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Clinical and preclinical studies increasingly support the antidepressant potential of several anesthetic agents, including ketamine, propofol, nitrous oxide (N2O), sevoflurane, and isoflurane. Their therapeutic effects appear to arise from the regulation of multiple interconnected systems: modulation of glutamatergic and GABAergic signaling, interaction with monoaminergic neurotransmitters (5-HT, DA, NE), activation of neuropeptide-related pathways such as BDNF and VGF, regulation of the hypothalamic-pituitary-adrenal (HPA) axis, and suppression of inflammatory responses. These pathways overlap with core pathophysiological changes in depression and thus represent promising targets for intervention. Given the limited efficacy and delayed onset of traditional antidepressants, anesthetics with rapid antidepressant properties have emerged as attractive alternatives. However, their precise mechanisms of action, as well as questions regarding long-term safety and optimal clinical application, remain to be fully clarified. This review summarizes recent advances in both experimental and clinical research on the antidepressant effects of anesthetics, highlighting their underlying molecular and neural mechanisms, therapeutic potential, and current limitations. By integrating mechanistic insights with translational evidence, this article provides new perspectives and serves as a reference for future research aimed at developing safe and effective anesthetic-based therapies for treatment-resistant depression.
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1 Introduction

Depression is one of the most prevalent and challenging mental disorders worldwide. According to the World Health Organization (WHO), the global prevalence of depression increased by about 26% during the COVID-19 pandemic (1–3). The WHO further projects that by 2030, depression will represent the leading cause of global disease of burden. Despite the availability of standard antidepressants, their efficacy remains limited, with only 20% to 30% of patients responding effectively and often with significant delays. Additionally, intolerable side effects lead many to discontinue treatment, highlighting the urgent need for novel, safe, rapid-acting antidepressants with fewer side effects.

Recent studies have shown that certain anesthetic agents exhibit antidepressant properties in addition to their conventional analgesic and sedative effects. However, the mechanisms underlying these effects remain unclear, limiting their translation into clinical practice. While most existing reviews have concentrated primarily on ketamine, this article takes a broader comparative approach by systematically examining propofol, nitrous oxide, sevoflurane, and isoflurane alongside ketamine. By bridging anesthesiology and psychiatry, it highlights both shared mechanisms and distinct pharmacological features, along with their potential clinical implications.

In this review, we first provide an overview of current knowledge on these anesthetic agents, followed by an exploration of their common molecular pathways and antidepressant mechanisms. We then assess their therapeutic potential, limitations, and future research directions. This structured approach aims to offer both mechanistic insights and translational perspectives to guide the development of anesthetic-based therapies for depression. In addition, this review is based on an extensive search of literature in PubMed and Web of Science databases prior to 2025, using terms such as “anesthetics,” “depression,” “ketamine,” “propofol,” “nitrous oxide,” “sevoflurane,” and “isoflurane. Both preclinical and clinical studies were included to highlight major molecular pathways and translational implications. Given the narrative nature of this work, no formal PRISMA protocol, inclusion/exclusion criteria, or risk-of-bias assessments were applied.




2 Ketamine: a prototype of rapid-acting antidepressants

Ketamine, one of the earliest developed anesthetics, has attracted considerable research interest since its antidepressant effects were first reported in 2000 (4). It has been shown to exert rapid and robust antidepressant effects, particularly in treatment-resistant depression (5–7.). In recent years, a growing body of clinical trials has demonstrated the clear advantages of ketamine over traditional antidepressants, especially following the FDA’s approval of esketamine nasal spray in 2019 as the first rapid-acting antidepressant (8, 9). However, concerns regarding side effects, including addiction and cognitive impairment, have also been raised (10). Therefore, it is of great importance to review the molecular mechanisms underlying ketamine’s antidepressant actions, and to compare its distinct pathways with those of other anesthetic agents such as nitrous oxide (N2O), propofol, sevoflurane, and isoflurane.



2.1 Modulation of glutamate and GABAergic systems

Glutamate, the most abundant excitatory neurotransmitter in the brain, plays a pivotal role in synaptic plasticity. Chronic stress can lead to excessive glutamatergic activity, impairing synaptic connectivity and subsequently disrupting the function of γ-aminobutyric acid (GABA), the principal inhibitory neurotransmitter. Abnormalities in either glutamate or GABA signaling-or more critically, an imbalance in glutamate/GABA-mediated excitatory-inhibitory (E/I) regulation across different brain regions-are considered central mechanisms in the pathophysiology of depression. Correcting this imbalance has therefore become a major focus of antidepressant development.



2.1.1 NMDAR regulation and synaptic plasticity

Patients with depression exhibit impaired of glutamate-glutamine cycling in the anterior cingulate gyrus and prefrontal cortex (PFC), leading to excessive accumulation of glutamate and subsequent neurotoxicity, which contributes to the pathogenesis of depression (11). Glutamate-related receptors in humans include ionotropic receptors such as N-methyl-D-aspartate receptors (NMDARs) and AMPA receptors (AMPARs), as well as metabotropic G-protein–coupled receptors (mGluRs). While many studies have focused on glutamate receptors and their associated signaling pathways, the precise mechanisms underlying their role in depression remain to be fully elucidated. Recent progress has shed light particularly on NMDARs and mGluR2 in depression.

Excessive accumulation of extrasynaptic glutamate is thought to activate extrasynaptic NMDARs, triggering aberrant signaling that disrupts synaptic function and promotes neuronal loss. This process involves calcium influx through over-activated NMDARs, leading to excitotoxicity and neuronal death (12, 13), Such mechanisms are strongly implicated in depression (14, 15). Early studies also suggested a potential interaction between NMDARs and potassium channels (16). Thus, it is reasonable to hypothesize that ketamine may exert its fast-acting and sustained antidepressant effects by antagonizing the NMDAR modulation of potassium channel function.

Astrocytic glutamate transporter-1 (GLT-1), predominantly expressed in the hippocampus and cerebral cortex, plays a major role in regulating extrasynaptic glutamate levels (17, 18). By enhancing GLT-1 expression via the NMDAR-BDNF-TrkB pathway, ketamine promotes glutamate uptake by astrocytes, reduces extrasynaptic glutamate concentration, prevents neuronal overactivation, and thereby exerts antidepressant effects (19).

Postsynaptic density protein 95 (PSD-95), a key structural component of excitatory synapses, regulates receptor expression and synaptic plasticity (20). Clinical evidence suggests a close association between reduced PSD-95 levels and depression. NMDAR-dependent long-term depression (LTD) is accompanied by autophagy-mediated loss of PSD-95, which alters synaptic plasticity (21). Multiple clinical studies have shown a close association between decreased PSD-95 protein and the development of depression. PSD-95 protein is involved in the regulation of multiple neurotransmitter receptors and ion channels, and Early growth response 1 (Egr-1) is a negative regulator of PSD95 protein. Ketamine has been shown to increase PSD-95 expression by downregulating Egr-1, a negative regulator of PSD-95, through blockade of NR2B-containing NMDARs (22). This restoration of PSD-95 enhances synaptic plasticity and may underlie ketamine’s rapid antidepressant effects.

