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Among the 321 million surgeries performed globally each year, sevoflurane dominates the inhaled anesthesia field due to its unique pharmacological properties. However, studies indicate that sevoflurane exerts multiple adverse effects on the nervous system, and its potential neurotoxic effects are increasingly drawing attention. This article integrates multi-level evidence from molecular mechanisms, cellular models, animal experiments, and clinical studies to comprehensively elucidate the key mechanisms underlying sevoflurane-induced neurotoxicity, including ferroptosis pathway activation, calcium homeostasis disruption, BDNF signaling abnormalities, neuroinflammatory responses, and endoplasmic reticulum stress. The findings aim to provide a theoretical foundation for developing precise neuroprotective strategies and optimizing clinical anesthesia protocols.
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GRAPHICAL ABSTRACT
Mechanisms of sevoflurane neurotoxicity. ATF4, Activating Transcription Factor 4; BDNF, Brain-Derived Neurotrophic Factor; CAP, Cholinergic Anti-inflammatory Pathway; eIF2α, Eukaryotic Initiation Factor 2α; IP3R, Inositol 1,4,5-TrisPhosphate Receptor; L-VGCCs, L-type Voltage-Gated Calcium Channels; mBDNF, Mature BDNF; NLRP1, NACHT, LRR, and PYD Domains-Containing Protein 1; PERK, PKR-like ER Kinase; p-IP3R, Phosphorylated IP3R; ProBDNF, Proprotein form of BDNF; PTP1B, Protein Tyrosine Phosphatase 1B; Rab1A, Ras-associated binding protein 1A; RyR, Ryanodine Receptor; Sev, Sevoflurane; SERCA2a, Sarco/Endoplasmic Reticulum Ca2+-ATPase 2a; TLR4, Toll-Like Receptor 4; TrkB, Tropomyosin receptor kinase B; T-VGCCs, T-type Voltage-Gated Calcium Channels.




1 Introduction

Approximately 321 million surgical procedures are performed globally each year, with general anesthesia predominantly achieved through volatile anesthetic agents (Weiser et al., 2015). Sevoflurane has emerged as the dominant choice in inhaled anesthesia due to its distinctive pharmacological properties (Wu et al., 2025). However, as its clinical application continues to expand, growing concerns have been raised regarding its potential safety issues, particularly its age-related neurotoxicity and other adverse effects, which have become a major research focus.


1.1 Preclinical evidence for sevoflurane neurotoxicity

Based on current evidence from animal studies, sevoflurane anesthesia has been demonstrated to exert detrimental effects on both early neurodevelopment in rodents and cognitive function in aged models. Experimental research has confirmed sevoflurane induces cognitive impairment in neonatal mice by suppressing hippocampal neurogenesis (Zuo et al., 2022), and accelerates disease progression in Alzheimer’s disease model mice through mitochondrial fission (He et al., 2024). The adverse neurological effects of sevoflurane are mediated through multiple pathological pathways. In the developing brain, sevoflurane may disrupt normal neuronal differentiation, migration, and synaptogenesis, while activating apoptotic signaling pathways that induce neuronal apoptosis, ultimately impairing the normal development of cognitive functions such as learning and memory (Fang et al., 2017; Liu et al., 2016; Liu et al., 2017; Zeng et al., 2022). In the mature nervous system, sevoflurane disrupts the balance of neurotransmitter systems by interfering with the normal function of γ-aminobutyric acid (GABA), glutamate, and other neurotransmitters, leading to abnormal neuronal electrical activity and subsequent cognitive dysfunction (Wang et al., 2025). Although animal studies have provided crucial insights into the mechanisms of sevoflurane neurotoxicity, the clinical relevance of these findings requires further validation through rigorously designed human studies.



1.2 Sevoflurane neurotoxicity in humans

Recent clinical trials have sought to address the translational gap in sevoflurane neurotoxicity.

The PANDA and GAS studies demonstrated that a single, brief sevoflurane anesthesia exposure (<1 h) did not significantly affect neurodevelopment in infants and young children (<5 years old) (McCann et al., 2019; McCann et al., 2019; Sun et al., 2016), whereas the MASK trial focused on cumulative effects, suggesting that multiple exposures (≥3) were associated with a modest increase in the risk of learning disabilities (Warner et al., 2018). Another retrospective study similarly indicated that multiple anesthesia exposures (including sevoflurane) before age 3 are associated with a modest elevation in the risk of subsequent learning disabilities and behavioral disorders, such as ADHD (DiMaggio et al., 2011).

In elderly patients, cognitive impairment was observed in 57% and 9% of cases at 1 and 3 h post-sevoflurane anesthesia, respectively (Chen et al., 2001). This phenomenon is considered to be associated with post-anesthesia cortical thinning in brain regions implicated in Alzheimer’s disease (Sprung et al., 2019). Moreover, advanced age (≥60 years) serves as an independent risk factor for postoperative cognitive dysfunction (POCD) at 3 months, conferring significant risks of long-term cognitive impairment in elderly patients (Monk et al., 2008). An ongoing randomized controlled study (NCT03326960) is being conducted to investigate the effects of sevoflurane, desflurane, and propofol anesthesia on neurocognitive outcomes (such as postoperative delirium and postoperative cognitive dysfunction) and corresponding biomarker profiles (RNFL-C, RNFL-T) in elderly patients (ClinicalTrials.gov., 2020). Another ongoing observational study (NCT05991817) is investigating the dynamic changes in spatial memory and plasma inflammatory cytokine profiles in patients undergoing elective surgery before and after sevoflurane anesthesia. This study aims to elucidate the potential mechanisms underlying sevoflurane-associated delayed neurocognitive recovery, particularly spatial memory impairment, in middle-aged individuals (ClinicalTrials.gov., 2024).

Notwithstanding the current limitations in clinical evidence concerning both sevoflurane-induced neurotoxic effects and mitigation strategies in human subjects - primarily reflected in inadequate sample sizes and insufficient long-term follow-up data - the systematic elucidation of its neurotoxic characteristics and underlying molecular mechanisms carries imperative clinical significance, given its extensive worldwide utilization in clinical practice. This narrative review summarizes key findings without systematic search or meta-analysis, selectively integrating representative multidisciplinary evidence to provide a conceptual framework for understanding sevoflurane-induced neurotoxicity. Through illustrative examples spanning molecular pathways, cellular models, animal studies, and clinical observations, we contextualize current insights to advance mechanistic hypotheses, highlight potential neuroprotective strategies, and stimulate further investigation into optimizing anesthesia protocols for vulnerable populations.




