hung N. L. et al., 2024; Suga et al., 2018). Therefore, regulating tryptophan levels and dietary nutrition may become a potential adjunctive treatment strategy for depression.

In addition, the metabolic imbalance of tryptophan is closely associated with depression. The most recognized metabolic pathways of tryptophan in the body include the kynurenine (95%) pathway, the 5-HT pathway, and the indole pathway (Li F. et al., 2024). The synthesis of kynurenine requires the catalytic action of key enzymes such as tryptophan 2,3-dioxygenase (TDO) and indoleamine 2,3-dioxygenase 1/2 (IDO1/IDO2) (Correia and Vale, 2022). Indole synthesis, on the other hand, is facilitated by the breakdown of tryptophan by colonic microbiota (Shaw et al., 2023). The dynamic balance between these pathways is essential for maintaining normal emotional functioning. Adding tryptophan to the diet reduces the levels of TDO, IDO, kynurenine, and IL-1 in the serum, while increasing the levels of tryptophan, 5-HT, and IL-22 (Li et al., 2022). However, when the body experiences chronic stress, gestational diabetes, lipopolysaccharide exposure, gut microbiota imbalance, interferon signaling activation, or increased pro-inflammatory factors, the activity of TDO or IDO1/IDO2 increases (Wichers et al., 2005; Correia and Vale, 2022; Shaw et al., 2023; Zhao et al., 2022), leading to the abnormal activation of the kynurenine pathway. The increased accumulation of kynurenine in the body activates the NF-kB-NLRP2-caspase1-IL-1β pathway (Figure 3, Gray loop 1), leading to an enhanced accumulation of inflammatory factors (Zhanga et al., 2020; Jiang et al., 2024). At the same time, as kynurenine metabolites such as quinolinic acid (QA) and 3-hydroxykynurenine (3-HK) continue to accumulate, the N-Methyl-D-Aspartate (NMDA) receptors are excessively activated (Figure 3, Gray loop 2), antioxidant factors like Nuclear Factor Erythroid 2-Related Factor 2 (Nrf2) are suppressed (Figure 3, Gray loop 3), and the generation of highly reactive free radicals occurs (Figure 3, Gray loop 4). Together, these processes contribute to excitotoxic damage to cells (Bansal et al., 2019; Tanaka et al., 2020). Since 3-HK can indirectly enhance MAO activity by generating highly reactive free radicals, under conditions where 5-HT and indole synthesis are limited, it further accelerates the degradation of 5-HT and potentially reduces the efficacy of SSRIs (Figure 3, Gray loop 5). These changes exacerbate neuroinflammation, the accumulation of neurotoxic metabolites, and imbalances in gut microbiota and BDNF, ultimately contributing to the development of depression (Correia and Vale, 2022; Katamanin et al., 2024; Myint and Halaris, 2022; Ryan et al., 2024) (Figure 3).
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FIGURE 3
 The kynurenine pathway and its association with depression. 3-HAA, 3-hydroxyanthranilic acid; 5-HIA, 5-hydroxyindoleacetaldehyde; AA, anthranilic acid; ALDH, aldehyde dehydrogenase; AP, allopurinol; ARE, antioxidant response element; ASC, apoptosis-associated speck-like protein containing a CARD; CBP, CREB-binding protein; GSDMD, gasdermin D; HK, 3-hydroxy-kynurenine; HO-1, heme oxygenase-1; IDO, indoleamine 2,3-dioxygenase; IFN-α, interferon alpha; IL-1β, interleukin-1 beta; Keap1, Kelch-like E-CH-associated protein 1; KYN, kynurenine; KYNA, kynurenic acid; MAO, monoamine oxidase; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; NLRP3, nuclear leucine-rich repeat protein 2/3; NMDAR, N-methyl-D-aspartate receptor; NOS, nitric oxide synthase; NQO1, NAD(P)H:quinone oxidoreductase 1; PA, picolinic acid; QA, quinolinic acid; SOD, superoxide dismutase; SSRIs, selective serotonin reuptake inhibitors; TD, tryptophan 2,3-dioxygenase; Tph, tryptophan hydroxylase; Try, tryptophan; XA, xanthurenic acid. Orange box: Key enzymes in tryptophan metabolic pathways. Green box: Factors that promote the onset and progression of depression. Red box: Factors that inhibit the onset and progression of depression. Purple box: Factors with minimal or unclear relevance to depression pathogenesis.


Based on these points, researchers have attempted to alleviate depressive symptoms by inhibiting the kynurenine pathway, achieving some positive results. The Jiang team confirmed that Hypericum perforatum L reduces kynurenine synthesis by increasing the abundance of the gut bacterium Akkermansia muciniphila, and successfully blocked the activation of the NF-kB-NLRP2-caspase1-IL-1β pathway, alleviating neuroinflammation and depressive-like symptoms in mice (Jiang et al., 2024). Compounds such as berberine (Wang Q. et al., 2022), isolated whey protein (Xia et al., 2023), and crocetin (Lin et al., 2022) have also been shown to improve depressive states in mice by downregulating IDO. The TDO inhibitor allopurinol also improved sepsis-induced depressive-like behavior in rats (Metzker et al., 2024). Ketamine, by antagonizing NMDA receptors (Liu R. et al., 2024) and reducing cellular oxidative stress damage, has gradually become one of the most effective new antidepressants. Meanwhile, Clostridium butyricum exerts its antidepressant effect by activating the 5-HT pathway (Zhang Z. W. et al., 2022). Additionally, circular RNA (CircSpna2), by preventing the ubiquitination of the antioxidant factor Nrf2 and increasing the expression of copper transport protein Atp7b, reduces oxidative stress and has shown a strong antidepressant effect in a traumatic brain injury mouse model (Du et al., 2024). This process may also be related to changes in IDO levels. It is worth mentioning that melatonin, the final product of the 5-HT pathway, not only activates the Nrf2 pathway but also inhibits NLRP3 activation, as well as the production of IL-1β and reactive oxygen species (ROS), ultimately alleviating lipopolysaccharide-induced depressive-like behaviors in mice (Arioz et al., 2019).

The relationship between tryptophan and depression discussed above is primarily related to the imbalance in tryptophan intake and metabolic pathways. Insufficient tryptophan intake or metabolic abnormalities can affect serotonin synthesis and increase the risk of depression. Supplementing tryptophan or its metabolites [such as 5-hydroxytryptophan (5-HTP)] can help improve depressive symptoms, but this involves various signaling pathways and effect targets, suggesting that depression is a complex disease influenced by multiple factors. Simply regulating tryptophan levels may not be sufficient as a primary treatment approach. Future research should further clarify the role of tryptophan metabolism in different types of depression and its underlying mechanisms, aiming to optimize nutritional intervention strategies and design related molecular-targeted drugs for adjunctive therapy.



4.3 Tph

Tph is the rate-limiting enzyme in serotonin synthesis, and due to its tissue specificity, it is often used as a marker for 5-HTergic neurons (Wang et al., 2024). In 1991, Craig et al. (1991) first identified the Tph1 gene through genetic mapping, locating it on chromosome 11 in the 11p15.3-p14 region, and confirmed its involvement in the synthesis of peripheral 5-HT. Subsequently, Walthe et al. (2003) discovered a new isoenzyme of tryptophan hydroxylase, Tph2, whose gene is located on human chromosome 12 at position 12q21, and it primarily participates in central 5-HT synthesis. As research into the gene structure and function progressed, certain single nucleotide polymorphism (SNP) mutations in these genes were found to be associated with psychiatric disorders. Carriers of these SNP alleles are often replaced, leading to heightened sensitivity to depression (Table 1). In adolescents with depression in northern China, the Tph2 gene locus rs11178997 AT genotype is more common (Liu W. et al., 2024). The AA genotype of TPH2 rs7305115 was significantly associated with suicidal behavior in major MDD patients from Shandong Province, China (Zhang et al., 2010). In patients from Minas Gerais, Brazil, the heterozygous C/T genotype of TPH2 SNP rs4565946 was negatively correlated with the risk of late-onset depression, while the homozygous A/A genotype of rs11179000 was positively correlated with this risk (Pereira et al., 2011). Zhang et al. (2005) discovered that when the allele G at position 1,463 of the Tph2 gene sequence is replaced by A, it leads to the substitution of arginine with histidine at position 441 of the Tph2 peptide chain, which reduces serotonin synthesis by 80%. Furthermore, SNP analysis of 87 patients with unipolar major depression from the Depression Research Center at Duke University revealed an increased frequency of the 1463A mutation. In patients with bipolar disorder (BD) from Germany and Russia, missense mutations at the TPH2 rs17110563 locus were also observed. These mutations were associated with reduced thermal stability and solubility of the enzyme, ultimately leading to decreased 5-HT synthesis and the development of bipolar disorder (Cichon et al., 2008). Additionally, allelic mutations may inhibit promoter function or induce selective exon splicing, altering Tph protein expression and activity, thereby further impeding 5-HT synthesis. For example, rs4570625 and rs11178997, located in the promoter region, can cause changes in the binding sites for transcription factors OCT-6 and POU3F2, leading to an increased susceptibility to depression (Walthe et al., 2003; Ma et al., 2015). However, no significant mutations in TPH2 rs4570625 were observed in Iranian patients with bipolar disorder. This discrepancy may be related to differences in genetic backgrounds and environmental factors across different populations (Hormozi et al., 2018). In addition, a repressive transcription factor related to the circadian rhythm, REV-ERBα, inhibits Tph2 expression by competitively binding to the Tph2 promoter region, which ultimately suppresses Tph2 transcription and induces depressive-like behaviors in mice (Park et al., 2024). The transcription factor REST, on the other hand, inhibits Tph expression by binding to the 5′ regulatory region RE-1, thereby suppressing Tph transcription (Arioz et al., 2019; Paresh et al., 2007). Increased methylation in the Tph promoter region leads to reduced Tph1/2 mRNA and protein expression (Chen et al., 2017), and has been confirmed to be associated with depression.



