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Abstract: Perioperative use of common anesthetics—including sevoflurane, propofol, and dexmedetomidine—may induce cardio-
cerebral injury via ferroptosis, an iron-dependent form of cell death. We introduce the “Molecular Switches”, proposing that these
drugs act as tissue-specific switches regulating ferroptosis bidirectionally. Their effect (promote or inhibit) depends critically on local
factors: receptor expression profiles, metabolic status, baseline redox tone, and post-translational modifications of key proteins like
glutathione peroxidase 4 (GPX4). High-risk organs like heart and brain, characterized by elevated metabolic demands, polyunsaturated
fatty acid (PUFA)-rich membranes, and stringent iron homeostasis, express unique molecular switch configurations explaining their
susceptibility. During ischemia-reperfusion injury (IRI), leveraging this principle allows protective anesthetic strategies: targeting the
nuclear factor erythroid 2-related factor 2 (Nrf2)/GPX4/solute carrier family 7 member 11 (SLC7A11) antioxidant axis enhances
endogenous defenses, while inhibiting Acyl-CoA synthetase long-chain family member 4 (ACSL4)-mediated lipid peroxidation limits
damage initiation. Crucially, effective myocardial protection prioritizes mitochondrial function recovery and iron efflux modulation,
whereas cerebroprotection centers on preserving neuronal iron homeostasis and blood-brain barrier (BBB) integrity—distinct applica-
tions derived directly from understanding tissue-specific molecular switches. Addressing clinical translation challenges (limited drug
specificity, complex polypharmacy effects, biomarker gaps), we advocate for developing personalized anesthetic protocols informed by
molecular switch profiling, employing nanocarriers for targeted delivery across the BBB, and establishing Al-driven predictive models
based on ferroptosis biomarkers. This framework provides novel insights for optimizing perioperative cardio-cerebral protection.
Keywords: anesthetics, ferroptosis, cardio-cerebral injury, molecular switches, ischemia-reperfusion injury, bidirectional regulation

Introduction

Ferroptosis, first described in 2012, is a distinct form of regulated cell death driven by intracellular iron overload and
lipid peroxidation, with unique morphological and molecular features compared to apoptosis or necrosis." Its biochemical
hallmarks include impaired glutathione peroxidase 4 (GPX4)/GSH-mediated lipid peroxide detoxification,” Acyl-CoA
synthetase long-chain family member 4 (ACSL4)/lysophosphatidylcholine acyltransferase 3 (LPCAT3)-driven incorpora-
tion of polyunsaturated fatty acids (PUFAs) into phospholipids,® and iron-dependent Fenton reactions that exacerbate
reactive oxygen species (ROS) accumulation and membrane damage.”
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Early perioperative studies noted that anesthetic exposure—particularly sevoflurane and isoflurane—was associated
with cognitive impairment and organ injury, though the mechanisms remained unclear.’” With the recognition of
ferroptosis in 2012, research began linking anesthetic-induced organ dysfunction to iron overload and GPX4 suppression.
Subsequent work demonstrated context-dependent effects: inhaled anesthetics promote ferroptosis in developing brain
tissue,”’ while intravenous agents such as propofol may either aggravate neuronal injury®® or provide protection in
cerebral ischemia-reperfusion injury via nuclear factor erythroid 2-related factor 2 (Nrf2)/GPX4 activation.'® More
recently, the “molecular switch” concept has been proposed, framing anesthetics as context-specific regulators of
ferroptosis, modulated by receptor expression, metabolic state, and post-translational modifications of ferroptosis-
related proteins.

The brain and heart are particularly susceptible to ferroptosis due to their high oxygen consumption, PUFA-rich
membranes, and strict iron homeostasis requirements.'''* Clinically, postoperative neurocognitive disorders affect up to
30-50% of elderly patients, while perioperative myocardial ischemia-reperfusion injury remains a leading cause of
morbidity and mortality. However, current anesthetic strategies rarely integrate ferroptosis susceptibility into periopera-
tive risk assessment, representing a translational gap between bench and bedside.

Despite extensive progress, inconsistencies remain. For example, while dexmedetomidine has been shown to inhibit

ferroptosis and protect against ischemia-reperfusion injury in several studies,''"!>'¢

other findings suggest negligible
effects under different experimental conditions. Such discrepancies may stem from variations in dosing, timing, animal
models, or tissue-specific vulnerabilities, underscoring the need for critical comparative evaluation rather than uniform
conclusions.