Glutamate binding to NMDAR, AMPAR initiates postsynaptic membrane depolarization, causing inward calcium ions flow, subsequent CaMKII activation, and AMPAR phosphorylation (21). The activated CaMKII affects synaptic plasticity, and phosphorylates Neuroligin 1 to increase its surface expression, promoting the new synapse formation (23). Calcium influx also suppresses microglial activation and NLRP3 inflammasome activity, reducing neuroinflammation and contributing to antidepressant effects (24). By antagonizing NMDAR-mediated calcium entry, ketamine decreases neuronal hyperexcitability, inhibits inflammatory responses and oxidative stress, and slows the progression of depression.

Additionally, ketamine has been reported to enhance AMPAR expression by inhibiting NLRP3 activation, further reinforcing its antidepressant effects (25, 26). Collectively, these findings suggest that ketamine exerts antidepressant actions through multiple NMDAR- and AMPAR-related mechanisms, ultimately promoting synaptic resilience and reducing neuroinflammation.




2.1.2 AMPAR activation and rapid antidepressant response

AMPA receptors (AMPARs), ionotropic glutamate receptors composed of four subunits (GluA1–GluA4), are located on the postsynaptic membrane of excitatory glutamatergic synapses and are closely linked to synaptic plasticity. Ketamine indirectly activates AMPARs by antagonizing NMDARs and thereby increasing extrasynaptic glutamate concentrations. In addition, ketamine can directly activate AMPARs, rapidly modulating neuronal excitability and producing antidepressant effects. For example, ketamine activates Rac1, which promotes AMPAR recruitment to the postsynaptic membrane via the BDNF pathway, enhancing excitatory postsynaptic potentials and alleviating depressive behavior (27). These findings support the hypothesis that AMPAR activation triggers rapid downstream BDNF signaling responses, resulting in ketamine’s rapid antidepressant effect.

The metabotropic glutamate receptor 2 (mGluR2), located on presynaptic terminals, acts as an inhibitory receptor that regulates glutamate release (28). In both the chronic unpredictable mild stress (CUMS) and chronic restraint stress (CRS) models, mGluR2 has been implicated in antidepressant mechanisms (29, 30), While most clinical data suggest decreased glutamate levels in the brains of depressed patients, some studies show that upregulation of mGluR2, leading to reduced glutamate release, also exerts antidepressant effects—contradicting earlier findings (31). For example, Elhussiny et al. reported that ketamine upregulated mGluR2 expression and exerted antidepressant effects (32). This may reflect stress-induced glutamate over-release, which contributes to depression-related neuropathology; thus, increasing mGluR2 may help restore homeostasis. These findings suggest that early intervention with ketamine, even prior to depressive onset, may help prevent disease development.

Antagonists of mGluR2 also exhibit antidepressant properties through mechanisms overlapping with those of ketamine, including increased glutamate release, enhanced excitatory synaptic activity (33), AMPAR activation (34), mTOR pathway activation (35), and promotion of synapse-relaed protein synthesis (36). Furthermore, studies by Zanos et al. revealed that hydroxynorketamine (HNK), a metabolite of ketamine, exerts antidepressant effects dependent on mGluR2 signaling (28), This suggests that ketamine’s antidepressant efficacy may involve not only direct receptor interactions but also its metabolites acting on mGluR2. Nonetheless, the precise molecular mechanisms underlying ketamine–mGluR2 interactions remain to be clarified.




2.1.3 Restoration of GABAergic transmission and parvalbumin interneurons

GABA, the brain’s main inhibitory neurotransmitter, is synthesized from glutamate by GAD. Reduced activity of GABAergic neurons leads to glutamate accumulation in the synaptic cleft, causing excitotoxicity due to impaired conversion. Clinical evidence supports this mechanism: neuroimaging studies reveal decreased GABA levels in the PFC, occipital cortex, and cingulate gyrus of depressed patients (37, 38), while postmortem studies show fewer GABAergic neurons in the PFC (39). Findings indicate that reduced GABA levels and diminished GABA neuron populations are closely linked to depression. Ketamine may exert antidepressant effects by restoring the glutamate-GABA-glutamine cycle between cortical neurons and astrocytes via NMDAR modulation, although the upstream mechanisms remain to be elucidated (19).

The medial prefrontal cortex (mPFC) is a vital brain region in which ketamine exerts its tachyphylactic antidepressant effects (32), especially in layer V pyramidal cells (14). Chronic unpredictable stress (CUS) reduces synaptic proteins, dendritic spines, and excitatory postsynaptic current strength in these neurons. Ketamine rapidly reverses these structural and functional deficits by promoting spine and synapse formation in an mTOR-dependent manner. In the CUMS model, presynaptic GABA synthesis, release, and uptake in the mPFC are also reduced. Ketamine dose-dependently increases GABA release from the mPFC, elevates GABA levels in the anterior cingulate gyrus, and alleviates depressive behavior (37). These findings suggest that ketamine restores excitatory–inhibitory balance, potentially via perineuronal nets (PNNs) in the prelimbic cortex, which are essential for GABAergic neuron function and synaptic plasticity (40, 41).

Parvalbumin (PV) has gained extensive research interest for its role in depression as a subtype of GABAergic neurons in recent years. Experimental evidence has pinpointed the Glutamate receptor N-methyl-D-aspartate 2A (GLUN2A) on parvalbumin mediates the immediate effects of low doses of ketamine (42), while the GLUN2B-NMDAR on GABAergic interneurons stand as the focal point for the fast-acting antidepressant effects of ketamine (43). Interestingly, a recent study reported that GluN2A on excitatory neurons may serve as the main target for ketamine, providing rapid antidepressant effects without psychiatric side effects (44). PNNs, which enwrap PV neurons, provide structural and functional support; chronic mild stress (CMS) reduces PNN density, increasing vulnerability to stress (45). Experimental removal of PNNs or knockdown of Neurocan, a core PNN component, increases stress susceptibility in rodents; while Neurocan overexpression confers resilience (46). Ketamine enhances Neurocan expression within PNNs, restores PV+ neuron function, and alleviates depressive behaviors, particularly in adolescent models (46, 47).

Stress paradigms appear to differentially affect GABA transmission: acute stress enhances hippocampal GABAergic synaptic activity, whereas chronic stress reduces it (48). Therefore, further studies are needed to delineate how ketamine’s antidepressant mechanisms vary under different stress conditions.





2.2 Neurotrophic and anti-inflammatory pathways

Brain-derived neurotrophic factor (BDNF) plays a central role in the pathophysiology of depression and in antidepressant responses. By activating TrkB receptors, BDNF promotes neuronal survival, synaptic plasticity, and neural repair through multiple intracellular signaling cascades (49). Increasing evidence indicates that ketamine enhances BDNF expression, activates the ERK-CREB pathway, and upregulates glucose transporter 3 (GLUT3), thereby improving astrocytic glucose uptake. These processes enhance neuronal metabolism and are thought to underlie ketamine’s antidepressant actions. It is noteworthy that most of the glucose entering the brain undergoes metabolism from glutamate, a precursor of GABA as well. Increased glucose utilization is beneficial to maintain the balance between glutamate and GABA, exerting an antidepressant role (50). This linkage thereby establishes a connection between the BDNF-TrkB-ERK-mTOR1-CREB signaling pathway and the glutamatergic and GABAergic doctrines of depression. Contrary to the above findings, ERK-ERK1/2 signaling pathway is over-activated as an inflammatory signaling pathway in patients with depression, whereby ketamine exerts neuroprotective and antidepressant effects by inhibiting this process (51). These inconsistencies may reflect differences in treatment duration or experimental conditions.