TABLE 1 The association between serotonin system gene mutations and mental disorders.
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In addition to genetic regulation, Tph expression in the body is also influenced by various factors, such as substrate concentration (Koubi et al., 2001), hormones [cortisol (Betari et al., 2021), estrogen (Furukawa et al., 2024), prolactin (Goyvaerts et al., 2022), insulin (Zou X. H. et al., 2020), thyroid hormones (Melo et al., 2019)], catecholamines (Fitzpatrick, 2023), mitochondria (Park et al., 2021), inflammatory factors (Flamar et al., 2020), light cycles (Siemann et al., 2020), nutrition (Li K. et al., 2024), stress (Saroj et al., 2025), and genetics (Ping et al., 2019). Abnormal Tph expression in the brain has become an important topic in recent neuroscience research, particularly its association with depression. Researchers have conducted regional analysis of Tph expression in brain tissues from depression animal models, and found that Tph expression varies across different regions. Tph expression is often increased in the dorsal raphe nucleus (DRN) (Abumaria et al., 2006) and olfactory bulb (Chen et al., 2022), while decreased in regions such as the hippocampus (HP) (Lu et al., 2019), prefrontal cortex (PFC) (Lu et al., 2019), ventral tegmental area (VTA) (Galyamina et al., 2017), and hypothalamus (Shaif et al., 2018). Corresponding to these expression patterns, there are also differences in receptor activity across these regions. The DRN contains a large number of autoreceptors, forming a negative feedback loop for 5-HT signaling (Sharp and Barnes, 2020; Sun et al., 2022). Additionally, the 5-HTR2C are primarily located on Gamma-Aminobutyric Acid-ergic (GABAergic) interneurons in the DRN (Sharp and Barnes, 2020), which inhibit 5-HT signaling. In the PFC, the 5-HT2A receptors are mainly distributed and mediate excitatory effects. In the HP, 5-HTR1A, 5-HTR4, 5-HTR6, and 5-HTR7 are distributed, with most being postsynaptic receptors; except for 5-HTR1A, the rest exert excitatory effects (Sharp and Barnes, 2020). This signaling difference may explain the inconsistent changes in Tph expression across different brain regions in depression.

In terms of treatment, there appears to be a heightened interest in brain regions where Tph expression is decreased, with efforts focused on specifically activating these areas to alleviate depressive symptoms. The traditional Chinese medicine Aurantii Fructus Immaturus-Carbonisata has demonstrated significant antidepressant effects by upregulating Tph2 expression in the cortex of mice, thereby reducing immobility time in both the CUMS model and the reserpine-induced pain-depression dyad model (Li et al., 2023). Novel isobenzofuran-1(3H)-one derivatives have been shown to increase Tph2 expression in the HP, while Dingzhi Xiaowan enhances Tph expression in both the HP and PFC of rats, collectively contributing to its antidepressant effects (Tao et al., 2024; Dong et al., 2013). In addition, appropriate exercise, estrogen supplementation, gut microbiota improvement, and electroconvulsive therapy are also recognized as effective antidepressant strategies, all of which involve the regulation of Tph expression. Exercise not only increases HP Tph1 expression and the levels of neurotrophic factors such as nerve growth factor (NGF) and BDNF but also upregulates the expression of 5-HTR1A in the raphe nuclei, thereby alleviating depressive-like symptoms in rats (Hong et al., 2015; Shin et al., 2017). Additionally, animal models of depression induced by ovariectomy have successfully replicated depressive-like behaviors (Shaif et al., 2018), supporting the idea that estrogen deficiency is a potential mechanism underlying the pathogenesis of depression. Appropriate levels of estrogen activate protein kinase C (PKC) (Suganya et al., 2024), upregulating Tph2 while reducing MAO-A activity. This dual effect increases 5-HT synthesis and decreases its metabolism, thereby exerting significant resistance against depression (Farooqi et al., 2018). Regarding the gut microbiota, researchers have found that probiotics can enhance short-chain fatty acid synthesis, restore intestinal barrier function, reduce the absorption of bacteria and endotoxins, and alleviate inflammation-induced depressive symptoms (Aslam et al., 2020; Fang Y. et al., 2023). Moreover, gut-associated mucin-degrading Akkermansia muciniphila and Clostridium butyricum have been shown to upregulate intestinal Tph1 expression, leading to an increase in peripheral 5-HTP levels. These 5-HTP molecules cross the blood–brain barrier and serve as precursors for 5-HT synthesis in the central nervous system. By elevating central 5-HT levels, these mechanisms have successfully alleviated depressive-like behaviors in mice (Jiang et al., 2024; Zhang Z. W. et al., 2022). Meanwhile, electroconvulsive therapy (ECT) is also considered an effective treatment for depression (Yun and Kim, 2024). Koubi et al. (2001) found that acute ECT could increase Tph activity in rat brain tissue, which is thought to be a potential mechanism underlying its antidepressant effects. This may occur through the induction of heat shock protein (HSP) expression, such as HSP70 and HSP73 (Passarelli et al., 1994), which enhances Tph stability. However, further experimental studies are needed to validate this mechanism. Nevertheless, existing research is sufficient to establish Tph (particularly Tph2) as a critical molecule in the pathological mechanisms of depression. Its expression levels and activity, influenced by genetic polymorphisms, epigenetic modifications, intracellular signaling proteins, and the internal environment, mediate the regulation of 5-HT signaling and determine the susceptibility and severity of depression. Further exploration of the regulatory mechanisms of Tph and the development of personalized treatment approaches represent effective strategies for the prevention and management of depression.