This review seeks not only to summarize anesthetic—ferroptosis interactions but also to provide a unifying framework:
anesthetics as bidirectional modulators of ferroptosis through tissue-specific molecular switches. By integrating mechan-
istic studies, clinical epidemiology, and unresolved controversies, we aim to highlight the translational significance of

ferroptosis in perioperative organ protection and identify priority directions for future research.

Bidirectional Mechanisms of Anesthetic Agents and Ferroptosis

Anesthetics exert complex, context-dependent effects on ferroptosis, acting as either promoters or inhibitors according to
tissue type, exposure duration, and underlying pathology. This bidirectionality operates chiefly through concerted
modulation of iron metabolism, lipid peroxidation, and antioxidant defenses, positioning anesthetics as potential
molecular switches of ferroptosis. In practice, the directional outcome reflects (i) tissue-specific receptor landscapes
and pathway activation states, (ii) differences in metabolic demand and substrate use (eg, high-energy neurons/cardio-
myocytes vs metabolically reprogrammed tumors), (iii) baseline redox tone and iron homeostasis (eg, ischemia-
reperfusion (I/R)-associated oxidative stress vs chronically stressed tumor microenvironments), and (iv) expression, post-
translational modification, and localization of core regulators (GPX4, ACSL4, iron transporters). Consequently, any
given anesthetic must be interpreted within its microenvironmental context; the combined state of these switches finally
determines whether ferroptosis is promoted or inhibited.'” The bidirectional regulatory effects of various anesthetic
agents on ferroptosis are summarized in Table 1.

Inhaled Anesthetics

Sevoflurane has been widely investigated for ferroptotic effects. In the developing brain, it disrupts iron homeostasis by
inhibiting palmitoyltransferase ZDHHCS (DHHCS5)-mediated palmitoylation of transferrin receptor 1 (TfR1), causing
abnormal iron uptake, intracellular iron overload, and oligodendrocyte ferroptosis.® It also suppresses Nrf2 activity,
weakening antioxidant defense and exacerbating lipid peroxidation in neuronal tissues.’” In hippocampal cells, sevoflur-
ane upregulates perilipin 4 (PLIN4) and protein kinase C delta (PRKCD), inhibits Hippo signaling, and triggers neuronal
injury consistent with ferroptosis.’®**** By contrast, in I/R models, sevoflurane postconditioning inhibits ACSL4 via the
specificity protein 1 (SP1)/ACSL4 axis, reduces malondialdehyde (MDA), and restores GPX4, thereby protecting
neurons;”! it also activates AMP-activated protein kinase (AMPK)/Nrf2/GPX4 signaling to maintain intestinal barrier
integrity after I/R.** Notably, dose and timing are critical, as higher concentrations can intensify oxidative stress and

accelerate ferroptosis.*
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Table | Bidirectional Regulatory Effects of Anesthetic Agents on Ferroptosis