The BDNF-TrkB pathway also regulates classical monoaminergic neurotransmitters, including serotonin, dopamine, and norepinephrine, and interacts with PI3K/Akt and mTOR signaling to coordinate cell growth and metabolism. Moreover, BDNF has strong anti-inflammatory effects (52). Activated inflammatory factors lead to a decrease in BDNF (53), whereas ketamine elevates BDNF and simultaneously suppresses inflammation, thereby improving depressive behaviors (54). This anti-inflammatory action may itself be mediated through BDNF-TrkB signaling (55).

Ketamine’s effects entail an increase in the release not only of BDNF but also of transforming growth factor-beta 1 (TGF-β) (56). TGF-β1 is an anti-inflammatory factor that plays a neuroprotective role in many neurological disorders (57). Deficiency in TGF-β1 can lead to depression (58). Clinical studies have shown reduced plasma TGF-β1 in patients with major depressive disorder (MDD), which correlates with depression severity (58, 59). Reduced TGF-β1 contribute to drug resistance, while higher TGF-β1 favors antidepressant medication (32). Impaired TGF-β1 signaling has also been shown to impair synapse formation and synaptic plasticity in mice (60), as well as induce depressive behavior (61) in animal models. It has been demonstrated that (R) ketamine rapidly ameliorates chronic social defeat stress (CSDS)-induced reduction of spine density in the mPFC and hippocampus, eliciting an antidepressant effect (62). This effect may be due to the induction of synapse-associated protein synthesis through activation of the ERK-NRBP1-CREB-BDNF pathway in microglial cells and enhancement of synaptic plasticity (63). Conversely, TGF-β increases CREB protein phosphorylation (64), thereby not only enhancing synaptic excitability in the short term, but also exerting a long-lasting effect on synaptic plasticity. Another experiment demonstrated that TGF-β1 receptor on microglia and its downstream signaling pathway mediate the antidepressant effects of R ketamine in CSDS mice (65).

Hyperactivation of the hypothalamic-pituitary-adrenal (HPA) axis and inflammation are strongly associated with depression (66). Hyperactivation of the HPA axis leads to increase secretion of cortisol and corticosterone from the adrenal glands (67). Of these, glucocorticoids play a key role in the development of depression. Although glucocorticoids are generally recognized for their anti-inflammatory role, studies have shown that they can also play a pro-inflammatory role under both acute and chronic stress. Overactivation of the HPA axis increases glucocorticoid levels, which in turn promote the expression of pro-inflammatory factors, mainly NLRP. Additionally, elevated glucocorticoid can block the negative feedback inhibition of the HPA axis through the genome effect of glucocorticoid receptors (GR), thus creating an over-activated HPA axis (68). Consequently, a vicious circle of HPA axis overactivation is formed. Pro-inflammatory cytokines activate microglia and promote differentiation of microglia towards the M1 phenotype, whereas M1-type microglia secrete cytokines to further amplify inflammation and drive depression (69, 70). The study by Liu Y et al. used a drug delivery system that targeted microglia and found that inhibition of microglial MPA axis was not possible (70). LeGates et al. found that inhibition of microglia M1-type polarization was effective in relieving inflammation-related, consistent with the above view (71). Meanwhile, increased corticosterone are integral to the progression of depression (72). Ketamine reduces peripheral corticosterone concentration, normalizes corticosterone receptor expression, and facilitates synapse formation, exerting an antidepressant effect (73).

The NLRP inflammasome is a three-part multiprotein complex whose activation is associated with microglia-mediated neuroinflammation and partial neuronal degeneration.The NLRP1 and NLRP3 inflammasomes are mainly expressed in microglia of the brain (74, 75). NLRP1-driven inflammatory responses were shown to be involved in chronic stress-induced depressive behaviors, which may be related to the CXCL1-CXCR2-BDNF signaling pathway (75), and ketamine can exert rapid antidepressant effects mediated through the BDNF pathway (76). In addition, numerous studies have shown that CUMS leads to a significant increase in NLRP3 in mice (32, 77), which promotes neurotoxic glial activation and depressive phenotypes (78). Ketamine exerts a rapid antidepressant effect by inhibiting NLRP3 inflammatory vesicle activation (79, 80). This highlights a possible interaction between ketamine, NLRP inflammasomes, and BDNF pathways. Recent evidence also implicates the SIK1-CRTC1 signaling pathway in PVN neurons mediates CSDS- and CUMS-induced depressive behaviors (79, 81), and that ketamine enhances CRTC1 expression and induces enhanced excitatory synaptic transmission at Schaffer side branch CA1 synapses, exerts rapid antidepressant effects, and ameliorates depressive behavior in CRTC knockout mice (82). These findings further support a link between ketamine’s rapid antidepressant effects, the HPA axis, and neuroplasticity.

Both over-activated HPA axis and inflammation are involved in the development of depression (83) and they interact with each other. Namely, the abnormal HPA axis under chronic stress causes activation of the immune system, and chronic stress of the immune system triggers low-grade inflammation. Elevated cytokines released during inflammation, such as IGF and other inflammatory markers, will affect neurotransmitter and neurotrophic regulation, thereby reducing neurogenesis and participating in the development of depression (84).




2.3 Other neurotrophic factors (BICC1, VGF, IGF family)

BICC1 is considered a downstream signal of BDNF-TrkB-mTOR pathway and plays a role in regulating GluA1 expression (85). Necropsy revealed that BICC1 mRNA expression is upregulated in the dorsolateral prefrontal cortex and dentate gyrus of MDD patients. Similarly, increased BICC1 expression has been observed in prefrontal cortex and hippocampal regions of CUMS mice. Notably, BICC1 gene knockdown has effective in preventing the development of depressive behaviors (86). Genetic studies further support this link, with two single nucleotide polymorphisms (SNPs) in the BICC1 gene associated with depression (87). Ketamine treatment rapidly decreases BICC1 expression, correlating with the reversal of depressive behaviors in animal models (88).

VGF is a secreted protein and neuropeptide precursor regulated by BDNF and involved in synaptic plasticity (89). Research has linked VGF and its derivatives to depression mechanisms (90). In the CSDS mice, VGF produces antidepressant effects and promotes cell proliferation in hippocampal dentate gyrus (91), which itself contributes to ameliorating depressive behaviors. VGF mediates ketamine’s rapid antidepressant effects through the TrkB-mTOR-BICC1 signaling pathway, specifically by regulating GluA1 phosphorylation (92). Ketamine’s prevention of CRS-induced 4E-BP1 phosphorylation, PSD-95 and GluA1 immunocontent in the prefrontal cortex, reinforcing its characteristic of a prophylactic agent to manage individuals at-risk to develop MDD and anxiety (93). This process may be mediated by VGF-enhanced synaptic transmission via (94), promotion of dendritic maturation (95), and induction of synaptogenesis (96).