4.4 AADC

AADC is another key enzyme required for the synthesis of monoamine neurotransmitters. It mediates the synthesis of serotonin, dopamine, norepinephrine, and epinephrine simultaneously (Roubertie et al., 2024). Moreover, due to its co-expression with angiotensin-converting enzyme 2, AADC is believed to be involved in the pathophysiological changes associated with COVID-19 (Attademo and Bernardini, 2020). The human gene encoding AADC is located on the short arm of chromosome 7, specifically at region 11. Clinically, a rare genetic disorder known as AADC deficiency is caused by pathogenic homozygous or compound heterozygous variants of the AADC gene (Roubertie et al., 2024; Rizzi et al., 2022). Patients with this condition suffer from severe deficiencies in monoamine neurotransmitters (Roubertie et al., 2024), resulting in a wide range of symptoms, including intellectual disability (Kanjia et al., 2024), motor control regulation disorders (Kanjia et al., 2024), mood disturbances (Baribeau et al., 2024), and autonomic nervous system dysfunction (Blau et al., 2023). In addition to AADC deficiency, the association between AADC gene SNPs and psychiatric disorders has received substantial research support, particularly in conditions such as schizophrenia, autism, and anxiety disorders. These genetic variations may influence the function of the enzyme and the synthesis of neurotransmitters, thereby affecting susceptibility to psychiatric diseases (Table 1). The T allele mutation at the AADC rs17733244 locus was found to be significantly associated with postpartum anxiety in Spanish women. Additionally, a combination of three SNPs (rs381901, rs2051684, and rs198183) in the protein kinase C, beta (PKCβ) gene sequence was closely linked to postpartum major depression (Costas et al., 2010). Ribases et al. (2009) conducted multiple gene SNP tests on 451 Spanish patients with Attention-Deficit/Hyperactivity Disorder (ADHD) and identified AADC rs6592961 as a continuous mutation affecting the entire lifespan, which is associated with susceptibility to ADHD in both children and adults. In a subsequent study, Toma et al. (2013) supplemented the mutation phenotype of rs6592961 and found that this mutation is also associated with susceptibility to autism in the Spanish population. It is worth mentioning that AADC appears to be an important candidate gene for nicotine dependence (ND), with several studies confirming this association. Among these, the AADC rs921451 and the T-G-T-G haplotype of rs921451-rs3735273-rs1451371-rs2060762 were initially found to be significantly associated with susceptibility to nicotine dependence (ND) in European-Americans and African-Americans (Ma et al., 2005). Subsequently, AADC rs12718541 (Yu et al., 2006) and rs4947644 (Loughlin et al., 2014) were also confirmed to be associated with ND. In addition to its role in susceptibility to mental disorders, AADC mutations may also be involved in the resistance mechanisms of psychiatric diseases. Li and Meltzer (2014) conducted a genome-wide association study on 174 Caucasian individuals with schizophrenia and found a significant association between the AADC SNP rs2237457 mutation and the patients’ resistance to olanzapine. Although the association between the AADC gene and psychiatric disorders has been extensively studied, direct research on its relationship with depression is still relatively limited. Future studies should further explore the role of AADC SNPs in depression, particularly regarding their interaction with neurotransmitter systems, influence on treatment response, and potential for personalized medicine.

In proteomics studies, high expression of AADC seems to be more closely associated with depression. Researchers have found a positive correlation between stress-induced depression and anxiety levels and the overexpression of AADC in populations susceptible to depression (Azadmarzabadi et al., 2018). Moreover, upregulation of AADC has also been observed in the HP region of rat models of depression (Jia et al., 2013). In VTA-clock knockout mice, AADC expression was increased, accompanied by depressive-like behavior (Mukherjee et al., 2010). In contrast, Kudryavtseva et al. (2017) found that while AADC expression increased in the VTA of depression and anxiety model mice, its expression decreased in the DRN (Galyamina et al., 2017). In addition, recent studies have shown conflicting results regarding the expression of AADC. Fang’s team suggested that during lipopolysaccharide (LPS)-induced depression, LPS inhibited the activity and expression of AADC by increasing plasma lipopolysaccharide-binding protein (LBP), ultimately leading to depressive-like phenotypes (Fang M. et al., 2023). Subsequently, Zhao et al. (2024) findings contradicted these results. They demonstrated that LPS exerts a pro-depressive effect by activating the RagA-mTOR-p70S6K pathway. However, during RagA activation, AADC expression in the prefrontal cortex was found to increase. From these studies, it is evident that, like Tph, AADC expression levels exhibit regional variability. However, the changes in their expression within the same brain region are exactly opposite. This contrast may reflect a compensatory mechanism by the body, attempting to salvage the abnormal 5-HT signaling pathway. Additionally, since AADC is involved in the synthesis of catecholamines, we must consider both types of neurons in the respective brain regions together. The VTA is rich in Dopamine (DA) neurons (Uliana et al., 2024), while the DRN is abundant in 5-HT neurons (Uliana et al., 2024; Feldman et al., 1997), and the HP and cortex can co-release both DA and 5-HT (Velazquez and Becerra, 2024; Wang M. et al., 2022). These regions, where AADC is involved in the regulation of different neurotransmitter systems, interact with one another and collectively contribute to the modulation of emotional function. In terms of treatment, Wang Q. et al. (2022) found that the traditional Chinese medicine Berberine increased AADC expression in the HP of depression model mice while downregulating the kynurenine metabolism pathway, exerting an antidepressant effect. Similarly, Cordyceps sinensis, another traditional Chinese medicine, also demonstrates antidepressant activity, and several active components extracted from it have been confirmed to act on AADC (Zhang X. et al., 2022). Additionally, insulin regulates the expression of AADC in the dorsolateral PFC and hippocampus (Zou X. H. et al., 2020), and activates the downstream target protein kinase B (AKT), which modulates dopamine transporter membrane expression, inhibits glycogen synthase kinase-3 (GSK3), and promotes the activation of the BDNF pathway, thereby reducing neuroinflammation and alleviating depressive symptoms (Jo et al., 2025). Significantly, BDNF can also enhance synaptic efficacy through dual modulation of presynaptic neurotransmitter release dynamics and postsynaptic receptor sensitivity via its high-affinity receptor tropomyosin receptor kinase B (TrkB), thereby inducing sustained potentiation of synaptic plasticity. This neurotrophic cascade ultimately mediates multiple neurobiological benefits, including robust antidepressant and anxiolytic effects, enhanced memory consolidation, promoted adult neurogenesis, and stimulated cerebral angiogenesis (Amato et al., 2020).

AADC simultaneously regulates serotonin and dopamine levels, and the deficiency of either neurotransmitter promotes the onset of depression. Therefore, AADC seems to play a crucial role in the pathophysiology and treatment of depression. Targeted treatment strategies for AADC, such as precursor supplementation, AADC inhibitors, and gene therapy, offer new approaches for antidepressant therapy. However, while AADC exerts powerful antidepressant effects by influencing multiple systems, it also presents new challenges for antidepressant therapies targeting AADC, including significant side effects, drug interactions, and individual differences. As a result, clinicians must consider a comprehensive and individualized approach when using such treatments. With further research into the specific mechanisms of AADC in different brain regions and pathological states, more precise and efficient treatments for depression are expected in the future.



4.5 Vmat

After tryptophan undergoes catalysis by two key enzymes, it is converted into 5-HT. The mature 5-HT is rapidly transported to the synaptic terminal for release or stored in vesicles through the action of Vmat. With the rapid development of contemporary neuroimaging techniques (Singh et al., 2024) and molecular biology techniques (Lohoff et al., 2013), the central role of Vmat in monoamine regulation has been gradually revealed. The currently identified Vmat include Vmat1 (SLC18A1) and Vmat2 (SLC18A2), which are located on chromosomes 8p21 and 10q25, respectively (Won et al., 2017). The gene sequences of the two are highly similar. Vmat1 is primarily found in peripheral tissues such as the adrenal medulla, intestines, and chromaffin cells (Erickson et al., 1996), whereas Vmat2 is predominantly concentrated in the monoaminergic neurons of the central nervous system (Lohoff et al., 2013; Peter et al., 1995) with some expression in the pancreas (Schäfer et al., 2014) and chromaffin cells (Erickson et al., 1996). They use the proton pump-driven electrochemical gradient across vesicular membranes to transport monoamine neurotransmitters into vesicles (Wandowski et al., 2016), preventing their degradation by intracellular metabolic systems. Genetic variations in the genes encoding Vmat may lead to abnormalities in vesicular transport and storage functions, disrupting the transmission of monoaminergic signals in mood regulation circuits, ultimately increasing the risk of emotional behaviors and psychiatric pathology (Won et al., 2017). This hypothesis has been confirmed in some case studies (Table 1). The rs1390938 variant is associated with bipolar disorder (characterized by both depressive and manic symptoms) and alcohol withdrawal reactions. This is caused by a mutation of the G allele to the A allele on the chromosome, resulting in the substitution of threonine with leucine at position 136 in the Vmat1 protein sequence (Won et al., 2017). The leucine-substituted Vmat1 exhibits higher transport activity (Lohoff et al., 2013), which leads to a weakened response to negative stimuli in brain regions such as the PFC and anterior cingulate cortex, which are involved in regulating emotional arousal, as well as enhanced responses in the amygdala (Lohoff et al., 2013) and decreased integrity of white matter (Won et al., 2017). These pathological changes may be the primary reasons why carriers of the A allele are more susceptible to emotional and anxiety disorders. Similarly, Lohoff et al. (2013) conducted DNA Sanger sequencing analysis on 4,023 European ancestry patients with BD and discovered a rare missense mutation at the rs17215801 site in the Vmat1 gene. This mutation results in the substitution of phenylalanine with serine at position 84 in the Vmat1 protein sequence, which increases the transport activity of the Vmat1 protein and is significantly associated with BP susceptibility. Another mutation, Arg138Leu (rs148468662), significantly reduces the transport activity of Vmat1 for 5-HT, but this mutation does not show a significant association with BP. Lohoff et al. (2006) also found that mutations at the rs988713 site in the promoter region and rs2279709 in intron 8 of the Vmat1 gene are associated with BP susceptibility in Europeans. Vmat2 SNPs, on the other hand, have been shown to be associated with psychiatric disorders other than depression. Specifically, the C-to-T substitution at the rs363338 site increases susceptibility to opioid dependence (OD) (Randesi et al., 2019), cognitive impairment (CI) (Zai et al., 2013), and schizophrenia (Talkowski et al., 2008). rs363393164 and rs363227155 are also linked to schizophrenia and CI, while rs393387 and rs363390 are associated with alcohol dependence (Schwab et al., 2005). Although these studies suggest an association between SNPs in Vmat1 and Vmat2 and psychiatric disorders, they may only represent a component of genetic susceptibility to mental illnesses. The exact mechanisms remain unclear, and further experimental evidence and clinical data are needed to validate their clinical application value.