Drug Type Drug Name Action Direction Target Organ/Scenario Key Molecular Changes Effect and Mechanism REFs
Inhalational Sevoflurane Induce Developing Brain (Oligodendrocytes) |DHHC5—1TfR| endocytosis, 1Fe?+, Inhibits TfR| palmitoylation—Iron overload [6,18]
Anesthetics |GPX4 —Mpyelination disorder
Sevoflurane Induce Embryonic Prefrontal Cortex INrf2, tLipid ROS Inhibits neurogenesis, promotes ferroptosis [7,19]
Sevoflurane Induce Neurons (HT22 cells) TPLIN4—Inhibits Hippo pathway Promotes neuronal ferroptosis—Cognitive [20]
impairment
Sevoflurane Inhibit Cerebral Ischemia-Reperfusion ISPI/ACSL4, |MDA Postconditioning attenuates cerebral I/R injury [21,22]
Sevoflurane Inhibit Intestinal Ischemia-Reperfusion TAMPK/Nrf2—1GPX4 Anti-intestinal I/R ferroptosis, maintains barrier [23,24]
integrity
Isoflurane Induce Hippocampal Neurons tlron overload, |Mitochondrial function Triggers neurotoxicity—Learning and memory [25]
impairment
Isoflurane Inhibit Astrocytes Fer-1 intervention—1GPX4 Inhibitor alleviates cognitive injury [26]
Intravenous Propofol Induce Developing Brain (Hypoxic state) 1Fe+/ROS, | GPX4, tAutophagy Activates ferritinophagy axis—Hippocampal neuronal | [9]
Anesthetics (Beclinl 1) injury
Dexmedetomidine Propofol Induce Bladder Cancer Cells |PI3K/AKT, 1Fe2+, |xCT/GPX4 Promotes ferroptosis—Inhibits tumor proliferation/ 271
immune escape
Propofol Inhibit Myocardial Ischemia-Reperfusion 1SLCI16AI3—Activates AMPK—1GPX4 Alleviates myocardial IRI [28]
Propofol Inhibit Cerebral Ischemia-Reperfusion TNrf2—1GPX4/SLC7AI | Reduces cerebral infarction volume, improves [10]
neurological scores
Dexmedetomidine | Inhibit Circulating Tumor Cells (CTCs) TNrf2 Inhibits ferroptosis—Promotes tumor metastasis [29,30]
Inhibit Myocardial Ischemia- TSLC7AI1 1/GPX4, |MDA/ROS Postconditioning alleviates myocardial Note: Original reference applies here, separately [30]
Reperfusion injury listed for clarity
Dexmedetomidine | Inhibit Cerebral Ischemia-Reperfusion Nrf2— | TFRI/Fe*+ + 1SLC7AI I/GPX4 Regulates iron metabolism and antioxidant defense [
Dexmedetomidine | Inhibit Renal Ischemia-Reperfusion 02-AR— | ACSL4/1GPX4, |LPO/MDA Alleviates lipid peroxidation [16]
Dexmedetomidine | Inhibit Hepatic Ischemia-Reperfusion TNrf2/GPx4, |Oxidative stress Improves hepatic IRI [31]
Dexmedetomidine | Inhibit Intestinal Ischemia-Reperfusion 1SLC7AI I/GPX4, |Fe?+ Alleviates intestinal injury [32]
Ketamine Induce Breast Cancer Cells |KAT5— | GPX4, 1Lipid ROS/Fe+ Inhibits histone modification—Triggers ferroptosis [33]
Ketamine Induce Liver Cancer Cells 1IncPVT I —1miR-214-3p— | GPX4, Releases miR-214-3p inhibition on GPX4 [34]
TMDA
Ketamine Inhibit Myocardial Ischemia-Reperfusion ISTING pathway Alleviates OGD/R-induced myocardial injury [35]
Ketamine Inhibit Alveolar Epithelial Cells THIF-10/HO-1 Alleviates LPS-induced acute lung injury [36]
Etomidate Inhibit Myocardial Ischemia-Reperfusion TNrf2/HO-1, |Oxidative stress Alleviates myocardial IRI [37]
Etomidate Inhibit Cardiomyocytes (H9c2) |Ferroptosis, TMitochondrial function Multi-faceted protection (in vivo/in vitro) [38]
Etomidate Inhibit Hippocampal Neurons 1BDNF/Nrf2—1GPX4 Enhances antidepressant effect [39]
(Electroconvulsive Therapy)
Local Anesthetics Lidocaine Induce Ovarian/Breast Cancer Cells TmiR-382-5p— |SLC7A| | —»Depletes Inhibits System Xc —Cystine uptake impairment [40]
GSH
Lidocaine Inhibit Pulmonary Epithelial Cells (H/R model) Modulates p38 MAPK Protects lung epithelial cells [41]
Lidocaine Induce Spinal Neurons (High dose) |CISD2, 1Ferritin autophagy (NCOA4/ Activates pathway—Neuronal death [42]
FTHI)
(Continued)
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Table 1 (Continued).

Drug Type

Drug Name

Action Direction

Environment

STAT3— | Hepcidin— | DMT I/{FPN |

Target Organ/Scenario Key Molecular Changes Effect and Mechanism REFs
Opioids Sufentanil Inhibit Cerebral Ischemia-Reperfusion 1Akt/GSK-3B/Nrf2— | Oxidative stress/ Alleviates CIRI [43]
Inflammation
MOR Agonist Inhibit Hepatic Ischemia-Reperfusion MOR— |HIF-10/KCNQIOT | — | ACSL4 Alleviates hepatic injury [44]
Other Argon (with Dex) | Inhibit Liver Transplantation (DCD model) I TXNIP— | Apoptosis/Necroptosis Improves graft preservation [45]
Inhibitor Inhibit Iron Overload Cardiomyopathy Ferrostatin-1— |ROS, tMitochondrial Superior efficacy to apoptosis/necroptosis inhibitors [46]
function
Enriched Inhibit Cerebral Ischemia-Reperfusion 1IL-6— | JAK2- Reduces neuronal iron levels [47]