The VGF-derived peptide TLQP-62 also exhibits antidepressant effects when administered into the hippocampus (97). Its actions appear to involve activation of the BDNF-TrkB-CREB pathway (94) and induction of neurogenesis via NMDAR and mGluR5 signaling (98). TLQP-62 transiently increases tissue plasminogen activator (tPA) levels (98), promoting the conversion of proBDNF to mature BDNF (mBDNF) in the hippocampus, which further contributes to antidepressant outcomes (99). In the ventromedial prefrontal cortex (vmPFC), VGF modulates susceptibility to CRS and ketamine’s antidepressant efficacy, through mechanisms involving BDNF expression and calcium signaling (100). Collectively, these findings suggest that VGF and its peptides act as important mediators of ketamine’s rapid antidepressant effects by supporting neurogenesis and synaptic plasticity.

Insulin-like growth factor-1 (IGF-1) is another neurotrophic factor essential for synaptic transmission and plasticity in the central nervous system (101). Reduced IGF-1 levels could be a potential biomarker of depression in animal models (102). Conversely, increasing IGF-1 levels in the brain exerts antidepressant effects (103). In lipopolysaccharide (LPS)–induced depression models, ketamine’s antidepressant effects were shown to depend on IGF-1 release in the medial prefrontal cortex (104).

Similarly, IGF-2 expression is downregulated in the hippocampus of mice exposed to CUS (105) and CRS (106). In contrast, ketamine at antidepressant doses increased IGF-2 and p11 expression, promoting neuronal progenitor cell proliferation and yielding antidepressant effects (106, 107). Thus, ketamine may exert rapid antidepressant effects by enhancing IGF signaling, supporting synaptic plasticity, and counteracting neuroinflammation.




2.4 Autophagy, mitophagy, and cellular homeostasis

Autophagy, a conserved intracellular degradation pathway, plays a key role in maintaining cellular homeostasis and is generally considered cytoprotective. Chronic restraint stress suppresses hippocampal neurogenesis in mice by inducing autophagic cell death (ACD) in neural stem cells (NSCs) (108). Similarly, chronic stress has been shown to inhibit autophagy in rats (109) and promote iron-dependent neuronal death in the hippocampus (110).

Synaptic plasticity is also linked to autophagy. NMDAR-dependent long-term depression (LTD) promotes autophagy-mediated removal of phosphorylated PSD-95 (at T19), which increases AMPAR surface mobility and enhances short-term plasticity (21). Conversely, inhibition of autophagy during LTD reduces AMPAR endocytosis, thereby preserving the AMPAR ratio in the postsynaptic membrane (111). These findings suggest that autophagy may improve synaptic plasticity by modulating postsynaptic AMPAR through different autophagic mechanisms levels during LTD (112). On the other hand, autophagy has also been reported to promote AMPAR degradation, further highlighting its context-dependent effects on synaptic regulation (55). Autophagy also interacts with inflammatory pathways relevant to depression. The NLRP3 inflammasome, a critical mediator linking stress to inflammation, is upregulated in patients with depression and promotes release of pro-inflammatory cytokines. Autophagy inhibits excessive NLRP3 activation, thereby reducing cytokine release, attenuating systemic inflammation, and improving depressive symptoms (113).

Ketamine appears to influence autophagy in ways that improve both synaptic plasticity and inflammation. Studies show that ketamine stimulates autophagy by increasing levels of LC3II and ATG5, while reducing ATG4 and p62/SQSTM1, collectively promoting autophagic activity (109). These effects are associated with improved hippocampal neuroplasticity in stress-exposed rats. Ketamine also protects mitochondrial function by preventing TNF-α–induced degradation of NIX (NIP3-like protein X), thereby enhancing mitophagy and alleviating synaptic deficits (114). Furthermore, ketamine reduces NLRP3-driven inflammation by enhancing hippocampal autophagy, decreasing oxidative stress, and providing neuroprotection (25, 78, 115). It also reverses LPS-induced microglial autophagy blockade by upregulating the HMGB1–RAGE axis (116) and protects against ferroptosis-related cell death in the hippocampus (109).

Taken together, these findings suggest that ketamine exerts antidepressant effects not only by enhancing synaptic plasticity but also by stimulating autophagy to suppress neuroinflammation. Nonetheless, while multiple molecular targets have been identified (Figure 1), their validation in humans remains challenging. This limitation hinders efforts to optimize ketamine’s molecular structure for maximum antidepressant efficacy while minimizing side effects such as addiction.

[image: Diagram depicting the effects of ketamine on synaptic activity. Three regions are illustrated: presynaptic, postsynaptic, and astrocyte areas. Various receptors like NMDAR, TrkB, and mGluR2 are shown influencing pathways such as PI3K-Akt, Ras-ERK, and JAK-STAT, promoting cell proliferation, protein synthesis, and anti-inflammation. Astrocyte and microglia activities are represented, highlighting GLT, TGF-β1-R, and RAGE involvement. Arrows indicate promotion or inhibition of pathways.]
Figure 1 | This figure illustrates ketamine's antidepressant mechanisms across presynaptic terminals, postsynaptic regions, astrocytes, and microglia. It shows ketamine modulates glutamate release presynaptically and activates postsynaptic signaling pathways like PI3K-Akt-mTOR and Ras-ERK. In astrocytes, it promotes GLT-1 expression to enhance glutamate uptake. In microglia, ketamine inhibits the NLRP3 inflammasome and shifts polarization to an anti-inflammatory phenotype. Overall, it highlights ketamine's role in restoring synaptic function and suppressing neuroinflammation.

This figure illustrates ketamine’s antidepressant mechanisms across presynaptic terminals, postsynaptic regions, astrocytes, and microglia. It shows ketamine modulates glutamate release presynaptically and activates postsynaptic signaling pathways like PI3K-Akt-mTOR and Ras-ERK. In astrocytes, it promotes GLT-1 expression to enhance glutamate uptake. In microglia, ketamine inhibits the NLRP3 inflammasome and shifts polarization to an anti-inflammatory phenotype. Overall, it highlights ketamine’s role in restoring synaptic function and suppressing neuroinflammation.





3 Propofol: GABAergic potentiation with antidepressant potential

Propofol is one of the most widely used intravenous sedative anesthetics in clinical practice. In recent years, it has been found that propofol has an unusual effect on the improvement of depressive symptoms (117), particularly in treatment-resistant depression (TRD) (118, 119). Its favorable tolerance profile highlights its potential as a therapeutic option for refractory depression (117), although the precise mechanisms underlying its antidepressant effects remain incompletely understood.



3.1 NMDA receptor modulation and cognitive protection

NMDARs are heterotetrameric ion channels typically composed of two GluN1 (NR1) subunits and two GluN2 (NR2A–D) subunits, which are critical regulators of depression-related pathways (120, 121). Although propofol does not appear to affect NMDAR binding affinity or the duration/amplitude of NMDA-activated single-channel openings (Figure 2), it reduces the frequency of channel openings in a concentration-dependent and reversible manner, effectively acting as a weak NMDAR antagonist (122, 123). Kingston et al. further reported that propofol reduces phosphorylation of the NR1 subunit (pNR1S897 and pNR1S896) via activation of protein phosphatase 2A. This dephosphorylation attenuates NMDA-induced calcium influx, suggesting inhibitory effects on NMDAR activity, though the direct causal relationship between NR1 dephosphorylation and receptor activity requires further clarification (124).