Additionally, protein-level studies indicate that mood disorders, such as depression, may be closely related to dysfunction or abnormal expression levels of these transporters. Researchers have observed a reduction in Vmat2 levels in certain brain regions of depression animal models, such as the nucleus accumbens (NAc), VTA, and substantia nigra pars compacta (Schwartz et al., 2003). Furthermore, Vmat expression in the dorsolateral PFC shows sex differences; male depression patients exhibit lower expressions of both Vmat1 and Vmat2, whereas female depression patients show higher expression of Vmat2 and Tph2 (Bristow et al., 2021). These findings suggest that abnormalities in Vmat may be a potential pathophysiological mechanism of depression. Subsequently, researchers used gene editing technologies to directly manipulate Vmat, further confirming this hypothesis. Deficiency of Vmat significantly reduces 5-HT levels (Baronio et al., 2022). Vmat2 heterozygous mice exhibited reduced monoamine levels and displayed depressive-like behaviors (Fukui et al., 2007). Vmat2 knockout mice died shortly after birth (Wang et al., 1997), while Vmat2 knockdown zebrafish exhibited anxiety-like behaviors (Wang et al., 2016). Similarly, the use of selective Vmat2 inhibitors such as tetrabenazine (Connolly et al., 2024), fluoxetine (Correia et al., 2023), fenfluramine (Jay and Gingrich, 2001), and the non-selective Vmat inhibitor reserpine has induced depressive-like behaviors (Miguel Telega et al., 2024). Moreover, some of these adverse effects can be alleviated by antidepressant medications (Yohn et al., 2017; Yohn et al., 2015). However, the depressive effects of tetrabenazine remain controversial (Schultz et al., 2018). In contrast, carbamazepine metabolites (Rodrigues et al., 2023), lithium (Lohoff et al., 2006), valproates (Lohoff et al., 2006), melatonin (Stefanovic et al., 2016), and venlafaxine combined with melatonin (Tang et al., 2019) have been shown to increase Vmat levels, and most of these compounds exert antidepressant effects. The changes in Vmat expression or activity in depression models seem to be widely recognized. However, because Vmat exhibits high affinity for multiple monoamines, including 5-HT, norepinephrine, dopamine, and histamine, its alterations cannot be solely explained by 5-HT abnormalities. These changes may involve dysfunction across multiple neurotransmitter systems. Despite this, using imaging techniques and other auxiliary methods to detect changes in Vmat2 density and distribution in human brain regions (Singh et al., 2024) could provide new insights for the clinical diagnosis and treatment of depression.



4.6 SERT


4.6.1 SERT and depression

SERT has a high affinity for 5-HT. It is primarily located at the presynaptic terminal, where it is responsible for reuptaking 5-HT from the synaptic cleft back into the cell, thereby terminating 5-HT signaling. SERT is functionally linked to Vmat (Sager and Torres, 2011), and together they regulate the homeostasis of the monoamine system in the body (Zheng et al., 2024). In the central nervous system, SERT is widely distributed across both cortical and subcortical regions (Zheng et al., 2024), with its density significantly decreasing with age (Yamamoto et al., 2002). As early as the 1980s, it was proposed that there was a certain association between SERT and depression. Researchers began attempting to treat depression by inhibiting SERT to increase extracellular 5-HT transmission, achieving satisfactory results (Wong et al., 1995). It wasn’t until the 1990s, with the successful cloning of genes encoding plasma membrane and Vmat, that the molecular structure and complete gene sequence of SERT were deciphered (Sager and Torres, 2011). SERT is composed of 630 amino acids and includes 12 transmembrane domains in its structure. The SERT gene, SLC6A4, is located on chromosome 17q11.2 and contains 14 exons and 13 introns. Malison et al. (1998) were the first to report a reduction in SERT density in the brainstem of patients with depression. Araki et al. (2024) also discovered that chronic stress leads to a decrease in SERT expression in the PFC, which in turn induces anxiety-like behavior. Additionally, Lesch et al. (1996) found that individuals susceptible to depression exhibited lower transcriptional activity of the SERT gene (SLC6A4), proposing that this was due to polymorphisms in the SLC6A4 promoter region. The short promoter (short allele, S) and long promoter (long allele, L) were identified, with these individuals often exhibiting the SS genotype. Subsequently, Caspi’s et al. (2003) study confirmed this finding.

This polymorphism in the SLC6A4 gene promoter region, particularly the 5-Hydroxytryptamine transporter linked polymorphic region (5-HTTLPR), along with related SNPs, has a significant impact on susceptibility to depression and other psychiatric disorders, as well as treatment response (Table 1). Allelic variations in rs25528 and rs2020936 were significantly associated with depression scores in Vietnamese males. Additionally, rs25528 was also linked to elevated levels of the inflammatory marker IL-6 (Su et al., 2009). The rs140700 mutation is not only associated with susceptibility to depression in the Finnish population (Nyman et al., 2011) but also positively correlated with the severity of postpartum anxiety in Spanish women (Costas et al., 2010). Additionally, the rs2066713 mutation is linked to the severity of schizophrenia in patients from southern India (Vijayan et al., 2009). Chang et al. (2017) found that Han Chinese men with the rs25531 mutation and the SS genotype in the promoter region were more likely to exhibit neuroticism and had higher anxiety/depression scores. Depressive phenotypes associated with SLC6A4 SNPs are also influenced by gender. Through 5-HTTLPR genotyping and questionnaire assessments in 222 Italian patients with unipolar major depression, he found that female patients with the “ll” and “ls” genotypes had significantly lower depression scores than males. Additionally, mutations rs2020942 and rs2066713 showed a depression association only in females (Rucci et al., 2009). Zou Z. et al. (2020) found a correlation between the rs140701 polymorphism and the risk of panic disorder in Han Chinese individuals, and he also observed that patients carrying the “S” genotype had a reduced sensitivity to sertraline treatment. Although these studies do not clarify the specific mechanisms between SNPs and the onset of depression, they highlight the possibility of different genetic variations among patients with depression. In clinical antidepressant treatment, doctors need to consider the genetic background of patients and choose appropriate antidepressant medications and treatment plans based on their genetic characteristics.