Notes: 1/|, Upregulation/Downregulation; Bold text: Emphasized molecular targets; Italic text: Gene names.
Abbreviations: Dex, Dexmedetomidine; Sevo, Sevoflurane; Prop, Propofol; Ket, Ketamine.
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Isoflurane shows a similar duality. In hippocampal neurons it increases iron uptake, induces mitochondrial dysfunc-
tion, and drives ferroptosis with cognitive sequelae; iron chelation mitigates this injury.>> In astrocytes, isoflurane-
triggered ferroptosis is rescued by ferrostatin-1, underscoring the central role of GPX4.?® Collectively, inhaled anes-
thetics exemplify a context-dependent balance between pro- and anti-ferroptotic actions.

Intravenous Anesthetics
Propofol displays pronounced bidirectionality. In neonatal hippocampus under hypoxia, it promotes ferroptosis by
upregulating TfR1/divalent metal transporter 1 (DMT1), downregulating ferroportin 1 (FPN1), and inhibiting GPX4/
SLC7A11, causing iron overload and neuronal lipid peroxidation.®® Tt can concurrently activate autophagy (1Beclinl,
sequestosome 1 (SQSTM1) degradation), aggravating developmental neurotoxicity.’” In circulating tumor cells, propofol
inhibits ferroptosis and may enhance metastatic survival potential.”” Conversely, in cerebral I/R, propofol activates Nrf2/
GPX4, attenuates lipid peroxidation, and reduces infarct volume; GPX4 or Nrf2 inhibition (RAS-selective lethal 3
(RSL3), ML385) abolishes this protection.'® In cardiomyocytes, propofol preconditioning enhances SLC16A13—-AMPK—
GPX4 signaling, suppressing ferroptosis and limiting infarct size.?®

Dexmedetomidine predominantly inhibits ferroptosis across organs. In myocardium, it activates the SLC7A11/GPX4
axis and regulates mitochondrial metabolism via pyruvate dehydrogenase kinase 4 (PDK4)/malate dehydrogenase 2
(MDH2) lactylation;’*" in neurons, it downregulates the SRY-box transcription factor 9 (SOX9)/DMT]1 axis and
upregulates Nrf2, curbing iron uptake and oxidative injury.'"'? Protective effects in liver, kidney, and lung involve
ACSL4 inhibition, ferritinophagy suppression, and broader antioxidant pathway activation.'>'¢3!->2

Ketamine demonstrates striking tissue specificity. In cancer models, it promotes ferroptosis by repressing GPX4
transcription through the lysine acetyltransferase 5 (KAT5)/histone H3 lysine 27 acetylation (H3K27ac) axis> or via
IncPVT1/miR-214-3p-mediated GPX4 suppression.®* In contrast, in cardiomyocytes, ketamine inhibits ferroptosis during
I/R by downregulating stimulator of interferon genes (STING);> under chronic stress, it increases GPX4 and ferritin
heavy chain 1 (FTHI) while reducing TfR1 in habenular neurons, alleviating ferroptosis and improving function;>® and it
protects against acute lung injury via hypoxia-inducible factor 1-alpha (HIF-la)/heme oxygenase-1 (HO-1).° In
developing hippocampal neurons, ketamine can also activate the N-methyl-D-aspartate receptor (NMDA-R)/RASD1/
DMT1 pathway, causing iron overload, GSH depletion, and cognitive consequences.>*

Etomidate consistently inhibits ferroptosis: it activates Nrf2/HO-1 and suppresses lipid peroxidation in myocardial I/
R,*” and upregulates brain-derived neurotrophic factor (BDNF)/Nrf2/GPX4 to mitigate ferroptosis in ECT-related
hippocampal injury.*”

Local Anesthetics

Lidocaine displays dose- and tissue-dependent effects. At low concentrations, it promotes ferroptosis in ovarian and
breast cancer cells by upregulating miR-382-5p, which suppresses SLC7A11 and GPX4.*® At higher spinal doses, it
induces neuronal ferroptosis via nuclear receptor coactivator 4 (NCOA4)-mediated ferritinophagy with concomitant
FTH1/GPX4 suppression and CDGSH iron sulfur domain 2 (CISD2) downregulation.** Conversely, in lung I/R,
lidocaine activates p38 mitogen-activated protein kinase (p38 MAPK) and prevents ferroptosis in alveolar epithelial
cells, conferring protection.*'