[image: Diagram illustrating interactions between anesthetics and receptors related to anti-depression. Nitrous oxide affects AMPAR, GABA\(_A\)R, GABA\(_B\)R, and 5-HT\(_3\)R through NMDAR, influencing EPSCs and glutamate release. Propofol influences GluR/GABA, p-GluR1/p-GABA\(_A\)R, serotonin, and noradrenaline via NET, SERT, and others. Isoflurane impacts BDNF/TrB and CUMS, while sevoflurane affects GABAergic neurons and HMGB1/TLR4.]
Figure 2 | This figure illustrates the mechanisms of various anesthetic agents (N2O, propofol, sevoflurane, and isoflurane) in exerting antidepressant effects, highlighting their interactions with NMDAR and downstream signaling pathways. N2O antagonizes NMDAR and AMPAR, reducing EPSCs and modulating GABA receptors. Propofol enhances GABAergic transmission and regulates p-GluR1/p-GABAAR. Sevoflurane and isoflurane modulate GABAergic neurons and interact with BDNF/TrkB and HMGB1/TLR4 pathways. These mechanisms contribute to anti-depressant effects by restoring synaptic function, regulating neurotransmitter release, and reducing neuroinflammation.

Interestingly, propofol may also mitigate cognitive impairment associated with electroconvulsive shock (ECS) (125), a procedure with robust antidepressant efficacy but known for memory side effects (126). Synaptic structure plays a key role in learning and memory (127). Combining ECS with propofol reduced ECS-induced activation of NMDARs, thereby lowering long-term potentiation (LTP) and long-term depression (LTD) thresholds, ultimately alleviating memory deficits in stressed rats (128). These findings suggest that ECS combined with propofol may provide synergistic antidepressant benefits while reducing cognitive side effects.

Of note, ECS and propofol appear to achieve antidepressant effects through distinct mechanisms of NMDAR regulation. Excess extrasynaptic glutamate, commonly observed in depressed patients, activates extrasynaptic NMDARs, triggering neurotoxic signaling that leads to synaptic dysfunction and loss (129, 130). ECS reduces extrasynaptic glutamate and upregulates NR2B expression, whereas propofol prevents glutamate-induced NR2B activation, thereby protecting against synaptic damage. (12). This indicates that the antidepressant role of NMDAR modulation may extend beyond simple NR2B antagonism, warranting further mechanistic exploration.




3.2 Enhancement of GABA(A) receptor activity

Major depressive disorder (MDD) is associated with reduced brain GABA levels and altered subunit composition of GABA(A) receptors (GABAARs) (131). Propofol enhances GABAAR activity, a property central to its anesthetic effects (132, 133). This enhancement may also contribute to its antidepressant potential. demonstrated that propofol increases phosphorylation of both AMPAR GluR1 and GABAAR subunits in the hippocampus of stressed rats treated with ECS, suggesting coordinated modulation of excitatory and inhibitory balance (134). Moreover, combining low-dose ketamine with propofol stabilized the p-GluR1/p-GABAAR ratio, further enhancing ECS efficacy and alleviating cognitive dysfunctions (134). Luo et al. reported similar findings, showing that propofol mitigates ECS-induced learning and memory deficits by suppressing GAD65 overexpression and restoring the glutamate/GABA balance (135). Collectively, these results suggest that propofol’s antidepressant effects are at least partly mediated by potentiation of GABAAR responses.




3.3 Interaction with BDNF and neuroplasticity

BDNF is essential for synaptic plasticity and is strongly implicated in MDD pathophysiology (136–138). Dysregulation of BDNF processing has been linked to depressive states. For example, increased expression of plasminogen activator inhibitor-1 (PAI-1) prevents conversion of proBDNF to mature BDNF (mBDNF), leading to reduced hippocampal BDNF levels in depression models (139, 140).

Evidence suggests that propofol may modulate hippocampal BDNF levels. While some studies report that propofol alone does not significantly alter BDNF expression, its combination with electroconvulsive therapy (ECT) indirectly increases hippocampal BDNF, thereby improving cognition and producing antidepressant effects (140, 141). This highlights a potential synergistic mechanism between propofol and ECT.




3.4 Anti-inflammatory properties and oxidative stress control

Inflammation is increasingly recognized as a key factor in depression, with elevated inflammatory markers and acute-phase proteins frequently observed in MDD patients (53, 142). Inflammatory signaling and oxidative stress amplify each other, worsening neurodegeneration and depressive symptoms. Neurosteroids have also been implicated in modulating neuroinflammation in mood and neurodegenerative disorders (143, 144). Propofol exhibits robust anti-inflammatory properties, including inhibition of LPS-induced microglial activation, which may help alleviate inflammation-associated depressive symptoms (145, 146). Mechanistically, propofol reduces inflammation by disrupting metabolic reprogramming (147), suppressing NF-κB signaling (148), modulating adenosine receptors (149), regulating calcium signaling (150), and preventing reactive oxygen species accumulation (148). These findings support propofol’s potential as a therapeutic candidate for depression associated with neuroinflammation.




3.5 Effects on monoamine reuptake

Monoamine transporters remain critical targets for antidepressants. Inhibition of the norepinephrine transporter (NET) and serotonin transporter (SERT) increases synaptic levels of NA and 5-HT, thereby alleviating depressive symptoms (151, 152). Zhao and Sun reported that propofol inhibits NET and SERT activity, increasing synaptic concentrations of NA and serotonin (Figure 2) (153). However, further studies-particularly those investigating long-term propofol exposure in animal models and humans-are necessary to clarify the clinical relevance of its effects on monoamine transporters in depression.

This figure illustrates the mechanisms of various anesthetic agents (N2O, propofol, sevoflurane, and isoflurane) in exerting antidepressant effects, highlighting their interactions with NMDAR and downstream signaling pathways. N2O antagonizes NMDAR and AMPAR, reducing EPSCs and modulating GABA receptors. Propofol enhances GABAergic transmission and regulates p-GluR1/p-GABAAR. Sevoflurane and isoflurane modulate GABAergic neurons and interact with BDNF/TrkB and HMGB1/TLR4 pathways. These mechanisms contribute to anti-depressant effects by restoring synaptic function, regulating neurotransmitter release, and reducing neuroinflammation.





4 Nitrous oxide: an inhaled antidepressant candidate

Nitrous oxide (N2O), commonly used as an inhaled anesthetic and analgesic, has recently drawn attention for its potential antidepressant effects. Inhalation of N2O was found to improve depressive symptoms in patients with treatment-resistant depression (TRD). For instance, Nagele conducted two successive research trials that demonstrated N2O’s efficacy in improving depressive symptoms, with well-tolerated effects at both 25% and 50% concentrations, lasting up to two weeks. Of these, the 25% concentration had efficacy comparable to 50% but with fewer adverse effects (154, 155). These findings suggest that N2O may be a promising adjunctive therapy for TRD, particularly in patients intolerant to conventional treatments.