2 Mechanisms of neurotoxicity


2.1 Ferroptosis

Ferroptosis was first proposed in 2012 by the Brent R. Stockwell laboratory (Dixon et al., 2012). It is a form of regulated cell death characterized by iron-dependent lipid peroxidation, driven by hydrogen peroxide (H2O2) and ferrous iron (Fe2+) through the Fenton reaction. The resulting reactive oxygen species (ROS) oxidize polyunsaturated fatty acids (PUFAs), which disrupt cell membrane integrity and ultimately induce cell death. This process is tightly regulated by iron metabolism, antioxidant defense systems, and lipid metabolic pathways, and is closely associated with neurodegenerative diseases, ischemia-reperfusion injury, and cancer therapeutics. In neonatal mice at approximately 1 week of age, studies have shown that sevoflurane enhances cellular ferroptosis in a concentration-dependent manner (Table 1) (Zhang P. et al., 2022). Specifically, sevoflurane compromises the oxidative stress defense system by activating transcription factors ATF3 and ATF4 through endoplasmic reticulum stress (ERS) pathways. This subsequently suppresses the nuclear factor erythroid 2-related factor 2 (Nrf2)-mediated antioxidant defense system while upregulating pro-oxidant molecules NOX4 and ChaC glutathione-specific γ-glutamylcyclotransferase 1 (CHAC1). Concurrently, sevoflurane inhibits the expression of antioxidant proteins including glutathione (GSH), catalase, and SLC7A11 (Kang et al., 2024; Li P. et al., 2025; Xu et al., 2022; Xu et al., 2023), ultimately leading to abnormal intracellular accumulation of lipid peroxides and H2O2 (Figure 1, Loop 1). Regarding iron metabolism, sevoflurane upregulates the expression of transferrin receptor (TfR), transferrin (TF), and divalent metal transporter 1 (DMT1), thereby enhancing cellular iron uptake and accelerating its cytosolic translocation. Concurrently, it downregulates ferroportin (FPN) expression, reducing intracellular iron efflux, ultimately leading to cellular iron overload (Hu et al., 2024; Zhang et al., 2024; Figure 1, Loop 2). Liu’s study further demonstrated that sevoflurane mediates ferroptosis and myelin degeneration in neonatal mouse oligodendrocytes by inhibiting TfR1 palmitoylation and enhancing TfR1 endocytosis (Liu et al., 2025).


TABLE 1 Dose-age dependency in sevoflurane neurotoxicity.


	Age group
	Critical dose threshold
	Minimum exposure duration
	Primary mechanisms
	Functional outcomes





	Neonatal (postnatal days 6–8) mice
	3% sevoflurane
	2 h × 3 days
	Mitochondrial dysfunction,
 Ferroptosis
	Cognitive impairments (Zhang P. et al., 2022; Hu et al., 2024; Liu et al., 2025)



	Enhance TfR1 endocytosis
	Hypomyelination (Liu et al., 2025)



	miR-182-5p↑,
 Iron overload,
 Lipid peroxide accumulation
	Hearing impairment,
 Ribbon synapse damage (Jin et al., 2024)



	Enhance TfR1 endocytosis
	Cognitive impairments,
 Hypomyelination (Liu et al., 2025)



	PRKCD↑,
 Hippo pathway↑,
 Ferroptosis
	Hippocampal neuron injury
 Learning and memory dysfunction (Lv et al., 2024)



	L-VGCCs↑,
 Calcium overload
	Cognitive impairment (Zeng et al., 2022)



	SIRT1↓,BNDF↓
	Spatial memory deficits (Tang X. et al., 2020)



	SETD1B↓,NLRP1↑,
 caspase-1↑,GSDMD-N↑,
 IL-1β↑, IL-18↑
	Cognitive impairment (Wang Z. et al., 2024)



	Aged mice (18-months-old)
	3% sevoflurane
	2 h × 3 days
	Ferroptosis, Mitochondrial Dysfunction
	Cognitive dysfunction (Zeng et al., 2024)



	MIB2↑,
 Ferroptosis
	Cognitive dysfunction (Zhao L. et al., 2021)



	NMDAR↑,RIPK1p↑
 Calcium dyshomeostasis, necroptosis
	Cognitive dysfunction (Liu et al., 2024)



	3 h × 3 days
	NMDAR-NR2B↓
	Memory Impairment (Tian et al., 2016)



	Aged mice model
	3.2% sevoflurane
	6 h
	TREM1↑,TNF-α↑,IL-1β↑,
 M1-polarized microglia↑
	Perioperative, neurocognitive disorders (Tang et al., 2023)



	Neonatal rats (postnatal day 6)
	3% sevoflurane
	2 h × 3 days
	PAI-1↑,BDNF↓,
 TrkB ↓
	Learning and memory dysfunction (Dong et al., 2020b)



	
	
	
	Histone deacetylation↑,
 BDNF↓
	Neurodevelopmental deficits (Jia et al., 2016)



	PKA/CREB/BDNF↓
	Adult-onset cognitive impairment (Zhao J. et al., 2021)



	Neonatal rats (postnatal days 7–9)
	2.3%
	6 h
	PTP1B↑,ERS↑
	Neurodegeneration (Liu et al., 2019)



	3% sevoflurane
	2 h × 3 days
	DNA methyltransferases↑
 BDNF hypermethylation↑
 Reelin hypermethylation↑
	Cognitive Impairments (Ju et al., 2016)



	3% sevoflurane
	6 h
	ATF4↑,NOX4↑,
 H2O2↑,
	Spatial memory dysfunction (Liu et al., 2017)



	Neonatal rats (postnatal days 9–11)
	6% sevoflurane,
 3% sevoflurane
	6% × 6 min
 +3% × 9 min
	T-VGCCs↑
	Post-anesthetic hyperexcitatory behaviors (Shen et al., 2020)



	Early-stage developing rats (week 1 to week 3)
	3% sevoflurane
	6 h
	L-VGCCs↓
	Neurodevelopmental impairments (Liu et al., 2016)



	Pregnant rats (gestational day 18)
	3.5%
 sevoflurane
	/
	TLR4↑,
 BDNF/TrkB/CREB↓
	Spatial learning-memory impairment in rat offspring (Li Q. Q. et al., 2025)



	Adult rats (2-months-old)
	1.5%
 sevoflurane
 3%
 sevoflurane
	2 h
	TNF-α,IL-1β,IL-6↑,
 Caspase-3↑
	Dose-dependent cognitive dysfunction (Cui et al., 2018)



	Aged rats (18-months-old)
	2% sevoflurane
	5 h
	Tbx2↑,
 BDNF/Nrf2↓
	Cognitive dysfunction,
 Hippocampal neuronal loss (Xu et al., 2023)



	Aged rats (18-months-old)
	2% sevoflurane
	5 h
	IP3Rs↑
 ERS↑
	Cognitive dysfunction (Zhang Q. et al., 2022)



	2.5% sevoflurane
	6 h
	Capn4↑,
 miR-124↓
 NF-κB↓
	Hippocampal neuronal apoptosis,
 Neuroinflammatory responses (Zhao Z. et al., 2021)



	3% sevoflurane
	2 h
	PERK/eIF2α/ATF4↑,GRP78↑,ERS↑
	Cognitive dysfunction (Wang Y. et al., 2023)



	3.6% sevoflurane
	6 h
	NMDAR-NMNAT1/2↓
	Neuronal inflammation cognitive impairmen (Yang et al., 2020)



	7% sevoflurane
	3 h
	RNA HOTAIR↑,
 Sin3A/coREST↑,
 REST↑,BNDF↓
	Cognitive dysfunction (Wang et al., 2018)



	Aged rats (32-months-old)
	3% sevoflurane
	3 h
	acetylcholinesterase↑,
 TNF-α↑,
	Cognitive impairments (Yin et al., 2019)






ATF4, Activating Transcription Factor 4; BNDF, Brain-derived neurotrophic factor; Capn4, Calpain 4 (regulatory subunit of calpains); CREB, cAMP Response Element-Binding protein; ERS, Endoplasmic Reticulum Stress; GRP78, Glucose-Regulated Protein 78 (HSPA5/BiP); H2O2, Hydrogen Peroxide; IL-1β, Interleukin-1 beta; IL-18, Interleukin-18; IP3Rs, Inositol 1,4,5-Trisphosphate Receptors; L-VGCCs, L-type voltage-gated calcium channels; MIB2, Mind bomb-2; NLRP1, NLR Family Pyrin Domain Containing 1; NMDAR, N-methyl-D-aspartate receptor; NOX4, NADPH Oxidase 4; PAI-1, Plasminogen Activator Inhibitor-1; PKA, Protein Kinase A; PRKCD, Protein kinase C delta; PTP1B, Protein Tyrosine Phosphatase 1B; REST, RE1-Silencing Transcription Factor; RIPK1, Receptor-Interacting Protein Kinase 1; SETD1B, SET domain containing 1B; SIRT1, Sirtuin 1; Tbx2, T-box Transcription Factor 2; TfR1, Transferrin receptor 1; TLR4, Toll-Like Receptor 4; TNF-α, Tumor necrosis factor-alpha; TREM1, Triggering receptor expressed on myeloid cells 1; TrkB, Tropomyosin Receptor Kinase B; T-VGCCs, T-type voltage-gated calcium channels.