Comparison of Conflicting Results Across Studies

Despite rapid progress, apparent inconsistencies persist. Propofol aggravates neuronal ferroptosis in neonatal hypoxia but
protects mature brains during I/R.*'° Dexmedetomidine is generally protective, though minimal effects have been
reported depending on dose and timing.'"'>'® Such discrepancies stem from differences in developmental stage, organ
context, anesthetic class/dose/exposure, and outcome readouts. Rather than classifying agents as uniformly pro- or anti-
ferroptotic, anesthetics should be regarded as context-dependent molecular switches whose effects are set by iron
metabolism, redox status, and microenvironmental factors. Recognizing these determinants is essential for reconciling
findings and designing targeted perioperative strategies.
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Key Molecular Pathways
Interference with Iron Metabolism

Common anesthetics (eg, halothane, isoflurane) upregulate TfR1 after administration, augmenting iron uptake and predis-
posing to intracellular overload.® Enhanced ferritin degradation increases the labile iron pool, while dysfunction of iron-
handling proteins (including transport and export components) further deranges iron homeostasis—changes linked to
neuronal injury and cognitive dysfunction in the young and elderly.’>*® Disrupting iron-regulatory nodes (including

transporter function) mitigates anesthesia-induced neuronal damage, underscoring iron metabolism as a pivotal target.’

Activation of Lipid Peroxidation

Iron accumulation perturbs lipid metabolism and fosters PUFA enrichment, sensitizing membranes to peroxidation.’®
Increased lipoxygenase (LOX) activity and maladaptive phospholipid remodeling further accelerate lipid radical chain
reactions and compromise membrane integrity—phenomena observed with anesthetic exposure and tightly coupled to
ferroptotic death.?

Suppression of Antioxidant Defenses

Anesthetics can impair System Xc~, limiting cystine uptake, depleting GSH, and weakening ROS clearance.”
Sevoflurane-induced ferroptosis and oxidative stress are attenuated by restoring GSH/GPX4 levels.”®® Diminished
GPX4 activity permits lipid hydroperoxide accumulation and membrane breakdown, especially in developing/aging
brain and cardiac tissue, aligning with postoperative cognitive and organ dysfunction.

Across these axes—iron dysregulation, lipid peroxidation, and antioxidant collapse—anesthetics form an integrated
network that can precipitate or prevent ferroptosis depending on context. Targeting these nodes (eg, supporting GSH
synthesis, boosting GPX4, modulating LOX or iron flux) offers avenues to mitigate anesthesia-associated neurotoxicity
and cardiotoxicity, with precision interventions tailored to population-specific iron/redox states (eg, pediatric, elderly).

Mechanisms of Anesthesia-Induced Ferroptosis in Cardiac and Cerebral
Injury

Anesthesia-induced ferroptosis contributes substantially to perioperative cardiac and cerebral injury. Both organs share
features that predispose them to ferroptosis—high oxygen consumption, PUFA-enriched membranes, and strict iron
regulation—yet they differ in vulnerability patterns and pathway emphasis. Below, we delineate organ-specific cascades
linking anesthetic exposure to ferroptotic damage while maintaining continuity with preceding sections.

Cardiac Injury

Iron Overload and Transport Dysregulation

In cardiomyocytes, anesthetics disrupt iron homeostasis by upregulating TfR1 and DMT1 while downregulating the
exporter ferroportin (FPN1). This shift enlarges the labile iron pool, enhances Fenton chemistry, and seeds ROS-driven
membrane damage.'*>* In contrast, dexmedetomidine limits iron influx and promotes efflux by suppressing DMT1 and
restoring FPN1 expression, thereby alleviating iron overload and early ferroptotic priming.''"'* In parallel, selective
autophagic turnover of ferritin (ferritinophagy) can be engaged under anesthetic/reperfusion stress, further increasing
cytosolic Fe*+ and reinforcing the overload state.

Lipid Peroxidation Cascade
Isoflurane and ketamine elevate ACSL4 and ILPCAT3, promoting the esterification and membrane incorporation of pro-
ferroptotic PUFAs. This remodeling heightens susceptibility to peroxidation and supports lipid radical chain
reactions.®'® Loss or inhibition of GPX4 accelerates accumulation of lipid hydroperoxides, destabilizing sarcolemmal
and mitochondrial membranes.