4.1 NMDAR and AMPAR antagonism

The antidepressant effects of NMDA receptor antagonists were initially suggested by Trullas and Skolnick (156). Like ketamine, N2O appears to exert antidepressant effects primarily through NMDAR modulation (157, 158). The basolateral amygdala (BLA) plays a crucial role in anesthesia-related amnesia, aversive memory formation, and affective behaviors (159). By antagonizing NMDARs, N2O modulates glutamatergic neurotransmission and exerts antidepressant effects in major depressive disorder (160). Although its NMDAR inhibition is weaker (154) and more rapidly reversible (161) than ketamine’s, N2O still produces dose-dependent hippocampal neurogenesis and antidepressant effects (162, 163). However, at higher concentrations, N2O can cause severe neurotoxic side effects through irreversible vitamin B12 depletion and homocysteine accumulation (164). Moreover, nitric oxide (NO), a metabolite of N2O, is neuroprotective at physiological levels but becomes neurotoxic when present in excess (165, 166). For this reason, N2O is often co-administered with GABAergic anesthetics to counteract its neurotoxic potential (167).

In addition to NMDAR antagonism, N2O also acts as an AMPAR antagonist (Figure 2), reducing excitatory postsynaptic currents (EPSCs) and inhibiting action potential-dependent GABA and glutamate release (168). This activity decreases depressive symptoms by modulating AMPAR-mediated signaling while preserving action potential-dependent neurotransmitter release (161, 168).




4.2 Modulation of GABAergic transmission

Altered GABA signaling has been implicated in depression, as reduced cerebrospinal fluid GABA levels are observed in patients with major depressive disorder (169). GABA mediates presynaptic inhibition at spinal cord synapses. Mennerick et al. reported that N2O slightly prolongs postsynaptic currents via weak enhancement of GABA-A receptor activity (161). Similarly, subsequent experiments confirmed that N2O weakly sensitizes GABA-A receptors at postsynaptic sites, enhancing presynaptic inhibition (168). In addition, N2O weakly blocks GABA-C receptors and 5-HT3 receptors (170). Clinical 1H-MRS studies have shown that GABA levels normalize in remitted patients, consistent with prior findings of decreased GABA concentrations in depression (171, 172). Thus, N2O may alleviate depressive symptoms by weakly enhancing GABA-A receptor function and weakly inhibiting GABA-C receptors (170, 173).




4.3 Activation of BDNF-TrkB-mTOR and GSK3β pathways

BDNF levels are significantly reduced in both the brain and serum of patients with MDD (174, 175). Administration of BDNF, either directly into the hippocampus (176) or peripherally (177) produces antidepressant-like effects through activation of the TrkB-AKT-mTOR pathway (175). GSK3β inhibition, regulated by circadian rhythms, further contributes to mTOR activation, which is essential for rapid antidepressant responses (178).

Recent research highlights the role of N2O in modulating EEG activity associated with antidepressant effects. In a learned helplessness (LH) model, N2O induced a transient phase of cortical excitation followed by a rebound of slow oscillations after cessation of airflow. This rebound phase activated TrkB and GSK3β signaling, suggesting that N2O’s fast kinetics may be critical for its rapid antidepressant responses (179). Moreover, mechanistic studies by Liu et al. demonstrated that repeated N2O exposure increased burst firing in the mPFC and enhanced BDNF expression in an nNOS-dependent manner (Figure 2). These findings indicate that N2O may exert antidepressant effects by activating GSK3β signaling and, in turn, upregulating the BDNF-TrkB-AKT-mTOR pathway (111).




4.4 Engagement of the endogenous opioid system

The endogenous opioid system-comprising endorphins, enkephalins, dynorphins, and their μ-, δ-, and κ-opioid receptors-plays an important role in stress regulation (180). Several studies suggest that N2O primarily targets κ-opioid receptors to mediate analgesic effects, while bypassing μ-opioid receptor activity (181). In addition, N2O promotes the release of opioid peptides, such as methionine-enkephalin and β-endorphin, in the periaqueductal gray matter, further contributing to its analgesic effects (182, 183). At subanesthetic doses, N2O may preferentially act on central opioid receptors, implicating the opioidergic system in its antidepressant mechanisms. Although the role of opioid signaling in N2O’s antidepressant effects remains incompletely defined, it represents an important area for future investigation.




4.5 Cerebral vasodilation and vascular effects

Depression is frequently associated with cardiovascular dysfunction. Patients with MDD are at higher risk of new-onset cardiovascular disease, accelerated atherosclerosis, and early vascular aging (184). Experimental models also demonstrate that CUMS induces both depressive behaviors and endothelial dysfunction (185). These may suggest us that depression might be accompanied by effects on blood flow. Neuroimaging studies show that regional cerebral blood flow (rCBF) in the anterior cingulate cortex and dorsal prefrontal cortex is reduced in depressed patients. Increasing rCBF in these regions has been associated with improved mood (186–188). Interestingly, inhaled anesthetics such as N2O cause cerebral vasodilation, thereby increasing rCBF (167, 189).This hemodynamic effect may represent an additional mechanism contributing to N2O’s antidepressant actions, beyond its effects on neurotransmission and neurotrophic signaling.





5 Sevoflurane: inhaled anesthetic with mood-regulating effects

Sevoflurane is a commonly used inhalation anesthetic in clinical practice that has recently demonstrated potential antidepressant properties, particularly in combination with electroconvulsive therapy (ECT). For instance, Guo et al. reported that 2% sevoflurane exposure alleviated depressive-like behavior in a CUMS model by modulating the HMGB1-TLR4 pathway (190), In addition, a clinical case series described significant improvement in a patient with refractory depression following low-dose sevoflurane treatment (191).These findings suggest that sevoflurane may represent a promising adjunctive or alternative therapeutic strategy for depression.




5.1 Regulation of GABAergic neurons

Sevoflurane may exert antidepressant effects by modulating GABAergic neurons in the nucleus ambiguus (192). The nucleus ambiguus, which forms part of the dopaminergic circuitry (193), contains GABAergic medium spiny neurons that play a major role in mood regulation (194). However, its effects appear to vary depending on developmental stage and dose. In aged mice, sevoflurane exposure promoted radixin phosphorylation, redistributing anchored 5α-GABAARs toward extrasynaptic sites, which was associated with neurotoxic effects (195). In contrast, in neonates, sevoflurane’s potentiation of GABAAR activity may increase susceptibility to post-anesthetic stress, potentially affecting neurodevelopment (196). These findings indicate that sevoflurane’s actions on GABAergic targets can produce divergent outcomes depending on age and context, in addition to dosage.




5.2 Dopaminergic D1 receptor involvement

Evoflurane also influences dopaminergic signaling, particularly through dopamine D1 receptors (D1Rs), which are involved in consciousness and mood regulation. Activation of D1R-expressing neurons in the nucleus accumbens was shown to delay sevoflurane-induced anesthesia and accelerate recovery, suggesting that D1R neurons regulate anesthesia-related alterations in consciousness (197). Furthermore, uncoupling of D1R and D2R has been implicated in the rapid relief of depressive symptoms (198). Supporting this, Noori et al. demonstrated that nucleus accumbens D1-D2 receptor heteromers may play a role in mitigating postpartum depression (199). Taken together, these findings suggest that sevoflurane may exert antidepressant effects, at least in part, through D1R-related modulation.