[image: sevoflurane-induced ferroptosis through three distinct mechanisms: (1) Enhanced cellular iron uptake and reduced iron efflux (via upregulation of TfR1 and DMT1, coupled with FPN suppression); (2) Disruption of the antioxidant defense system, leading to abnormal accumulation of lipid peroxides and H2O2; (3) Induction of lipid metabolic imbalance through GPX4 downregulation. Collectively, these pathways synergistically promote ferroptotic cell death.]
FIGURE 1
Mechanisms of sevoflurane-induced ferroptosis. CAT, Catalase; CHAC1, ChaC Glutathione-Specific γ-Glutamylcyclotransferase 1; Cys2, Cystine; DMT1, Divalent Metal Transporter 1; FPN, Ferroportin; Glu, Glutamate; Gly, Glycine; LOXs, Lipoxygenases; LPO, Lipid Peroxidation; NADPH, Nicotinamide Adenine Dinucleotide Phosphate; NOX4, NADPH Oxidase 4; STEAP3, Six-Transmembrane Epithelial Antigen of Prostate 3; System Xc–, Cystine/Glutamate Antiporter; TfR1, Transferrin Receptor 1; γ-GC, γ-Glutamylcysteine.


Regarding lipid metabolism, perilipin 4 (PLIN4) protein participates in regulating lipid droplet formation and lipolysis processes. Sevoflurane induces lipid metabolic imbalance through PLIN4 overexpression, ultimately leading to iron-induced hippocampal neuronal death (Zeng et al., 2024). Glutathione Peroxidase 4 (GPX4), as a pivotal member of the glutathione peroxidase family, serves as the central regulator of ferroptosis. It specifically reduces lipid peroxides to maintain cellular membrane integrity, representing a core component of the cellular antioxidant defense system. Sevoflurane significantly inhibits GPX4 expression and function through multidimensional regulatory mechanisms, thereby synergistically promoting ferroptosis progression: (1) At the post-transcriptional level, sevoflurane specifically upregulates the expression of miR-182-5p in P7-P9 neonatal mice, which binds to the 3′-untranslated region (3′-UTR) of GPX4 mRNA through seed sequence complementarity, markedly inhibiting its translation efficiency (Jin et al., 2024); (2) At the protein stability level, sevoflurane activates the ubiquitin ligase MIB2 in aged mice (≥20-months-old), inducing polyubiquitination modification of GPX4 and thereby accelerating its degradation (Zhao L. et al., 2021); (3) In terms of transcriptional regulation, sevoflurane upregulates the expression of T-Box transcription factor 2 (Tbx2), inhibits the brain-derived neurotrophic factor (BDNF)-Nrf2 signaling axis, and downregulates GPX4 synthesis at the transcriptional level in aged rat model as illustrated in Table 1 (Xu et al., 2023). These three mechanisms form a cascade amplification effect, ultimately leading to the loss of intracellular GPX4 activity, accumulation of lipid peroxides, and triggering of iron-dependent cell death. In contrast to its pro-ferroptotic effects described above, sevoflurane has also been demonstrated to exhibit significant anti-ferroptotic activity through negative regulation of the key ferroptosis execution protein acyl-CoA synthetase long-chain family member 4 (ACSL4). Under physiological conditions, ACSL4 enhances membrane susceptibility to lipid peroxidation by catalyzing the esterification and membrane incorporation of PUFAs. However, sevoflurane downregulates ACSL4 expression at the transcriptional level by suppressing its critical transcription factor specificity protein 1 (SP1). This mechanism effectively maintains membrane stability and significantly mitigates ferroptosis induced by cerebral ischemia-reperfusion injury (Lyu and Li, 2023). These findings reveal sevoflurane’s unique pharmacological property of potentially exhibiting dual roles in ferroptosis regulation. Importantly, this bidirectional modulation (both pro-death and anti-death effects) may be influenced by pathological status, cell type, and exposure duration/dosage, with the net effect determined by the integrative coordination of these factors within the microenvironment.

Based on these mechanisms, several neuroprotective intervention strategies have been proposed: (1) Echinatin significantly improves intracellular iron homeostasis and enhances antioxidant capacity (You et al., 2024); (2) Melatonin increases neuronal survival rates by activating the Nrf2/GPX4 pathway (Ni H. et al., 2024); and (3) Targeted knockdown of Tbx2 or MIB2 reduces ferroptotic cell death (Xu et al., 2023; Zhao L. et al., 2021). Animal studies have further confirmed that these interventions effectively improve cognitive function and synaptic plasticity following sevoflurane exposure. These findings not only deepen our understanding of the neurotoxic mechanisms of anesthetic agents but also provide precise molecular targets and intervention strategies for the clinical prevention and treatment of perioperative neurocognitive disorders. Furthermore, the neuroprotective role of the Hippo signaling pathway has garnered increasing attention in the scientific community. The core effector molecule of this pathway, YAP1 (Yes-associated protein 1), has been shown to significantly inhibit ferroptosis progression, effectively alleviate cellular senescence, and improve cognitive dysfunction (Xu X. et al., 2021). Sevoflurane has been demonstrated to suppress the Hippo pathway through multiple targets, thereby inducing ferroptosis. Specifically, sevoflurane upregulates PLIN4 and PRKCD (protein kinase C delta) while inhibiting YAP1 expression. Targeted knockdown of PLIN4 and PRKCD has been shown to successfully mitigate sevoflurane-induced neurotoxicity and cognitive impairment (Lv et al., 2024; Zeng et al., 2024). Additionally, sevoflurane upregulates miR-144-3p, which directly targets and suppresses YAP1 expression, accelerating neuroblastoma apoptosis. However, this study did not explicitly investigate whether the miR-144-3p/YAP1 axis participates in regulating ferroptosis, leaving this mechanism to be verified in subsequent research.

Although current research on sevoflurane-induced neurotoxicity and ferroptosis remains limited, these pioneering findings provide novel theoretical perspectives for understanding the molecular mechanisms underlying inhalation anesthesia complications. They offer specific therapeutic targets for developing neuroprotective strategies based on ferroptosis inhibitors, potentially advancing new approaches for preventing and treating perioperative neurological complications.