16028 ‘o= Journal of Inflammation Research 2025:18
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Antioxidant System Collapse
Propofol and lidocaine can depress System Xc (SLC7A11) and GPX4, impairing cystine import, depleting GSH, and
blunting detoxification of lipid peroxides.”> By contrast, etomidate and dexmedetomidine activate Nrf2 signaling,
upregulate GPX4, and partially reconstitute redox homeostasis under ischemia-reperfusion stress.'>’
Mitochondrial Dysfunction
Mitochondria are primary targets of ferroptotic injury. Under hypoxia or reperfusion, anesthetics such as propofol
amplify mitochondrial ROS, disrupt electron transport chain function, and depress adenosine triphosphate (ATP)
generation. Dexmedetomidine counters this metabolic collapse through PDK4/MDH2 lactylation control, sustaining
energetic balance and limiting downstream ferroptosis.”’

Outcome: These converging axes—iron overload, PUFA-rich membrane remodeling, antioxidant failure, and mito-
chondrial ROS—culminate in cardiomyocyte ferroptosis, manifesting as contractile dysfunction, arrhythmias, and
heightened susceptibility to ischemia-reperfusion injury.

Cerebral Injury

Iron Uptake Dysregulation

In neurons, inhaled anesthetics can engage the NMDA-R/RASD1/DMT]1 axis, facilitating iron influx and neuronal iron
overload.>® Propofol additionally suppresses FPNI, further favoring intracellular retention in hippocampal cells.
Dexmedetomidine opposes this by inhibiting SOX9/DMT1 signaling, restoring iron balance and reducing ferroptotic
drive."!

Blood—Brain Barrier (BBB) Disruption

Sevoflurane compromises BBB integrity by downregulating tight-junction proteins (occludin, claudin-5) and increasing
matrix metalloproteinases (MMPs) and HIF-1a, which together enhance iron penetration and oxidative stress within the
neurovascular unit.®* Isoflurane similarly promotes endothelial ferroptosis and microvascular leakage, amplifying
parenchymal exposure to iron and inflammatory mediators.

ROS Accumulation and Lipid Peroxidation

Upregulated ACSL4/LPCAT3 and suppressed GPX4 favor excessive lipid peroxide buildup in neurons. Both inhaled and
intravenous agents can depress Nrf2/SLC7A1l, collapsing antioxidant defenses and accelerating ferroptosis.
Mitochondrial ROS further amplify peroxidation kinetics, driving synaptic and dendritic injury.

Neuroinflammation and Cognitive Dysfunction

Ferroptotic neurons release damage-associated molecular patterns (DAMPs) that activate microglia and propagate
inflammatory cascades, contributing to postoperative cognitive decline (POCD). Pharmacologic ferroptosis inhibition
(eg, ferrostatin-1) or dexmedetomidine attenuates neuroinflammation and improves memory outcomes in experimental
models.'*"?

Outcome: Iron overload, BBB compromise, and ROS-driven lipid peroxidation converge on neuronal ferroptosis,

culminating in cognitive impairment and perioperative neurotoxicity.

Comparative Insights

Cardiac vs Cerebral Tissue

Both rely on Nrf2/GPX4 defense, but cardiomyocytes are particularly vulnerable to mitochondrial metabolic collapse,
whereas neurons are especially sensitive to iron-uptake dysregulation and BBB injury. Distinct susceptibilities of cardiac
and cerebral tissues to ferroptosis and their anesthetic modulation are compared in Table 2.

Protective Anesthetics

Dexmedetomidine and etomidate consistently suppress ferroptosis and preserve organ function, while sevoflurane and
propofol display context-dependent pro- or anti-ferroptotic actions shaped by developmental stage, ischemia-reperfusion
status, and redox/iron baselines.
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Table 2 Differences in Susceptibility to Ferroptosis Between Cardiac and Cerebral Organs and Anesthetic Impact

barrier (BBB)