In addition to allele mutations, several transcription factors have been confirmed to participate in the transcriptional regulation of SLC6A4, such as Pet-1 (Goridis and Rohrer, 2002), Lmx1b (Song et al., 2014), ZFPM1 (Tikker et al., 2020), GATA2/3 (Haugas et al., 2016), cAMP (Baudry et al., 2019), and ATF4 (Baudry et al., 2019) (Table 2). Among them, Pet-1 has been shown to regulate serotonin across different stages of the life cycle. It recognizes specific sequences in the SLC6A4 promoter through its ETS domain, thereby modulating the transcription of the gene (Hendricks et al., 2003). Subsequent studies have also confirmed that Pet-1 participates in the transcriptional regulation of Tph2 and serotonin receptors, playing a multifaceted role in the development of depression. Current research indicates that deficiency of the PET-1 gene leads to multilevel dysfunction in the serotonin system, thereby inducing mood disorders and depressive-like behaviors. Hendricks, by knocking out Pet-1 in male mice, observed a significant loss of 5-HT neurons, accompanied by increased aggression (Hendricks et al., 2003). Later, Schaefer et al. (2009) found that Pet-1 knockout mice exhibited cognitive deficits and anxiety-like behaviors, along with increased activity disturbances and defensive behaviors. In recent research, Park et al. (2024) observed that knocking out Pet-1 in the DRN of mice led to a marked increase in depression-like behaviors at dawn. Additionally, the binding sites of PET-1 in the Tph2 promoter region are subject to competitive inhibition by the circadian nuclear receptor REV-ERBα. Targeted inhibition of REV-ERBα can rapidly and effectively alleviate depression-like phenotypes in mice. PET-1 is closely related to the development and function of serotonin neurons, making it a promising potential biomarker for the diagnosis of depression. The transcription factor Lmx1b plays a crucial role in the development and function of 5-HT neurons, particularly in regulating the formation and characteristics of these neurons. Song et al. (2014) specifically deleted Lmx1b in the DRN of mice, and found that although the 5-HT levels in the brain tissue of these mice were significantly reduced, with a downregulation of Tph2, Sert, and Vmat2 expression, the expression of Pet1, as well as the distribution and density of 5-HT neurons, did not show significant changes. This suggests that the influence of Lmx1b on 5-HT neurons is more prominent during development. On the other hand, the transcription factor ZFPM1 is more commonly associated with anxiety-like phenotypes (Tikker et al., 2020). Both GATA2 and GATA3 regulate the transcription of SERT and Tph2, playing a role in the development of 5-HT neurons (Haugas et al., 2016). Interestingly, phosphorylated STAT3 can reduce the expression of SERT in both colonic and brain tissues, inducing symptoms of irritable bowel syndrome (IBS) and depression-like behaviors (Shen et al., 2022; Kong et al., 2015). Shen et al. (2022) developed a new drug that blocks colonic STAT3 phosphorylation, ultimately alleviating IBS symptoms. It is likely that there are many unknown transcription factors associated with SERT in the body. Identifying and targeting these factors may become a new molecular strategy for the treatment of depression in the future.



TABLE 2 The association between SERT gene regulation, epigenetic modifications, and depression.
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4.6.2 The association between SLC6A4 methylation levels and depression

In the early 21st century, research into the epigenetic regulation of SERT became increasingly prominent. These studies revealed various transcriptional and epigenetic abnormalities, which may represent pathophysiological characteristics of MDD and potential pathogenic mechanisms. Among these studies, research on DNA methylation and gene expression regulation gradually uncovered how the epigenetic mechanisms of the SERT gene influence emotions, behaviors, and responses to environmental stressors. Multiple studies have shown that high methylation of the SLC6A4 promoter region is significantly associated with an increased risk of depression. High methylation may lead to dysfunction of the serotonin transporter, affecting neurotransmitter balance, and this methylation is often correlated with promoter polymorphisms. Okada et al. (2014) and Bakusic et al. (2020) separately extracted the SLC6A4 gene from the blood of depression patients and identified three cytosine-phosphate-guanine (CpG) sites with high methylation that were positively correlated with depression. Mohammadi’s et al. (2022) research also found elevated SLC6A4 methylation in MDD patients, and this high methylation was reduced after treatment with SERT inhibitors, along with improvements in depressive symptoms. Sanwald et al. (2021) found that there are gender differences in gene methylation levels, with female patients often exhibiting higher methylation levels, which are positively correlated with the severity of depression. However, recent studies have pointed out that abnormally low methylation in certain genetic regions is also involved in the development of depression. In his research, Lam et al. (2018) discovered that depression was significantly associated with decreased methylation levels of CpG sites 21 and 25–26 in the SLC6A4 promoter region, but this was only observed in individuals with the SS genotype. Conversely, high methylation of CpG 21 was more likely to occur in individuals with the LL genotype, leading to depressive symptoms. Another study also suggested that high methylation of CpG sites 1–3 in the SLC6A4 promoter region is associated with the SS genotype and depression (Kim et al., 2013). Overall, both high and low methylation levels can disrupt normal physiological and psychological processes, leading to the onset or progression of depression symptoms. Although these findings provide important insights into understanding the pathogenesis of depression and developing novel therapeutic strategies, the existing studies have relatively small sample sizes, and methylation patterns may vary due to factors such as ethnicity, geographic location, and sample sources (e.g., differences between brain tissue and peripheral blood samples). This could lead to some biases in the results. Furthermore, many studies are based on correlation analysis, making it difficult to establish clear causal relationships. It remains unclear whether high methylation precedes the onset of depression or if depression leads to changes in gene methylation status. Future research will require more in-depth longitudinal studies, animal model experiments, and further exploration of the exact molecular mechanisms, as well as the development of diagnostic and therapeutic approaches targeting the regulation of methylation status in depression.



4.6.3 Non-coding RNA targeted regulation of SLC6A4


4.6.3.1 MicroRNAs

In addition to the regulation of gene promoter regions, the transcription process of SLC6A4 also requires the participation of non-coding RNAs, which play an important role in the 5-HT signaling pathway. In the 1960s, non-coding RNAs first entered the scientific spotlight, and several microRNAs (miRNAs) that bind to the 3′ untranslated region (3′-UTR) of SLC6A4 were subsequently discovered (Table 2). These miRNAs regulate SERT expression by inhibiting or degrading the target mRNA. Through miRNA binding site prediction in the SLC6A4 3′-UTR region and immunohistochemical techniques, miR-15 and miR-16 were found to inhibit SERT expression in human placental choriocarcinoma JAR cells and rat raphe nucleus RN46A cells. Moreover, due to the close genomic proximity of miR-15 and miR-16, their regulation of SERT may also involve synergistic effects (Moya et al., 2013). MiR-16 expression was decreased in the cerebrospinal fluid of 36 Chinese depression patients compared to 30 healthy controls, as measured by ELISA in central and peripheral samples. Additionally, after injecting miR-16 inhibitors into the ventricles of rats, depressive-like behaviors were induced, while 5-HT levels in the CSF increased and SERT expression decreased (Song et al., 2015). Furthermore, serum analysis of 39 Iranian depression patients demonstrated significantly decreased levels of miR-16, miR-135a, and miR-1202 compared to healthy controls. Additionally, serum levels of miR-135a and miR-1202 demonstrated significant sensitivity and specificity in the diagnostic assessment of depression (Gheysarzadeh et al., 2018). Although this study did not investigate the effects of these non-coding RNAs on SERT, subsequent emerging research has addressed this gap and also revealed regional variations in miR-16 expression. Bright found that CUMS upregulated the expression of miR-16 and miR-135 in the rat ventromedial PFC (vmPFC) and NAc, but downregulated miR-16 in the raphe and SERT expression in the vmPFC (Bright and Akirav, 2023). Similarly, Zurawek’s et al. (2017) recent study discovered that CUMS not only induced depressive-like behaviors in rats but also downregulated the expression of miR-18a-5p, miR-195-5p, miR-320-3p, and miR-674-3p in the rat prefrontal cortex, while upregulating their expression in the VTA. This was accompanied by a decrease in SERT expression in the VTA, whereas no significant differences were observed in SERT expression in the PFC and DRN. Notably, since miR-195 can also target and regulate the expression of BDNF and glutamate receptors, it is believed to mediate the antidepressant effects of SSRIs (Guo et al., 2010). In addition, miR-26a-3p has been experimentally demonstrated to contribute to depression-like phenotypes in animal models through multiple pathways. Knockdown of miR-26a-3p in the hippocampal region of rats led to activation of the downstream PTEN/PI3K/Akt signaling pathway, inhibiting autophagy, promoting neuronal apoptosis, and neurodegeneration, ultimately inducing depressive-like behaviors in rats. On the other hand, overexpression of miR-26a-3p reversed the depressive-like phenotype in mice (Li et al., 2021). However, unfortunately, the study did not delve deeper into the relationship between miR-26a-3p and SERT signaling expression. Although miR-361-3p has been confirmed to inhibit SERT transcriptional regulation, research on it has primarily focused on pulmonary arterial hypertension (Zhang et al., 2020a). These findings are highly encouraging, although direct evidence establishing their causal role in depression remains limited. Nevertheless, the observed alterations in expression may be implicated in the pathological processes underlying depression.