2.2 Calcium dyshomeostasis

Calcium ions (Ca2+), as crucial secondary messengers in the central nervous system, not only regulate neurotransmitter release and synaptic plasticity but also participate in gene expression modulation and mitochondrial function maintenance. Calcium dyshomeostasis can lead to mitochondrial damage, impaired ATP synthesis, and ROS accumulation, thereby triggering apoptotic pathways (Zeng et al., 2022). Volatile anesthetics elevate intracellular calcium concentration ([Ca2+]i) in the hippocampus (Zeng et al., 2022), cerebral cortex (Chen K. et al., 2022), embryonic cortical neurons (Franks et al., 1998), and dorsal root ganglion neurons (Gomes et al., 2004) of rodents. This mechanism may be closely associated with their neurotoxic effects.

Cytosolic calcium concentration ([Ca2+]c) primarily originate from endoplasmic reticulum (ER) calcium store release and extracellular calcium influx. Cellular depolarization or ligand binding triggers Ca2+ influx through voltage-gated calcium channels (VGCCs) or N-methyl-D-aspartate receptor (NMDAR) channels, subsequently activating inositol 1,4,5-trisphosphate receptors (IP3Rs) and/or ryanodine receptors (RyRs) to induce calcium store release, leading to a significant increase in ([Ca2+]i). [Ca2+]i is actively transported back into the ER lumen via sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) pumps in an ATP-dependent manner. Simultaneously, the sodium-calcium exchanger (NCX) on the plasma membrane utilizes the Na+ electrochemical gradient for bidirectional calcium transport, collectively maintaining the dynamic equilibrium of cellular calcium homeostasis (Ay et al., 2005).

Current evidence demonstrates that aberrant activation of VGCCs plays a pivotal role in sevoflurane-induced intracellular calcium overload and neurotoxicity (Zeng et al., 2022). Specifically, sevoflurane activates L-type VGCCs (L-VGCCs) in 6-days-old mice primary neurons, significantly elevating [Ca2+]i levels, which subsequently induces mitochondrial dysfunction and promotes neuronal apoptosis (Table 1). These effects are reversible upon application of specific L-type channel antagonists (Zeng et al., 2022). Furthermore, subanesthetic doses of sevoflurane can also activate thalamic T-type VGCCs (T-VGCCs) in aged rats, potentially representing a key mechanism underlying emergence agitation during anesthetic recovery (Shen et al., 2020; Figure 2, Loop 1). However, the study by Liu et al. (2016) unexpectedly found that sevoflurane exposure during early development stage in rats conversely inhibited L-VGCCs activity in the hippocampal region and led to neurodevelopmental impairments (Table 1). This discrepancy with previous findings may be attributed to differences in key variables including experimental models (in vitro neurons vs. in vivo systems), developmental windows (mature vs. developing neural networks), and anesthesia exposure parameters (concentration/duration). These findings not only deepen our understanding of the complexity of sevoflurane’s neuromodulatory effects but also provide important theoretical basis for optimizing clinical anesthesia protocols.


[image: sevoflurane-induced calcium overload through two primary pathways: (1) Enhanced calcium influx via activation of membrane calcium channels (L-type and T-type VGCCs) and NMDA receptors (NMDARs); (2) Increased endoplasmic reticulum calcium release through RyR and IP3R activation. This dysregulation ultimately triggers both apoptotic and necroptotic cell death pathways.]
FIGURE 2
Mechanisms of sevoflurane-induced calcium dyshomeostasis. Bak, Bcl-2 antagonist/killer 1; Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma 2; CMD, Cell Membrane Damage; DMT1, Divalent Metal Transporter 1 (SLC11A2); ER, Endoplasmic Reticulum; Glu, Glutamate; IP3R, Inositol 1,4,5-TrisPhosphate Receptor; L-VGCC, L-type Voltage-Gated Calcium Channel; MLKL, Mixed Lineage Kinase Domain-Like; NMDAR, N-methyl-D-aspartate Receptor; PIPK, PhosphatidylInositol Phosphate Kinase; PKA, Protein Kinase A; PLB, Phospholamban; p-PLB, Phosphorylated Phospholamban; RASD1, RAS Dexamethasone-induced 1 (Dexras1); RyR, Ryanodine Receptor; SERCA2a, Sarco/Endoplasmic Reticulum Ca2+-ATPase 2a; T-VGCC, T-type Voltage-Gated Calcium Channel.


As a critical molecular target of general anesthetics, NMDAR can be specifically activated by sevoflurane through a mechanism involving sustained calcium influx caused by receptor upregulation, which subsequently triggers cascade activation of multiple apoptotic signaling pathways via calcium overload (Figure 2, Loop 2). NMDAR activation induces RIPK1 phosphorylation to initiate the necroptosis pathway (Liu et al., 2024), while concurrently activating RASD1 (Dexras1) to enhance its interaction with DMT1, thereby promoting DMT1-dependent iron uptake and lysosomal iron release, ultimately leading to ferroptosis activation (Wu et al., 2020). In addition, NMDAR activates the stress-responsive protein Ddit4 to trigger multipathway cell death programs (Li et al., 2023), while impairing synaptic plasticity in neonatal rat hippocampus and cognitive function in aged mice (Li et al., 2023; Liu et al., 2024). However, high concentrations of sevoflurane can also interfere with NMDAR membrane localization mechanisms. It significantly reduces the surface expression density of NMDAR in hippocampal neurons and inhibits activation of the NMDAR-NMNAT1/2 signaling pathway, thereby mediating neuronal inflammatory responses and cognitive dysfunction in aged rats (Tang et al., 2018; Yang et al., 2020). Other studies have also demonstrated that sevoflurane exhibits NR2A expression suppression and abnormal elevation of NR1/NR2B (Yang et al., 2020; Zhang et al., 2016), disrupting the dynamic changes in normal NMDA receptor subunit composition, which may represent a key molecular mechanism underlying its interference with neural development. Conversely, during aging processes, sevoflurane selectively reduces hippocampal NR2B subunit function, while exercise intervention can effectively reverse sevoflurane-induced cognitive impairment by restoring NR2B phosphorylation levels (Tian et al., 2016). Although these contradictory findings remain controversial, they collectively indicate that sevoflurane significantly interferes with normal NMDAR expression and function, disrupting intracellular calcium homeostasis. These discoveries further suggest that sevoflurane’s regulatory effects on NMDAR may exhibit distinct developmental stage-dependent characteristics. As the core channels regulating ER calcium release, IP3Rs and RyRs can be significantly activated by various halogenated inhaled anesthetics (including desflurane, sevoflurane, isoflurane, and halothane) (Jia et al., 2020; Osman et al., 2023; Ren et al., 2017). Sevoflurane activates IP3Rs to mediate increased [Ca2+]i (Pinheiro et al., 2006), with short-term effects providing cytoprotection via mTOR-dependent pathways, while prolonged exposure induces ERS, autophagic dysfunction, and hippocampal neuronal apoptosis, ultimately leading to age-related cognitive impairment (Franks et al., 1998; Liu et al., 2014; Zhang Q. et al., 2022). Sevoflurane also markedly enhances RyR1 sensitivity to Ca2+in both juvenile and adult rabbits (König et al., 2009), mediating intracellular calcium overload through rapid and reversible activation of RyRs. This mechanism not only causes necrosis in isolated rat hippocampal neurons (Zhang Q. et al., 2022) but is also considered a key molecular basis for inhaled anesthetic-related malignant hyperthermia (Figure 2, Loop 3).