Although numerous animal studies have demonstrated sevoflurane’s antidepressant efficacy (Figure 2), its independent effectiveness and long-term safety in patients remain uncertain, with only limited clinical cases reported to date (191, 200). Given its established anesthetic profile and preliminary evidence of antidepressant potential, further investigations into sevoflurane’s safety, efficacy, and mechanisms are warranted before its clinical application in depression can be fully realized.





6 Isoflurane: revisiting a classic agent for depression therapy

Isoflurane, an inhaled anesthetic, has been studied for antidepressant potential since the 1980s, with early evidence showing rapid effects: Langer et al. first reported its therapeutic value in 1985, and later demonstrated in a controlled trial that isoflurane combined with electroconvulsive therapy (ECT) improved psychometric outcomes in severely depressed women (201, 202). Isoflurane, an inhaled general anesthetic and structural isomer of enflurane, has been investigated for its psychotherapeutic potential since the mid-1980s. Early clinical evidence suggested that isoflurane could produce rapid antidepressant effects: Langer et al. first reported its therapeutic value in 1985, and later demonstrated in a controlled trial that isoflurane combined with electroconvulsive therapy (ECT) improved psychometric outcomes in severely depressed women (201, 202). Mechanistically, isoflurane shares several pathways with other anesthetic antidepressants. It has been shown to rapidly alleviate CUMS-induced depressive symptoms through activation of the BDNF-TrkB pathway (Figure 2) (203). Isoflurane also selectively inhibits mitochondrial complex I and presynaptic excitatory signaling, leading to decreased presynaptic ATP levels and suppression of synaptic vesicle cycling (204). This mitochondrial inhibition, a hallmark of volatile anesthetics, may contribute to its antidepressant effects by reducing excitatory drive. Consistently, dose-dependent cortical EEG suppression under isoflurane anesthesia has been linked to modulation of learned helplessness behaviors (205). In addition, isoflurane enhances GABAergic transmission, promotes neuroplasticity, and modulates parvalbumin interneurons via TrkB and mTOR signaling pathways, further supporting its potential antidepressant mechanisms (206). Unlike ketamine, isoflurane does not produce psychomimetic side effects or carry a significant risk of abuse, making it an attractive candidate for clinical repurposing.

Although isoflurane is no longer widely used as a first-line anesthetic in modern practice, its distinctive pharmacological profile, safety in controlled use, and evidence of antidepressant efficacy highlight its potential as a therapeutic alternative for treatment-resistant depression. Further clinical studies are needed to establish its long-term safety, efficacy, and optimal therapeutic regimen.




7 Summary



7.1 Glutamatergic and GABAergic regulation

Across all anesthetic agents reviewed, restoration of the excitatory–inhibitory (E/I) balance emerges as a central antidepressant mechanism. Ketamine and nitrous oxide (N2O) primarily act as NMDAR antagonists, leading to compensatory AMPAR activation, enhanced synaptic plasticity, and rapid restoration of excitatory signaling. In contrast, propofol, sevoflurane, and isoflurane potentiate GABA-A receptor function, strengthening inhibitory neurotransmission and normalizing cortical hyperexcitability. Collectively, these mechanisms converge on synaptic remodeling through coordinated modulation of NMDAR, AMPAR, and GABAAR signaling, ultimately reducing excitotoxicity and re-establishing functional connectivity within prefrontal–limbic circuits.




7.2 Neurotrophic pathways

All five anesthetic agents enhance neurotrophic signaling, particularly through BDNF-TrkB and mTOR cascades that promote synaptogenesis and neuronal resilience. Ketamine induces a rapid increase in BDNF expression and activates TrkB-mTOR via CaMKII and PI3K/Akt pathways, underpinning its fast-acting antidepressant effects. N2O and isoflurane also stimulate TrkB-mTOR signaling, whereas propofol indirectly elevates BDNF levels—especially when used in conjunction with electroconvulsive therapy (ECT). Sevoflurane exerts dual effects by enhancing neurotrophic signaling while suppressing inflammation through HMGB1-TLR4 inhibition. Together, these findings highlight the BDNF-TrkB-mTOR axis as a shared molecular denominator across anesthetic-based antidepressants.




7.3 Anti-inflammatory and HPA axis modulation

Chronic inflammation and hyperactivation of the hypothalamic–pituitary–adrenal (HPA) axis are central contributors to depression pathophysiology. Ketamine and propofol alleviate depressive behaviors by suppressing NLRP3 inflammasome activation and reducing pro-inflammatory cytokine release. Sevoflurane inhibits the HMGB1-TLR4 pathway, while isoflurane and N2O attenuate microglial activation and glial-driven inflammation. Several agents also normalize corticosterone or cortisol levels, reflecting restoration of HPA axis homeostasis. Collectively, these anti-inflammatory and neuroendocrine regulatory effects suggest that anesthetic agents act not only on neurotransmission but also on systemic stress and immune responses.




7.4 Mitochondrial and autophagy regulation

Mitochondrial protection and enhanced autophagy further contribute to the neuroprotective and antidepressant properties of anesthetic agents. Ketamine and isoflurane stimulate autophagy-mediated synaptic protein turnover, supporting synaptic renewal and energy balance. Propofol mitigates oxidative stress and prevents mitochondrial dysfunction through NF-κB inhibition and antioxidative mechanisms. These effects collectively maintain neuronal integrity and promote cellular homeostasis, providing an additional layer of protection against stress-induced neurodegeneration (Table 1).


Table 1 | Primary molecular targets and signaling pathways of anesthetic antidepressants.
	Agent
	Primary targets
	Key pathways involved
	Dominant neurobiological effects



	Ketamine
	NMDAR (GluN2B), AMPAR, mGluR2
	BDNF-TrkB-mTOR, ERK-CREB, NLRP3 inhibition
	Rapid synaptogenesis, reduced inflammation


	Propofol
	GABAAR, NMDA (NR1 dephosphorylation)
	BDNF-ERK, NF-κB suppression, antioxidant response
	Enhanced GABAergic tone, neuroprotection


	N2O
	NMDAR, AMPAR, GABAAR (weak)
	TrkB-GSK3β-mTOR, nNOS activation
	Increased neurogenesis, cortical excitation–inhibition balance


	Sevoflurane
	GABAAR, D1R, HMGB1-TLR4
	BDNF-TrkB, inflammatory suppression
	Anti-inflammatory, mood stabilization


	Isoflurane
	GABAAR, TrkB, mTOR
	BDNF-TrkB-mTOR, mitochondrial regulation
	Enhanced plasticity, reduced excitatory drive










7.5 Integration of preclinical and clinical findings

Overall, ketamine remains the most extensively validated anesthetic with both preclinical and clinical evidence of antidepressant efficacy. Propofol and N2O show consistent but smaller-scale evidence, while sevoflurane and isoflurane demonstrate promising mechanistic overlap but limited human data. Together, these findings indicate a shared pattern of synaptic restoration, neurotrophic activation, and anti-inflammatory modulation across anesthetic classes. (Table 2 and 3).