barrier
integrity—Inflammatory
infiltration

— Increased iron influx

Feature Cardiac Characteristics Cerebral Characteristics Common Organ-Specific Mechanisms Impact on Anesthesia-Induced REFs
Dimension Mechanisms Ferroptosis
Metabolic Demand | High mitochondrial density High oxygen consumption ROS burst upon Heart: ETC complexes I/lll vulnerable—Electron leak Anesthetics inhibit ETC (eg, [61,62]
(30—40% cell volume) (20% of body), low glycogen reperfusion—Oxidative isoflurane)—Exacerbate ROS
reserves stress production
Lipid Composition Membrane phospholipids Neuronal membranes rich in ACSL4/LPCAT3 drive Brain: High ACSL4 expression in cortex/hippocampus Sevoflurane 1ACSL4—Promotes [20,65]
contain w-6 PUFA (AA: ®-3 PUFA (DHA: PUFA-PL peroxidation neuronal ferroptosis
Arachidonic acid) Docosahexaenoic acid)
Iron Storage Moderate ferritin expression Ferritin strictly regulated, high | Ferritin degradation Heart: Rapid ferritinophagy response (activated within Anesthetics TNCOA4 (eg, [38,51]
(1-2 pg/mg protein) iron content in substantia (NCOA4-mediated) 30 min reperfusion) etomidate) —Accelerate iron
nigra/basal ganglia —Free Fe+ release release
Iron Uptake TfRI constitutively expressed | TfRI transiently high during Anesthetics 1TfR1 Brain: Defective TfRI palmitoylation during development Neonatal anesthesia—Irreversible [6,55]
on cardiomyocytes development endocytosis—Iron (inhibited by sevoflurane) myelin injury
(oligodendrocytes) overload
Iron Transport Low DMT1 expression, FPNI | High DMTI expression in BBB | Fe’+ produces ‘OH via Brain: DMTI regulated by NMDA-RASD| (activated by Propofol under hypoxia [9,54]
dominates iron export endothelium/neurons Fenton reaction propofol) 1DMT | —Hippocampal iron
accumulation
Antioxidant Moderate GPX4, high SOD2 High GPX4 but limited System Xc (SLC7AII) Heart: GPX4 easily inactivated during reperfusion Isoflurane | GPX4—Lipid [25,63]
Enzymes expression neuronal GSH synthesis inhibition—GSH hydroperoxide accumulation
capacity depletion
Antioxidant Rapid GSH cycle (glutathione GSH precursors (cysteine) Anesthetics Brain: Slow GSH recovery under oxidative stress Sevoflurane |System Xc —Delayed | [7,59]
Substrates reductase active) dependent on BBB transport ISLC7A1 1 —Cystine neuronal repair
uptake impairment
Cell Type Cardiomyocyte homogeneity Neurons/astrocytes/ Ferroptosis preference Brain: Oligodendrocytes sensitive to iron overload Anesthetics selectively damage [6,66]
Heterogeneity (>95% contractile cells) oligodendrocytes coexist for high-metabolism cells oligodendrocytes—White matter
lesions
Death Receptors Low TNFRI expression High TNFRI expression in TNF- Brain: Inflammatory cytokines inhibit cystine uptake Surgical stress TTNF- [67,68]
activated glia o— |SLC7Al | —Positive a—Exacerbates anesthesia-induced
feedback amplification ferroptosis
Mitochondrial Dense cristae, rich in Sparse cristae, prone to fission | Mitochondrial membrane | Heart: Membrane rupture—ATP Anesthetics tmitochondrial fission [9.61]
Features antioxidant enzymes (PRDX3) | (Drpl activation) PUFA interruption—Contractile failure (eg, propofol hypoxia)—Loss of
peroxidation—Collapse membrane potential
Energy Crisis Rapid AMPK Slow AMPK response, Energy Brain: Glycolysis inhibition exacerbates oxidative damage Sevoflurane inhibits [23,28]
Response activation—Metabolic dependent on glycolysis depletion—Reduced glycolysis—Neuronal repair
regulation GPX4 synthesis impairment
Microenvironment | Large interstitial pH Stable extracellular pH (BBB Acidic environment Heart: Sudden pH shift during reperfusion—1Fe?+ activity | Anesthetics fail to regulate [61,62]
Regulation fluctuations (| pH 6.0 during buffering) promotes Fenton pH—Exacerbate myocardial
ischemia) reaction ferroptosis
Regenerative Minimal regeneration (adult Limited neurogenesis Ferroptosis causes Heart: Cell death—Structural heart failure Delayed cardiac functional recovery | [69]
Capacity cardiomyocytes terminally (hippocampus/subventricular permanent cell loss post-anesthesia in elderly patients
differentiated) zone)
Barrier System High capillary permeability Strictly regulated blood-brain Anesthetics disrupt Brain: Anesthetics |occludin/claudin—1BBB permeability; Propofol + surgery — BBB opening | [54,70]
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Inflammatory
Response