Simultaneously, sevoflurane differentially modulates myocardial calcium handling through the SERCA2a/PLB system. In a rat model of pulmonary hypertension, it downregulates SERCA2a expression while upregulating its inhibitory protein PLB (phospholamban), resulting in reduced sarcoplasmic reticulum calcium uptake capacity and impaired left ventricular contractile function (Wang et al., 2017; Figure 2, Loop 4). Conversely, it enhances sarcoplasmic reticulum calcium uptake in adult rabbit models (Laver et al., 2017). In vitro experiments demonstrate that SERCA inhibitors partially attenuate sevoflurane-induced intracellular calcium elevation (Liu et al., 2024). SERCA activity is regulated by hydroxyl radicals and PLB phosphorylation status, and sevoflurane may alter SERCA function by increasing cellular H2O2 production (a critical hydroxyl radical precursor) (Dixon et al., 2012) and upregulating PKA (the PLB kinase) (Liu T. J. et al., 2018; Figure 2, Loop 5).

As a calcium ion-dependent protease, calpain’s enzymatic activity is strictly regulated by [Ca2+]c under physiological conditions. The activity of the calpain system significantly increases during aging (Uryash et al., 2024), and in its activated state, it can cleave and activate downstream target proteins (such as apoptosis-related factors and inflammatory mediators), regulating various physiological and pathological processes including apoptosis and inflammatory responses (Han et al., 2018). In addition to indirectly activating calpain by disrupting [Ca2+]c, sevoflurane exposure directly enhances calpain expression and activity through non-calcium-dependent pathways, including microRNA-mediated post-transcriptional regulation (e.g., downregulation of miR-124) and protein-protein interactions (e.g., CD44-calpain complex formation), leading to cascading hippocampal neuronal apoptosis, neuroinflammatory responses in aged rats (Table 1) (Zhao Z. et al., 2021), and glioblastoma cell invasion (Lai et al., 2019). This may represent one of the key molecular mechanisms underlying sevoflurane-induced neurotoxicity (Figure 2, Loop 6). Elevated [Ca2+]c disrupts ER calcium homeostasis and induces mitochondrial membrane potential (ΔΨm) collapse, while concurrently activating calmodulin (CaM)-dependent signaling pathways and calpain-mediated proteolysis of target proteins. Sevoflurane interferes with SERCA pump function, ryanodine receptor (RyR) activity, and voltage-gated calcium channel regulation, while modulating calpain activation, collectively disrupting neuronal calcium ion homeostasis and inducing neurotoxicity. Future research should prioritize the development of calcium homeostasis-targeted therapeutic strategies to mitigate sevoflurane-induced neurotoxicity and enhance clinical safety.



2.3 BDNF

As a crucial member of the neurotrophic factor family, BDNF plays a central role in neural development and functional maintenance by binding to tyrosine kinase receptor B (TrkB) to activate two key signaling pathways: (1) the PI3K/Akt/mTOR pathway promoting synaptic plasticity-related protein synthesis and dendritic spine morphogenesis (Xu and Qian, 2020); (2) the ERK/CREB pathway forming a positive feedback regulatory loop to enhance BDNF autotranscription (Dong et al., 2020a), thereby coordinately regulating advanced neural functions including hippocampus-dependent learning and memory, emotional responses, and anxiety-like behaviors. Current research has established the BDNF/TrkB signaling system as a core molecular target in sevoflurane-induced cognitive impairment, with sevoflurane disrupting BDNF’s neuroprotective effects through three mechanisms: (1) direct inhibition of BDNF and TrkB gene transcription in juvenile rats (Dong et al., 2020a; Figure 3, Loop 1); (2) blockade of the BDNF/TrkB/CREB signaling cascade in offspring rats via TLR4 upregulation (Li Q. Q. et al., 2025; Figure 3, Loop 2); and (3) suppression of proBDNF-to-mBDNF conversion in developing rats by interfering with the tPA/PAI-1 protease system, leading to abnormal activation of proBDNF-mediated apoptotic pathways and subsequent synaptic structural damage (Table 1) (Dong et al., 2020a; Dong et al., 2020b; Figure 3, Loop 3). Notably, intervention studies employing hippocampal BDNF overexpression or TrkB pathway-specific activation have successfully reversed sevoflurane-induced neurotoxicity in aged rats (Li Q. Q. et al., 2025; Yin et al., 2022), not only validating the central role of this pathway but also identifying potential therapeutic targets for clinical prevention and treatment.


[image: sevoflurane-mediated disruption of BDNF signaling through three distinct mechanisms: (1) Suppression of BDNF gene transcription via TLR4 activation and CREB inhibition; (2) Impaired BDNF maturation through reduced conversion of pro-BDNF to mature BDNF; (3) Enhanced pro-BDNF-induced apoptotic signaling.]
FIGURE 3
Mechanisms of Sevoflurane-Induced BDNF Impairment. AP-1, Activator Protein 1; Akt, Protein Kinase B (PKB); ASK1, Apoptosis Signal-regulating Kinase 1; BDNF, Brain-Derived Neurotrophic Factor; Bim, Bcl-2 Interacting Mediator of cell death; c-Jun, Jun Proto-Oncogene; CREB, cAMP Response Element-Binding Protein; Dex, Dexamethasone; EGCG, Epigallocatechin Gallate; JNK, c-Jun N-terminal Kinase; MEK, Mitogen Activated Protein Kinase Kinase; MKK4/7, Mitogen-Activated Protein Kinase Kinases 4/7; mTOR, Mechanistic Target of Rapamycin; MSK, Mitogen- and Stress-activated Kinase; NF-kB, Nuclear Factor Kappa light chain enhancer of Activated B cells; p75NTR, p75 Neurotrophin Receptor; PI3K, Phosphoinositide 3-Kinase; PIP2, Phosphatidylinositol 4,5-Bisphosphate; PKA, Protein Kinase A; PKD1, Protein Kinase D1; Rac1, Ras-related C3 Botulinum Toxin Substrate 1; Raf, Rapidly Accelerated Fibrosarcoma Kinase; Ras, Rat Sarcoma Viral Oncogene Homolog; SIRT1, Sirtuin 1; TRAF6, TNF Receptor-Associated Factor 6; TrkBR, Tropomyosin Receptor Kinase B; tPA, Tissue Plasminogen Activator.


Recent studies have revealed that sevoflurane can regulate BDNF expression through epigenetic mechanisms: repeated exposure during developmental stages significantly increases hippocampal histone deacetylation levels in neonatal rats, thereby suppressing BDNF transcription and leading to neurodevelopmental deficits (Jia et al., 2016); this effect can be effectively reversed by histone deacetylase inhibitors (such as entinostat and sodium butyrate) (Jia et al., 2016; Joksimovic et al., 2018). Furthermore, sevoflurane induces hypermethylation of the BDNF gene promoter region, not only reducing BDNF expression levels but also causing a significant decrease in dendritic spine density of pyramidal neurons in the hippocampal CA1 area (Ju et al., 2016), further confirming the critical role of epigenetic modifications in sevoflurane-induced neurotoxicity in neonatal rats. In addition, the promoter region of the BDNF gene contains several CREB-binding sites, and CREB phosphorylation is essential for BDNF expression and function. Current studies have demonstrated that sevoflurane inactivates CREB, a key epigenetic regulator of BDNF, by suppressing SIRT1, PKA, and ovarian cancer G-protein-coupled receptor 1 (GPR68), thereby reducing hippocampal BDNF expression and mediating cognitive dysfunction and learning/memory impairments in experimental animals (Tang X. et al., 2020; Zhao J. et al., 2021; Zhao et al., 2022; Figure 3, Loop 4). Wang’s study further revealed that sevoflurane anesthesia upregulates the expression of long non-coding RNA HOTAIR, promoting its binding to the transcriptional repressor complex Sin3A/coREST and enhancing RE-1 silencing transcription factor (REST)-mediated suppression of the BDNF gene, ultimately inducing cognitive dysfunction-like manifestations in aged rats (Table 1) (Wang et al., 2018). Notably, targeted interventions in these pathways [such as activating SIRT1/PKA (Tang X. et al., 2020; Zhao J. et al., 2021), overexpressing GPR68 (Zhao et al., 2022), or inhibiting HOTAIR (Wang et al., 2018)] can effectively reverse sevoflurane-induced BDNF expression suppression and cognitive impairment, providing potential therapeutic targets for clinical prevention and treatment.