Table 2 | Preclinical and clinical evidence for each agent.
	Agent
	Preclinical evidence
	Clinical evidence
	Level of evidence



	Ketamine
	Robust evidence from CUMS, CRS, and CSDS models; multiple molecular targets validated
	>40 RCTs and meta-analyses show rapid efficacy in TRD
	High


	Propofol
	Animal models show modulation of GABAAR and BDNF pathways
	Case reports and small RCTs in TRD or ECT settings
	Moderate


	N2O
	Demonstrated neurogenesis and TrkB activation in rodents
	Two randomized crossover trials and several pilot studies
	Moderate


	Sevoflurane
	Anti-inflammatory and GABAergic effects in mice
	Limited clinical case reports
	Low–Moderate


	Isoflurane
	Antidepressant-like effects and TrkB activation in animals
	Historical human studies (1980s-1990s); small modern series
	Low–Moderate








Table 3 | Clinical outcomes and safety profiles.
	Agent
	Onset & duration of effect
	Reported side effects
	Safety/tolerability



	Ketamine
	Rapid (hours), lasts 1–7 days
	Dissociation, BP elevation, potential abuse
	Well-tolerated with monitoring


	Propofol
	Rapid but transient mood improvement
	Hypotension, respiratory depression (dose-dependent)
	Safe under clinical supervision


	N2O
	Within hours, sustained up to 2 weeks
	Nausea, mild dizziness; B12 depletion with chronic use
	Generally safe; avoid prolonged exposure


	Sevoflurane
	Onset within 24 h (single exposure in rodents); human duration unknown
	Cognitive impairment at high doses
	Good short-term tolerability


	Isoflurane
	Rapid improvement in mood and cognition
	Hypotension, anesthesia-related effects
	Safe in controlled settings











8 Challenges and future perspectives



8.1 Safety and ethical considerations

Although anesthetic-based antidepressants, particularly ketamine and its enantiomer esketamine, demonstrate rapid and robust antidepressant efficacy, their clinical implementation raises important safety and ethical considerations. First, the potential for misuse and dependence cannot be overlooked. Clinical and epidemiological evidence indicates that repeated or non-medical ketamine exposure is associated with abuse liability, cognitive impairment, and urological toxicity, emphasizing the need for stringent prescribing limits, addiction risk assessment, and follow-up monitoring (207). Second, concerns regarding neurodevelopmental safety in pediatric and adolescent populations remain substantial. Both preclinical and clinical studies have suggested that early or repeated exposure to general anesthetics may disrupt synaptic development and neurocognitive maturation (208, 209). Therefore, anesthetic-based interventions in younger populations should be limited to controlled research settings with rigorous long-term cognitive and behavioral follow-up. Third, in older adults, anesthetic exposure has been associated with postoperative cognitive dysfunction (POCD) and possible long-term neurocognitive decline, particularly in individuals with vascular or neurodegenerative comorbidities (210). Accordingly, any clinical use of anesthetic antidepressants in elderly patients should include baseline cognitive screening, peri-treatment monitoring, and post-treatment neuropsychological assessment.




8.2 Translational challenges

Translating anesthetic agents from perioperative or procedural use to mainstream psychiatric care presents significant regulatory, clinical, and socioeconomic challenges. From a regulatory perspective, obtaining approval for psychiatric indications requires extensive Phase III randomized controlled trials to demonstrate sustained efficacy and long-term safety, as exemplified by esketamine’s FDA approval process in 2019. Moreover, approved use typically entails controlled settings, qualified personnel, and post-administration observation. Clinically, effective integration of anesthetic-based antidepressants demands interdisciplinary collaboration between anesthesiology and psychiatry, establishment of standardized protocols for patient screening, administration, and monitoring, and incorporation of psychosocial support into treatment workflows. Economically, limited infrastructure and monitoring requirements increase per-session cost and may restrict accessibility, particularly in resource-limited healthcare systems. Addressing these translational barriers will require coordinated efforts in regulatory alignment, healthcare delivery reform, and cost-effectiveness evaluation.




8.3 Need for long-term follow-up and biomarker development

Most current clinical trials focus on short-term outcomes—typically spanning several days to a few weeks—thereby leaving the long-term safety, durability of response, and relapse patterns of anesthetic-based antidepressants largely unknown. Future research should prioritize longitudinal follow-up studies extending from 6 to 24 months, systematically assessing sustained efficacy, adverse events (including potential dependence), and functional outcomes such as cognitive and social recovery. In parallel, there is an urgent need to develop and validate biomarkers—including neuroimaging parameters, electrophysiological signatures, genetic and inflammatory markers—to identify patients most likely to benefit from anesthetic antidepressants with minimal risk. Such precision approaches could ultimately inform personalized psychiatry and rational therapeutic selection (211).




8.4 Future research priorities

To advance the field responsibly, future research should emphasize:

(1) Large-scale, multicenter randomized controlled trials (RCTs) directly comparing different anesthetic agents (e.g., intravenous ketamine, nitrous oxide, propofol) with standard antidepressants and placebo across both short- and long-term intervals.

(2) Head-to-head comparative studies examining relative efficacy and safety among anesthetic compounds and versus other rapid-acting agents, such as esketamine nasal spray.

(3) Optimization of dosing and administration paradigms, including dose-response studies, alternative routes (intravenous, inhaled, intranasal), and maintenance strategies.

(4) Combination therapy research, exploring potential synergy between anesthetic antidepressants and psychotherapy, repetitive transcranial magnetic stimulation (rTMS), or maintenance pharmacotherapy.

Finally, as these novel therapeutics redefine treatment-resistant depression management, they may also transform the paradigm of psychiatric care—from symptomatic relief toward precision psychiatry grounded in molecular profiling, longitudinal monitoring, and interdisciplinary collaboration.





9 Conclusion

Anesthetics once regarded solely as agents for sedation and analgesia are now recognized as potential rapid-acting antidepressants. Evidence from both clinical and preclinical studies highlights their ability to alleviate depressive symptoms through diverse yet interconnected mechanisms. These include modulation of glutamatergic and GABAergic transmission, regulation of monoaminergic and opioid systems, enhancement of neurotrophic signaling pathways such as BDNF-TrkB-mTOR, suppression of neuroinflammation, and restoration of neural plasticity. Agents such as ketamine, propofol, nitrous oxide, sevoflurane, and isoflurane demonstrate distinct pharmacological profiles but converge on common molecular and circuit-level mechanisms that underlie mood regulation.

Despite encouraging findings, significant challenges remain. The long-term safety of repeated anesthetic exposure, potential neurotoxic effects in vulnerable populations, and the risk-benefit balance relative to established antidepressants require careful consideration. Furthermore, most clinical evidence to date derives from small trials or case series, emphasizing the need for larger, well-designed studies to confirm efficacy, optimize dosing regimens, and identify patient subgroups most likely to benefit.

Looking ahead, the exploration of anesthetics as antidepressants offers a unique opportunity to bridge anesthesiology and psychiatry. Continued mechanistic research may not only guide the rational repurposing of existing agents but also inspire the development of novel therapeutics that retain antidepressant efficacy while minimizing adverse effects. With careful clinical translation, anesthetic-based interventions may expand the therapeutic armamentarium for treatment-resistant depression and contribute to a new era of precision neuropsychiatric care.
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