These studies reveal the complex regulatory relationship between miRNAs and SERT, with specific pathological mechanisms varying across different brain regions. This variation may be related to the distinct molecular environments and functional requirements of neurons in different brain areas. The regional specificity of miRNA expression profiles opens up potential paths for personalized antidepressant therapies. Existing research has confirmed that some SSRIs exert their antidepressant effects by rescuing abnormal miRNA signaling. A classic antidepressant, fluoxetine, is one example, as it upregulates miR-16 to inhibit SERT expression (Baudry et al., 2010). Additionally, blood samples from patients with MDD treated with citalopram or sertraline show a significant increase in miR-16 expression and a corresponding decrease in SERT expression compared to untreated patients (Ahmadimanesh et al., 2023). These results suggest the essential role of miRNA regulation in antidepressant treatment. In addition to traditional medications, some potential antidepressants are also related to miRNAs. Portugalov et al. (2022) found that the fatty acid amide hydrolase (FAAH) inhibitor could reverse depression-like phenotypes induced by early life stress in rats and upregulate miR-135 in female rat medial PFC (mPFC) and miR-16 in male rat mPFC, without affecting SERT or 5-HTR1A expression. This phenomenon suggests that SERT may not be the only target of miR-135 and miR-16, and their targeting of other signaling pathways could also be an important part of the progression of depression. Cannabidiol has also been shown to improve depression-like behaviors in rats, but with an opposite regulatory mechanism. It downregulates miR-16 and miR-135 in the rat mPFC and upregulates miR-135 in the NAc, accompanied by an increase in 5-HTR1A expression in the vmPFC (Bright and Akirav, 2023). Furthermore, directly knocking out MicroRNA-32-5p can alleviate lipopolysaccharide-induced depression-like behaviors in mice, but through inhibiting astrocyte overactivation and upregulating glutamate receptor expression (Zhong et al., 2020). Although miRNA regulation of depression is not solely mediated by SERT, as SERT is a well-established target for antidepressants, gaining a deeper understanding of the interactions and mechanisms between miRNAs and SERT will still help improve the effectiveness of SSRIs and reduce side effects.



4.6.3.2 Long non-coding RNAs

In addition, with the continuous development of the non-coding RNA field, lncRNAs have been shown to affect mRNA transcription in various ways. On one hand, long non-coding RNAs (lncRNAs) can directly act on DNA transcription initiation sites to either promote or inhibit mRNA production. LncRNAs can also alter mRNA splicing by binding to precursor mRNA, resulting in the generation of different splice variants. On the other hand, lncRNAs can function as competitive endogenous RNAs (ceRNAs), competing with mRNA for binding to miRNAs, thus relieving miRNA-mediated repression of mRNA and indirectly influencing mRNA translation. Some of these lncRNAs have been confirmed to be involved in the development of depression. Wang, by examining peripheral blood samples from 39 perinatal depression patients, found a reduction in the expression of six lncRNAs. After receiving mindfulness-integrated cognitive behavioral therapy, the expression of lncRNA NONHSAG004550 and NONHSAT125420 increased, accompanied by improvements in depressive symptoms. These lncRNAs have thus been proposed as potential new diagnostic biomarkers for perinatal depression (Wang et al., 2021). Cui replicated this result in subsequent experiments and further confirmed that the antidepressant effect of lncRNA NONHSAG045500 is achieved by activating the cAMP-PKA-CREB pathway to reduce SERT expression and increase 5-HT levels in the prefrontal cortex (Cui et al., 2023). Upregulation of lncRNA XIST also leads to the downregulation of SERT, but it primarily shows improvement in irritable bowel syndrome (Zhang et al., 2020b). LncRNA NEAT1 was found to be upregulated in depressed rat models, and it induces depressive-like behaviors by competitively binding to miR-320-3p, targeting the corticotropin-releasing hormone receptor 1. Silencing lncRNA NEAT1 improved the depressive-like behaviors in rats (Huang et al., 2024) (Table 2). Although the direct relationship between lncRNAs and SERT was not measured in this study, based on previous findings, we hypothesize that the antidepressant effect of silencing lncRNA NEAT1 is likely due to its relief of competitive inhibition on miR-320-3p, thus enhancing miR-320-3p’s inhibitory effect on SERT. Levels of LncRNA VLDLR-AS1 and LncRNA MALAT1 are considered to be closely associated with depression (Patel et al., 2024). Bella conducted an observational study involving 16 patients with BD and found that the expression of LncRNA MALAT-1, GAS-5, and miR-221-5p in serum was altered following antidepressant treatment (Bella et al., 2023). Maloum also analyzed blood samples from 50 patients with BD and found that, compared to healthy individuals, the expression levels of lncRNA SCAL1, RMST, and MEG3 were significantly reduced (Maloum et al., 2022). These phenomena suggest the important role of lncRNAs in the regulation of mood disorders; however, their exact targets and mechanisms remain unclear. They may be involved in the regulation of SERT or exert effects through other unknown signaling pathways. Nevertheless, it is undeniable that epigenetic regulation of genes is significantly associated with the onset of depression. These findings may offer novel biological markers for the diagnosis of depression, improving early diagnostic rates and providing new perspectives and research directions for understanding the molecular mechanisms of depression. This could also make it possible to enhance the efficacy of traditional antidepressants through specific non-coding RNA inhibitors, antisense oligonucleotides, or mimetics.




4.6.4 The post-translational modifications of SERT and their connection to depression

Both in vitro and in vivo model studies have shown that the dynamic balance between SERT activity and expression requires complex chemical modifications. Normal post-translational modifications are a key mechanism for the fine regulation of its function. Hypophosphorylation, hypo-ubiquitination, hyper-glycosylation, and hyper-palmitoylation of the SERT protein may promote the pathological progression of depression by enhancing neurotransmitter uptake efficiency and membrane surface stability. Meanwhile, histone hyperserotonylation has been confirmed to be associated with the epigenetic regulatory mechanisms of MDD. These abnormal post-translational modifications not only provide a molecular biological basis for the targets and clinical efficacy of SSRIs but also lay a solid theoretical foundation for comprehensively understanding the functional regulation of SERT and its pathophysiological roles and therapeutic strategies in psychiatric disorders such as obsessive-compulsive disorder, depression, autism, and schizophrenia.


4.6.4.1 SERT phosphorylation

Phosphorylation is one of the most common post-translational modifications. By affecting protein stability and degradation rate, it indirectly influences its expression levels. Hypophosphorylation of SERT protein in the body is often accompanied by the emergence of depressive-like symptoms in experimental animals, and this process has been subsequently shown to require regulation by certain protein kinases. Akt induces a reduction in the basal phosphorylation level of SERT, accompanied by an increase in SERT’s 5-HT uptake capacity (Rajamanickam et al., 2015) (Figure 4, Green loop 1). In contrast, the downstream targets of Akt, GSK3α/β, attenuate SERT uptake capacity (Figure 4, Red loop 4) (Rajamanickam et al., 2015). Protein kinase C (PKC) is also recognized as a key factor regulating SERT function, and it may play an important role in depression by modulating the activity of SERT (serotonin transporter) and extracellular serotonin signaling levels. In his study, Takahiro found that stress-induced depression in mice led to a decrease in the levels of phosphorylated PKCβ1 and phosphorylated SERT in the PFC. However, activation of PKC increased SERT phosphorylation levels, reduced membrane surface SERT density, and enhanced extracellular serotonin signaling, ultimately alleviating the depressive-like symptoms in stressed mice (Ito et al., 2020) (Figure 4, Red loop 1). This effect of PKC closely resembles that of traditional SSRIs, both of which suppress SERT activity and expression, suggesting that PKC may be involved in the antidepressant mechanism of SSRIs. In addition, protein kinase A (PKA) also participates in regulating SERT activity. Activation of PKA promotes SERT phosphorylation and inhibits SERT’s membrane density and uptake function (Ramamoorthy et al., 2011) (Figure 4, Red loop 2). Besides catalyzing the phosphorylation of SERT itself to regulate serotonin signaling, the phosphorylation of transcription factors can also influence SERT activity. For example, when the transcription factor STAT3 is phosphorylated, it binds to the TT(N)AA site in the promoter region of SLC6A4, suppressing SERT transcription and increasing extracellular 5-HT levels. Inflammatory factor interleukin-6 activates STAT3 phosphorylation in the mouse brain, leading to a decrease in SERT expression and inducing depressive-like behaviors (Kong et al., 2015) (Figure 4, Red loop 3). These phenomena suggest that the regulation of SERT phosphorylation is inherently linked to depression and also reveal overlapping signaling pathways between the inflammatory hypothesis and the monoamine hypothesis of depression.
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FIGURE 4
 Regulatory mechanisms of SERT activity and membrane localization. 4-PBA, 4-phenylbutylate; A3AR, adenosine A3 receptor; AKT, protein kinase B; CAMK-II, calcium/calmodulin-dependent protein kinase II; cGMP, cyclic guanosine monophosphate; DGK, diacylglycerol kinase; ER, endoplasmic reticulum; FLOT1, flotillin-1; FPF, flubiroprofen; Gsk3α/β, glycogen synthase kinase 3 alpha/beta; Golgi, Golgi apparatus; MAGE-D1, melanoma antigen gene-D1; nNOS, neuronal nitric oxide synthase; PAT, palmitoyl acyltransferase; PKA, protein kinase A; PKC, protein kinase C; PKG, protein kinase G; PP2A, protein phosphatase 2A; RING E3, RING E3 ubiquitin ligase; SCAMP2, secretory carrier membrane protein 2; SERT, serotonin transporter; STX3, syntaxin 3; SSRIs, selective serotonin reuptake inhibitors; TLR4, Toll-like receptor 4; TrKBR, tropomyosin receptor kinase B receptor; Ub, ubiquitin. Orange box: Molecules that regulate SERT activity through post-translational modifications. Green box: Molecules involved in the ubiquitination pathway. Purple box: Molecules that modulate SERT activity via SIPs.