Brain-derived neurotrophic factor, as a critical neurotrophic factor, activates TrkB downstream PI3K/Akt and MAPK/ERK pathways to exert anti-apoptotic, pro-synaptic growth, and neuroprotective effects. Consequently, enhancing BDNF expression (e.g., through pharmacological interventions, exercise, or environmental enrichment) or directly targeting the BDNF/TrkB pathway has progressively emerged as an effective strategy for preventing or treating sevoflurane-induced neurotoxicity, providing new directions for perioperative neuroprotection. The selective α2-adrenergic receptor agonist dexmedetomidine (DEX) upregulates hippocampal BDNF and its receptors, alleviating sevoflurane-induced neurotoxicity in late-pregnancy rats (Dong et al., 2020a; Figure 3, Loop 5). Elevated plasma BDNF levels and TrkB activation status in young rats can ameliorate sevoflurane-induced hippocampal synaptic plasticity impairment and cognitive dysfunction (Li Y. et al., 2022). Epigallocatechin-3-gallate (EGCG) activates the CREB/BDNF/TrkB-PI3K/Akt signaling pathway, effectively inhibiting sevoflurane-induced neurodegeneration in mice and improving learning and memory performance (Ding et al., 2017). Meanwhile, the tPA and PAI-1 inhibitor TM5275 blocks upregulated proBDNF and PAI-1 protein expression in rat hippocampus, increases BDNF and TrkB activity, and reverses sevoflurane-induced learning/memory deficits and reduced hippocampal synaptic plasticity (Dong et al., 2020b).



2.4 Inflammatory mechanisms

Inflammation can directly or indirectly impair learning and memory functions by interfering with intracellular signaling pathways in neurons and exacerbate neuronal damage induced by sevoflurane anesthesia, thereby promoting the occurrence of developmental neurotoxicity (Useinovic et al., 2022). Simultaneously, sevoflurane anesthesia may also activate inflammation-related signaling pathways, leading to the excessive production of pro-inflammatory cytokines (such as TNF-α, IL-1β, and IL-6) in the brain, further aggravating neuroinflammatory responses and ultimately resulting in age-related cognitive dysfunction (Cui et al., 2018). This bidirectional vicious cycle mechanism is likely the key pathological basis of sevoflurane-induced neurotoxicity. In recent years, with the continuous advancement of molecular biology and neuroimmunology research, various inflammation-regulating mechanisms mediated by sevoflurane have been gradually elucidated.


2.4.1 Microglial activation

Microglia are specialized resident immune cells in the central nervous system that continuously sample the microenvironment through their highly dynamic processes, performing immune surveillance functions. Studies indicate that sevoflurane promotes M1 (pro-inflammatory) polarization and suppresses M2 (anti-inflammatory) polarization of microglia by inhibiting the Maf1/AMPK pathway and increasing Triggering Receptor Expressed on Myeloid Cells-1 (TREM1) expression (Tang et al., 2023), thereby mediating inflammatory damage (Dai et al., 2022). Additionally, in aged mice, sevoflurane downregulates isatin and PPARγ, releasing their inhibitory effects on hippocampal microglia, and induces proliferation of hippocampal astrocytes and microglia, accompanied by elevated expression of inflammatory factors (Huang and Zhu, 2024; Wang T. et al., 2024). On the other hand, sevoflurane removes inhibitory neuronal signals through endogenous damage-associated molecular patterns (DAMPs) and activates microglia by engaging pattern recognition receptors. It significantly promotes the release of endogenous danger signal molecules–high mobility group box 1 (HMGB-1) and galectin-3–in hippocampal tissue. These molecules specifically activate microglial surface pattern recognition receptors TLR4 and TLR9, triggering the classical MyD88-dependent signaling pathway and activating PI3K/Akt. This leads to a marked increase in the phosphorylation level of IκBα, a key regulatory factor of NF-κB, thereby enhancing the transcription and release of downstream pro-inflammatory cytokines, including TNF-α, IL-1β, and IL-6. Delaying the release of HMGB-1 and galectin-3 (Joe et al., 2024) or knocking out TLR4 in mice (Xiang et al., 2020) can reverse the neuroinflammatory effects induced by sevoflurane, providing potential intervention targets for the clinical prevention and treatment of anesthesia-related cognitive dysfunction. However, in sepsis models, sevoflurane interferes with the formation of the TLR4-MD-2-LPS complex in a dose-dependent manner, inhibits TLR4 activation, attenuates NF-κB signaling, and exerts anti-inflammatory effects (Okuno et al., 2019). Therefore, sevoflurane may have both protective and detrimental roles in neuroinflammation, with its impact on inflammatory responses varying across species and underlying disease conditions.



2.4.2 Downregulation of the cholinergic anti-inflammatory pathway

The α7 nicotinic acetylcholine receptor (α7nAChR) is expressed on both non-neuronal and neuronal cells and is activated upon binding acetylcholine (ACh). This activation suppresses nuclear translocation of NF-κB in macrophages, reducing the release of pro-inflammatory cytokines (e.g., TNF-α, IL-1β, IL-6), while simultaneously activating the JAK2-STAT3 pathway to enhance the expression of anti-inflammatory factors (e.g., IL-10) (Wang et al., 2003). Repeated exposure to clinical concentrations of sevoflurane, on one hand, suppresses acetylcholinesterase expression in the rat hippocampus, increasing ACh degradation (Yin et al., 2019), and on the other hand, reduces presynaptic ACh release by inhibiting calcium currents (Pavlov and Tracey, 2005), thereby preventing α7nAChR activation. Sevoflurane also elevates TNF-α levels in plasma and hippocampal tissues, impairing cognitive function in rats (Yin et al., 2019). Notably, the α7nAChR agonist PNU-282987 can reverse this toxic effect (Yin et al., 2019), further confirming that inflammation in sevoflurane-induced cognitive decline is associated with the downregulation of the α7nAChR-mediated cholinergic anti-inflammatory pathway in aged rats.