4.6.4.2 SERT ubiquitination

In addition to phosphorylation modifications, the ubiquitin-proteasome system is also believed to regulate the stability of most cellular proteins. After a protein is tagged with ubiquitin, it is typically recognized by the proteasome, leading to its degradation. The ubiquitination status of SERT is a key regulatory factor in its proteasomal degradation, and the occurrence of depression is significantly associated with reduced levels of ubiquitinated SERT. The interaction between melanoma antigen gene-D1 (MAGE-D1) and RING E3 ubiquitin ligase enhances the ability of RING E3 to recognize and ubiquitinate target proteins. Mouri et al. (2012) found that knockdown of MAGE-D1 in the mouse mPFC resulted in reduced SERT ubiquitination levels, increased SERT expression, and depressive-like behaviors in the mice. This phenomenon could be reversed by the SSRI sertraline. Conversely, overexpression of MAGE-D1 in cells led to an increase in SERT ubiquitination levels, accompanied by a significant reduction in SERT activity and expression. Diacylglycerol kinase (DKG) can activate the PA/Praja-1/E3 ubiquitin-protein ligase pathway, increasing SERT ubiquitination and inducing its degradation. DGK knockout mice often exhibit compulsive behaviors (Lu et al., 2020). In clinical studies, Nakamura et al. (2024) found that patients with chronic orofacial pain comorbid with depression exhibited upregulation of total SERT and downregulation of ubiquitinated SERT in plasma. Duloxetine improved the depressive symptoms by increasing the ubiquitination of SERT, thereby reducing platelet SERT concentration. Additionally, Mouri et al. (2016) found that in patients with severe depression who were unresponsive to the antidepressant fluvoxamine, there was a significant reduction in the ubiquitination levels of peripheral blood lymphocyte SERT. This reduction led to insufficient degradation of SERT by proteasomes, resulting in elevated SERT expression and drug resistance in these patients. The natural degradation of SERT through ubiquitination provides more molecular targets for depression-targeted therapies. Combining ubiquitination regulators with traditional antidepressants could potentially generate a synergistic effect, enhancing the therapeutic efficacy of antidepressant treatments.



4.6.4.3 SERT glycosylation

Glycosylation is another common post-translational modification, where carbohydrate groups are added to specific amino acid residues on proteins through enzymatic catalysis. The glycosylation process begins in the endoplasmic reticulum and continues in the Golgi apparatus. Hyper-glycosylation of SERT enhances its membrane expression and functional activity, which is crucial for maintaining normal serotonin reuptake. However, abnormal increases in this modification may regulate SERT transport efficiency and serve as one of the key molecular mechanisms underlying the development of depression. Both fluoxetine and 4-Phenylbutylate promote the correct glycosylation of SERT in the endoplasmic reticulum, which enhances its serotonin uptake activity and accelerates its transport to the plasma membrane (Hirakawa et al., 2022; Fujiwara et al., 2013). N-acetylglucosaminyltransferases (Mgat 1–5) are key enzymes in the Golgi apparatus responsible for the proper glycosylation of glycoproteins. Mgat1 is essential for normal growth and development, as Mgat1 knockout mice die by 8 weeks of age. Mgat2 knockout mice exhibit psychomotor disorders. In contrast, knockout of Mgat5 increases stress tolerance in mice and alleviates depressive-like behavior induced by chronic mild stress, but it also reduces sensitivity to SSRIs (Soleimani et al., 2008). Therefore, impaired glycosylation may serve as a predictive biomarker for antidepressant treatment response. Future efforts to repair or compensate for SERT glycosylation defects could potentially enhance patients’ responses to antidepressant medications.



4.6.4.4 SERT palmitoylation

Palmitoylation is an increasingly recognized dynamic post-translational modification that, unlike ubiquitination, can enhance protein stability and prevent rapid degradation. Insufficient palmitoylation may lead to abnormal SERT localization, preventing it from effectively anchoring to the presynaptic membrane, thereby impairing 5-HT reuptake and disrupting neurotransmitter balance. Harada’s recent study found that the palmitoylation sites are located at SERT Cys-147 and Cys-155. Mutations at these sites result in reduced membrane expression of SERT and weakened 5-HT uptake ability. This suggests that palmitoylation plays a crucial role in regulating SERT function and stability, highlighting its potential importance in understanding neurobiological mechanisms related to mood disorders and antidepressant treatments (Harada et al., 2023). At the same time, Brown and Foster (2023) also observed the palmitoylation status of SERT and found that the irreversible palmitoyl acyltransferase inhibitor 2-bromopalmitate reduced SERT expression and transport activity. He noted that this phenomenon closely resembled the effects of the traditional antidepressant escitalopram, suggesting that palmitoylation may play a critical role in regulating SERT dynamics and transport capacity, potentially being the main mechanism by which escitalopram induces SERT internalization and exerts its antidepressant effects. Although SERT palmitoylation shows promise in depression research, it still faces many limitations. Current studies lack clinical validation, and the precise mechanisms by which palmitoylation regulates SERT function remain insufficiently understood. Future research will need to focus on further mechanistic studies, accumulating clinical data, and developing therapeutic strategies. These efforts will help elucidate the role of palmitoylation in depression and could drive its development as a novel therapeutic target.



4.6.4.5 Serotonylation

It is worth noting that in addition to the various post-translational modifications of SERT itself, SERT can also influence the modification processes of other proteins. Serotonylation, which refers to the process by which serotonin, taken up by SERT into the cell, is bound to the glutamine residues of target proteins via transglutaminases, is one such modification (Pandya et al., 2017). This specific form of protein modification was not widely recognized and studied until the early 21st century. Among the various types of serotoninylation, histone serotoninylation is one of the most studied. It often occurs at specific sites of histone H3 in the cell nucleus, where it can influence gene expression and chromatin remodeling, thus playing a role in the regulation of various cellular processes, including those relevant to mood and depression. The level of serotoninylation on histone H3K4me3Q5ser in the DRN of the brain has been shown to positively correlate with aggressive behavior in rats (Meijer, 2023). In a recent study, Kachak et al. (2024) found that chronic stress leads to dysregulation of H3K4me3Q5ser serotoninylation in the DRN of mice, a change also observed in postmortem specimens from patients with MDD. Moreover, reducing H3K4me3Q5ser serotoninylation in stress model mice or treating them with fluoxetine improved both their depressive-like symptoms and the dysregulated H3K4me3Q5ser serotoninylation levels. This finding suggests that serotoninylation, through its regulation of the body’s gene expression program, plays a role in the onset of depression. Serotonylation of histone H3Q5 promotes the binding of the transcription factor TFIID initiation complex to promoters containing H3K4me3, playing a crucial role in regulating neuronal differentiation and maintaining neuronal plasticity (Jiang et al., 2021). In addition to histones, GTPases are another important target of serotoninylation. Pandya et al. (2017), in his research, found that overexpression of TGM2 led to a decrease in small GTPase Rac1 levels in the mouse prefrontal cortex, accompanied by depressive-like behaviors. This phenomenon suggests a potential link between Rac1 serotoninylation and depression. We hypothesize that the overexpression of TGM2 enhances Rac1 serotoninylation, leading to its decreased expression and ultimately inducing depressive-like behavior in mice. Serotonylation plays a significant role in the diagnosis and treatment of depression, serving as an important pathway for serotonin to regulate nervous system function.




4.6.5 SERT interacting proteins

In addition to post-translational modifications, the uptake activity, membrane expression, and transport function of SERT are dynamically regulated by various SERT interacting proteins (SIPs). Understanding the regulatory patterns between SERT and SIPs can help us better comprehend the relationship between SERT expression and depression. Over 400 SIPs have been identified to date (Motoike et al., 2021). Recent studies suggest that some SIPs may play a role in the pathogenesis of depression. For example, neuronal nitric oxide synthase (nNOS) has been shown to physically interact with SERT, leading to a reduction in SERT’s uptake capacity and membrane expression (Sager and Torres, 2011) (Figure 4, Red loop 5). When SERT is inhibited by nNOS, extracellular 5-HT levels significantly increase. The excess 5-HT then enters the cell and activates nNOS, which produces more nitric oxide (NO). NO, in turn, further activates the cGMP/PKG pathway, enhancing SERT’s transport capacity and membrane expression (Zhong et al., 2012; Zhong et al., 2012) (Figure 4, Green loop 2). Their reciprocal interaction maintains normal 5-HT neurotransmission. Sun’s research found that CUMS enhances the coupling between nNOS and SERT in the mouse DRN, indirectly activating the 5-HT1A autoreceptor in the DRN, which induces depressive-like behaviors in mice. ZZL-7 exerts antidepressant effects by blocking this interaction (Sun et al., 2022). In addition, the FLOT1 protein has been confirmed to interact with SERT. Compared to normal mice, FLOT1 knockout mice are more likely to exhibit depressive-like behaviors under chronic corticosterone stimulation, along with increased SERT expression in the hippocampal tissue (Reisinger et al., 2019). This suggests that FLOT1 may inhibit SERT activity through its interaction with SERT (Figure 4, Green loop 5). Effectively harnessing this effect could contribute to the development of novel antidepressant drugs. The phospholipid molecule phosphatidylinositol-4,5-bisphosphate (PIP2) drives SERT to the plasma membrane, enhancing its activity and promoting the uptake of extracellular 5-HT (Baudry et al., 2019) (Figure 4, Green loop 6). On the other hand, syntaxin 3 locks SERT within the endoplasmic reticulum and Golgi apparatus, preventing it from translocating to the plasma membrane to perform its normal function (Motoike et al., 2021) (Figure 4, Red loop 6). The SERT Gly56Ala mutation is associated with an autism phenotype. Robson discovered that this mutation activates p38 MAPK, leading to increased membrane stability of SERT, enhanced 5-HT uptake, and hypersensitivity of 5-HTR1A (Robson et al., 2018). Moreover, specific knockout of p38 MAPK in central 5-HT neurons prevented depressive-like behaviors in mice triggered by lipopolysaccharide stimulation and reduced 5-HTR1A sensitivity (Robson et al., 2018) (Figure 4, Green Loop 3). This phenomenon suggests that p38αMAPK activity is a major determinant of receptor and behavioral changes in SERT Ala56 mice and also reveals that alterations in p38αMAPK could be a potential pathogenic mechanism for depression. Quinlan et al. (2020) continued to analyze the SIPs in Gly56Ala mutant mice and found that, compared to the control group, 69 SIPs, including protein phosphatase 2A (PP2A), showed enhanced interaction with SERT (Figure 4, Green loop 4), while the interaction with 308 SIPs, including FLOT1, was weakened. The direct connection between these proteins and depression still requires further experimental validation in future studies. Since traditional antidepressants often have a certain latency before reaching their optimal effects [due to reasons such as 5-HTR1A hypersensitivity or compensatory mechanisms of low-affinity transporters (Bacq et al., 2012)], understanding the dynamic interactions between SIPs and SERT, and strategically utilizing or blocking SIPs’ modulation of SERT activity, could help us design new targeted drugs. This approach could improve the efficacy of traditional antidepressants and enhance the quality of life for patients.





5 Conclusion and future perspectives

Although growing evidence highlights the involvement of multiple complex biological processes in the pathophysiology of depression, the 5-HT system remains an integral and actively participating component in its development and progression. With advances in scientific technology, more mechanisms related to 5-HT in depression are emerging. These mechanisms collectively affect mood regulation through multiple pathways, including neurotransmitter levels, transport, and genetic polymorphisms. The development of modern antidepressant medications has benefited from the in-depth study of the 5-HT system. Research on the 5-HT system has not only deepened our biological understanding of depression but also provided crucial insights for developing more effective treatments. Future directions for research include exploring the complex network interactions between 5-HT and other neurotransmitters such as dopamine and norepinephrine; examining the dynamic changes in the 5-HT system across different emotional states and life environments; advancing gene-drug interaction studies to optimize precision treatment for depression; and integrating perspectives from neurobiology, psychology, and sociology to explore the role of the 5-HT system in cross-cultural and social contexts. Investigating gene-level mechanisms, neural network regulation, and personalized treatment approaches may further enhance the clinical application of the 5-HT system in depression treatment strategies.
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Glossary

3-HK - 3-Hydroxykynurenine

5-HIAA - 5-hydroxyindoleacetic acid

5-HT - 5-Hydroxytryptamine, serotonin

5-HTP - 5-Hydroxytryptophan

5-HTR - 5-Hydroxytryptamine Receptor

5-HTTLPR - 5-Hydroxytryptamine transporter linked polymorphic region

AADC - Aromatic L-amino acid decarboxylase

ADHD - Attention-deficit/hyperactivity disorder

AKT - Protein kinase B

ALDH - Aldehyde dehydrogenase

BD - Bipolar disorder

BDNF - Brain-derived neurotrophic factor

cAMP - Cyclic adenosine monophosphate

ceRNAs - Competitive endogenous RNAs

CI - Cognitive impairment

CpG - Cytosine-phosphate-guanine

CSF - Cerebrospinal fluid

CUMS - Chronic unpredictable mild stress

DA - Dopamine

DGK - Diacylglycerol kinase

DRN - Dorsal raphe nucleus

ECT - Electroconvulsive therapy

FAAH - Fatty acid amide hydrolase

GABA - Gamma-aminobutyric acid

GPCRs - G protein-coupled receptors

GR - Glucocorticoid receptor

GSK3 - Glycogen synthase kinase-3

HP - Hippocampus

HPA - Hypothalamic-pituitary-adrenal

HSP - Heat shock protein

IBS - Irritable bowel syndrome

IDO - Indoleamine 2,3-dioxygenase

lncRNAs - Long non-coding RNAs

LBP - Lipopolysaccharide-binding protein

LPS - Lipopolysaccharide

MAGE-D1 - Melanoma antigen gene-D1

MAO - Monoamine oxidase

MDD - Major depressive disorder

miRNAs - MicroRNAs

mPFC - Medial PFC

NAc - Nucleus accumbens

ND - Nicotine dependence

NGF - Nerve growth factor

NMDA - N-Methyl-D-aspartate

nNOS - Neuronal nitric oxide synthase

NO - Nitric oxide

Nrf2 - Nuclear factor erythroid 2-related factor 2

OD - Opioid dependence

PFC - Prefrontal cortex

PKA - Protein kinase A

PKC - Protein kinase C

PP2A - Potein phosphatase 2A

QA - Quinolinic acid

ROS - Reactive oxygen species

SERT - Serotonin transporter

SNP - Single nucleotide polymorphism

SSRIs - Selective serotonin reuptake inhibitors

TDO - Tryptophan 2,3-dioxygenase

Tph - Tryptophan hydroxylase

Vmat - Vesicular monoamine transporter

vmPFC - Ventromedial PFC

VTA - Ventral tegmental area
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(Reisinger et al,, 2019; Zhan etal,, 2023)

(Motoike et al., 2021)

5-HTTLPR, serotonin-transporter-linked polymorphic region; DRN, dorsal raphe nucleus; DRVL, dorsal raphe ventrolateral; FLOT!, flotillin-1; GATAZ, GATA binding protein 2 GATA3,
GATA binding protein 3; LmxIb, LIM homeobox transcription factor 1 beta; LncRNA, long non-coding RNA; miRNA, micro ribonucleic acid; nNOS, neuronal nitric oxide synthase; PFC,
prefrontal cortex; IBS, irrtable bowel syndrome; PASMC, pulmonary artery smooth muscle cells; Pet-1, plasmacytoma-expressed transcript 1; p-STATS3, phosphorylated signal transducer and
activator of transcription 3; SERT, serotonin transporter; SIPs, SERT interacting proteins; TF, transcription factor; ZEPMI, zinc finger protein multitype 1.
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