2.4.3 NLRP1 inflammasome activation

The NLRP1 inflammasome-driven inflammatory response has been implicated in numerous neurological disorders. As the first member of the NLR family to form an inflammasome complex and activate caspase-1, NLRP1 triggers both inflammatory responses and pyroptosis through the activation of IL-1β and Gasdermin D (GSDMD) (Gong et al., 2021). Inhibition of NLRP1/caspase-1 signaling has been shown to confer neuroprotection in Alzheimer’s disease models (Yap et al., 2019). In vivo and in vitro studies confirm that sevoflurane exposure upregulates hippocampal expression of NLRP1, cleaved caspase-1, GSDMD-N, IL-1β, and IL-18 in neonatal rats (Table 1) (Useinovic et al., 2022; Wang Z. et al., 2024). Mechanistically, in neonatal mice, sevoflurane suppresses SET domain-containing 1B (SETD1B), reducing H3K4me3 levels at the CXCR4 promoter and thereby downregulating CXCR4 expression. This relieves its inhibitory effect on the NLRP1/caspase-1 pathway, ultimately promoting hippocampal neuronal pyroptosis (Wang Z. et al., 2024). Additionally, studies demonstrate that sevoflurane epigenetically upregulates the long non-coding RNA H19 in the neonatal mouse hippocampus, increasing the expression of the deubiquitinase USP30. This suppresses damaged mitophagy, leading to mitochondrial dysfunction, ROS accumulation, and subsequent NLRP1 inflammasome assembly and caspase-1 activation in microglia. The resulting overproduction of inflammatory cytokines (e.g., IL-1β, IL-18) drives neuronal pyroptosis, contributing to spatial memory deficits and emotional cognitive impairment (Gao and Huang, 2024).

Accumulating preclinical evidence has established the central role of neuroinflammatory mechanisms in sevoflurane-induced neurotoxicity, particularly the aberrant activation of the TLR4/NF-κB signaling pathway and the polarization of microglia toward the pro-inflammatory M1 phenotype. These findings not only elucidate the molecular pathogenesis of sevoflurane neurotoxicity but, more importantly, provide a theoretical foundation for developing targeted anti-inflammatory therapeutic strategies. Notably, researchers have successfully mitigated sevoflurane-induced neuronal damage by specifically inhibiting these inflammatory signaling pathways, demonstrating promising clinical translation potential. Intravenous administration of IGF-1 in rats restored sevoflurane-suppressed Akt phosphorylation, modulated the PI3K/Akt signaling pathway, and alleviated sevoflurane-induced cognitive impairment in aged rats (Xie et al., 2021). Specific knockout of the hippocampal inflammatory key regulator TREM1 in aged mice reduced microglial M1 polarization, ameliorating neuroinflammation and sevoflurane-induced cognitive dysfunction (Tang et al., 2023). miR-424 mitigated the adverse effects of sevoflurane by specifically recognizing and binding to the 3′- UTR of TLR4, promoting its mRNA degradation (Li Z. et al., 2022). Meanwhile, the traditional Chinese medicine Morroniside not only promoted microglial M2 polarization but also bound to TLR4 to block TLR4/NF-κB pathway activation, collectively alleviating Sev-induced hippocampal tissue damage and neuroinflammation, and it was the first to improve cognitive dysfunction in aged mice (Chen et al., 2024). Targeting the regulation of neuroinflammatory responses (e.g., using TLR4 inhibitors or pro-M2 polarization drugs) is expected to significantly reduce the neurocognitive side effects of sevoflurane while maintaining anesthetic efficacy. This approach is particularly important for brain protection in high-risk populations such as elderly and pediatric patients.




2.5 ERS

In the 1980s, researchers first discovered that ER dysfunction under cellular stress or environmental disturbances leads to the accumulation of unfolded/misfolded proteins, thereby activating three classical unfolded protein response (UPR) pathways mediated by IRE1α, PERK, and ATF6α (Kozutsumi et al., 1988). If cells can rapidly alleviate the accumulation of unfolded proteins, they effectively adapt to and mitigate resulting cellular damage. However, when persistent stress exceeds the organism’s adaptive capacity, the UPR transitions from a protective mechanism to a pro-apoptotic signaling pathway. This shift may ultimately trigger programmed cell death, eliminating damaged cells to maintain the organism’s overall homeostasis.

In recent years, a growing body of research has attributed neurological disorders induced by inhaled anesthetics to widespread activation of ERS, particularly more pronounced in the developing and aging brain. Wang et al. found that repeated sevoflurane exposure in aged mice resulted in significant ER dilation in the hippocampal region, accompanied by activation of the PERK/eIF2α/ATF4 pathway and upregulation of the molecular chaperone GRP78 expression, suggesting that sevoflurane may mediate neurotoxicity by inducing ERS (Wang Y. et al., 2023). Notably, in animal studies, the pathological effects of this ERS exhibited significant hippocampal subregion heterogeneity–ERS in CA1 pyramidal neurons ultimately led to calcium channel dysfunction and weakened neuronal intrinsic activity, while dentate gyrus neural stem cells exhibited caspase 12-mediated apoptosis (Zhu et al., 2017). Mechanistically, activation of the PERK/eIF2α/ATF4 pathway, on one hand, reduced CREB1 and BDNF levels while upregulating CHOP expression, inhibited the anti-apoptotic protein Bcl-2, and activated the pro-apoptotic protein Bax, thereby promoting hippocampal cell apoptosis and cognitive dysfunction in aged mice (Table 1) (Wang Y. et al., 2023). On the other hand, ATF4 overexpression can further induce transcriptional activation and nuclear translocation of ATF3, leading to abnormal intracellular H2O2 accumulation through upregulation of key oxidative stress effector molecules (e.g., NOX4), ultimately promoting neuronal ferroptosis and spatial memory dysfunction in developing mice exposed to sevoflurane (Liu et al., 2017). Beyond the hippocampus, sevoflurane-induced ERS has also been observed in both aged and neonatal mouse cerebral cortex tissues. Sevoflurane activates the cortical PERK-eIF2α-ATF4-CHOP signaling pathway, inducing apoptosis in neonatal mouse cortical neurons while causing neuronal hyperexcitability, synaptic loss, and cognitive decline in the frontal cortex of aged mice, with PERK inhibitors effectively mitigating these effects (Chen K. et al., 2022; Liu et al., 2017).

The mechanism by which sevoflurane induces ERS and activates the PERK-eIF2α-ATF4 signaling pathway has become a current research focus, with existing evidence suggesting this process may involve multiple synergistic mechanisms: (1) upregulation of phosphorylated IP3R expression, disrupting intracellular calcium ion homeostasis (Zhang Q. et al., 2022); (2) promoting miR-15b-5p overexpression, specifically targeting and suppressing the key ERS regulator Rab1A (Li et al., 2017); (3) directly activating the downstream PERK signaling pathway through upregulation of protein tyrosine phosphatase 1B (PTP1B) (Liu et al., 2019). These findings indicate that the PERK signaling pathway may serve as a critical regulatory target in sevoflurane-induced neurodegeneration, not only providing novel theoretical perspectives for elucidating the molecular mechanisms of sevoflurane neurotoxicity but also opening potential therapeutic strategies for clinically preventing its neurotoxic side effects.

Notably, multiple disease model studies have demonstrated that sevoflurane can exert significant protective effects by effectively inhibiting ERS. It suppresses the PLCγ/CaMKII/IP3R signaling pathway in neuropathic pain models, alleviating ERS and inflammatory responses in rats (Xie et al., 2024). By inhibiting the IRE1-mediated endoplasmic reticulum stress pathway, it mitigates hypoxic-ischemic brain injury, hemorrhagic shock, and lipopolysaccharide-induced apoptosis in human umbilical vein endothelial cells (Hu et al., 2018; Ni W. et al., 2024; Niu et al., 2021). Furthermore, through suppression of the PERK-eIF2α pathway, it ameliorates ischemia-reperfusion injury in peripheral organs and cellular oxidative stress damage in rats (Cuan et al., 2024; Liu D. et al., 2018). Sevoflurane’s regulation of ERS exhibits distinct concentration-dependent, cell-type-specific, and pathology-selective characteristics. Building on these findings, researchers have begun developing intervention strategies targeting key ERS molecules, achieving significant progress in preclinical studies: for instance, the eIF2α dephosphorylation inhibitor Salubrinal and PERK inhibitor GSK2606414 have effectively improved cognitive dysfunction in sevoflurane-exposed mice (Chen K. et al., 2022; Wang Y. et al., 2023). However, current evidence remains largely confined to animal models, and clinical translation faces major challenges including drug specificity, long-term safety, and human pharmacodynamic validation. Future research requires multicenter clinical trials and translational medicine studies to further evaluate the feasibility and efficacy of these intervention strategies in clinical applications.




3 Evidence-based strategies and challenges in mitigating sevoflurane neurotoxicity: focus on DEX and melatonin

Growing preclinical and clinical evidence has established DEX and melatonin as promising pharmacological interventions against sevoflurane-induced neurotoxicity. These agents exhibit distinct yet complementary neuroprotective mechanisms, targeting multiple pathways involved in neuronal damage, inflammation, and oxidative stress associated with sevoflurane exposure across different age groups.


3.1 DEX: a multi-target neuroprotectant

As a selective α2-adrenoceptor agonist, DEX demonstrates comprehensive neuroprotective effects through multiple molecular pathways. It modulates BDNF-TrkB-CREB/ProBDNF-P75NRT-RhoA signaling to preserve neuronal development and cognitive function in late-pregnancy rats (Dong et al., 2020a; Zeng et al., 2022), activates BMP/SMAD pathway to maintain cytoskeletal integrity and reduce apoptosis in offspring rats (Shan et al., 2018), and suppresses miR-204-5p/SOX4 and miR-330-3p/ULK1 axes to mitigate oxidative stress and impaired mitophagy in rat hippocampus (Wang R. et al., 2023; Xu S. et al., 2021). Clinically, DEX decreases inflammatory cytokines in elderly patients, reducing POCD incidence, while in pediatric populations it effectively reduces emergence agitation and prevents postoperative behavioral changes (Shi et al., 2019; Tang W. et al., 2020; Zhang et al., 2018).



3.2 Melatonin: a multimodal therapeutic agent

Melatonin, as an endogenous indoleamine, exhibits pleiotropic properties by enhancing mitophagy to suppress microglial activation and improve cognitive deficits in neonatal rodents (Zhang et al., 2023), modulating Wnt/β-catenin signaling via MT1 receptors to ameliorate synaptic toxicity (Liang et al., 2021), and demonstrating age-specific protection mechanisms - regulating apoptosis and inflammation in preadolescent rats (Heydari et al., 2024) while activating Nrf2 pathway and downregulating PI3K/Akt/mTOR in aged mice (Ni H. et al., 2024; Shen et al., 2022). Clinically, it serves as an effective preoperative medication for children, reducing both anxiety and postoperative delirium (Jangra et al., 2022).

Although melatonin and DEX have demonstrated neuroprotective effects in animal models, their clinical translation faces significant challenges due to poor blood-brain barrier (BBB) penetration, off-target effects, and dose-dependent paradoxical effects (Chuffa et al., 2021; Fatouh et al., 2017). However, emerging technologies offer promising solutions to these limitations. When combined with nanoformulations, both melatonin and DEX exhibit prolonged release profiles, enhanced efficacy, and improved safety (Chen Y. L. et al., 2022; Chuffa et al., 2021). For instance, the melatonin receptor agonist agomelatine, when loaded into nanoemulsions and administered intranasally, shows significantly increased brain bioavailability (Fatouh et al., 2017). Similarly, DEX-loaded gold nanoparticles (AuNPs-DEX) effectively mitigate neurocognitive impairment in anesthetized rats (Zhang et al., 2021).

Furthermore, given that sevoflurane-induced neurotoxicity is often associated with miRNA dysregulation, exosome-mediated delivery of therapeutic RNAs to target cells has emerged as a potential strategy to correct protein dysfunction and alleviate post-anesthetic neurotoxicity. Exosomes derived from mesenchymal stem cells (MSCs) have shown the ability to repair neuronal damage and reduce the neurotoxicity of anesthetics (Gu and Zhu, 2021). Additionally, cerebrospinal fluid (CSF)-derived exosomes can promote the proliferation of neuronal cells in vitro, thereby contributing to neuronal repair processes (Kong et al., 2018).

These evidence-based strategies–including DEX targeting anti-inflammatory pathways and melatonin employing multimodal mechanisms–offer promising avenues to mitigate sevoflurane-induced neurotoxicity. The integration of nanotechnology (e.g., nanoparticle formulations) and exosome-based delivery systems further enhances their potential by overcoming pharmacokinetic limitations.




4 Summary and future perspectives

With advancements in molecular biology and neuroscience technologies, the multifaceted mechanisms underlying sevoflurane-induced neurotoxicity have been increasingly delineated, revealing interconnected dysregulation in endoplasmic reticulum stress, ferroptosis activation, BDNF/TrkB signaling pathways, and neuroinflammatory cascades as illustrated in Figure 4. These pathophysiological processes collectively contribute to neural damage through synergistic or antagonistic interactions, establishing a theoretical foundation for targeted therapeutic interventions. Nevertheless, a significant translational gap persists between experimentally identified molecular mechanisms and clinical efficacy, primarily due to species-specific neurodevelopmental disparities between animal models and humans, pharmacokinetic discrepancies between in vitro concentrations and clinical dosing regimens, and methodological limitations in correlating short-term observational biomarkers with long-term neurocognitive outcomes. Consequently, direct clinical translation of current fundamental research findings remains substantially constrained, necessitating future prioritization of translational medicine approaches and prospective large-scale clinical trials to validate mechanistic insights and develop etiology-specific neuroprotective strategies.


[image: Interconnected molecular pathways underlying sevoflurane neurotoxicity. The five primary mechanisms form a vicious cycle through crosstalk mediators including: (1) ROS overproduction, (2) ATF4-mediated stress responses, (3) BDNF signaling disruption, and (4) CHOP-dependent apoptosis. ]
FIGURE 4
Mechanisms of Sevoflurane Neurotoxicity. Mechanisms highlighted in red represent the five key mechanisms examined in this study. ATF4, Activating Transcription Factor 4; BDNF, Brain-Derived Neurotrophic Factor; CHOP, C/EBP homologous protein; CREB, cAMP Response Element-Binding Protein; DMT1, Divalent Metal Transporter 1; eIF2α, Eukaryotic Initiation Factor 2 Subunit Alpha; ERS, Endoplasmic Reticulum Stress; FPN, Ferroportin; GPX4, Glutathione Peroxidase 4; IP3R, Inositol 1,4,5-Trisphosphate Receptor; NF-Kb, Nuclear Factor Kappa B; NLRP1, NLR Family Pyrin Domain Containing 1; NMDAR, N-Methyl-D-Aspartate Receptor; NOX4, NADPH Oxidase 4; Nrf2, Nuclear factor erythroid 2-related factor 2; PERK, Protein Kinase R-like Endoplasmic Reticulum Kinase; PTP1B, Protein Tyrosine Phosphatase 1B; RASD1, RAS Dexamethasone-Induced 1; ROS, Reactive Oxygen Species; RyR, Ryanodine Receptor; SERCA, Sarco/Endoplasmic Reticulum Ca2+ ATPase; TLR4, Toll-Like Receptor 4; TfR1, Transferrin Receptor 1; VGCC, Voltage-Gated Calcium Channel.
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