Sex Differences

Developmental
Susceptibility
Window
Aging-Related
Changes

Repair Mechanisms

Susceptible
Pathological
Scenarios
Anesthesia-
Induced Injury/
Protection
Anesthesia
protection

Therapeutic Time
Window

Biomarkers

Targeted
Therapeutic
Strategies

Genetic
Susceptibility

Redox Balance

lon Channel
Interaction

Clinical Outcomes

Rapid IL-6/TNF-a release

Males more susceptible
(androgens promote iron
accumulation)

Fetal susceptibility (critical
period for myocardial
differentiation)
Mitochondrial functional
decline, iron accumulation

Fibrosis-dominated repair

Ischemia-reperfusion injury
(IR)

Sevoflurane postconditioning
protects (JACSL4)

Dexmedetomidine TNrf2/
GPX4— |Myocardial
ferroptosis

Immediate reperfusion
(<60 min)

Serum cTnl/Ferritin

Iron chelators (Deferoxamine)

HFE gene mutation
(hemochromatosis)—Cardiac
iron overload

High cytosolic GSH/GSSG
ratio (100:1)

Iron overload—K+ channel
inhibition—Arrhythmias

Acute heart failure/
arrhythmias

Microglial activation—Chronic
neuroinflammation

Females more susceptible
(estrogens regulate GPX4)

Neonatal period (peak
synaptogenesis/myelination)

AP deposition promotes iron
retention, |GPX4 activity

Gliotic scar formation

Perioperative neurocognitive
disorders (PND)

Sevoflurane developmental
neurotoxicity (1TfR1)

Dexmedetomidine regulates
SOX9/DMT | — | Cerebral iron
accumulation

Hours post-injury
(neuroplasticity window)

CSF neurofilament light (NfL)

Iron redistribution agents
(Butylphthalide)

FTL mutation
(neuroferritinopathy)—Basal
ganglia iron deposition

Low neuronal GSH/GSSG
ratio (10:1)

Iron inhibits GABAergic
neurons— Excitotoxicity

Cognitive impairment/motor
deficits

Inflammatory cytokines
inhibit SLC7AI'|

Sex hormones influence
iron metabolism gene
expression

High iron demand during
development—Risk of
dysregulation

Aging exacerbates
ferroptosis susceptibility
Ferroptosis impedes
functional repair
Reperfusion oxygen
burst—Peak lipid
peroxidation

Dose/timing determines
effect direction

Nrf2 pathway as
common target

Early blockade of lipid
peroxidation chain
reaction

Plasma MDA/4-HNE
common markers
Inhibiting ACSL4/LOX
common targets

Genetic defects amplify
anesthesia risk

Oxidative shift triggers
ferroptosis

Fe2+ disrupts
electrophysiological
homeostasis

Cell death causes organ
dysfunction

Brain: IL-6—1Hepcidin— |FPN|—lron retention

Heart: Higher myocardial IRl mortality in males

Brain: Transient high TfRI expression in oligodendrocytes

Brain: Positive correlation between PND and ferroptosis in
elderly

Heart: Fibrosis in ferroptotic areas—Arrhythmias

Brain: PND correlates with hippocampal ferroptosis
markers (PTGS2)

Heart: Significant anesthetic protection during reperfusion;
Brain: High risk of irreversible injury in developing brain vs
Adult IRI protection

Brain: Requires precise iron transport regulation (DMT]I |/
FPN1)

Heart: Pre-reperfusion administration most effective

Brain: T2* hypointensity on imaging (iron deposition)

Heart: Requires combination with mitochondrial
protectants (eg, Dexmedetomidine)

Brain: 1PND risk in ApoE &4 carriers

Brain: More vulnerable to GSH depletion

Heart: QT prolongation— Ventricular fibrillation

Brain: Insidious injury (manifesting months later)

Anesthetics 1IL-6 (aging
brain)—Persistent iron overload

tRisk of post-anesthesia cardio-
cerebral injury in male patients

Neonatal sevoflurane
exposure—Long-term cognitive
deficits

1Post-anesthesia cognitive
impairment rate in elderly (tMIB2)
TRisk of post-anesthesia myocardial
fibrosis

Anesthetic choice affects PND
incidence

Dexmedetomidine reduces
postoperative delirium rate

Anesthetic preconditioning more
effective than postconditioning

Perioperative MDA monitoring
predicts neural injury
Combination anesthetics enhance
organ protection

Genetic screening optimizes
anesthesia protocols

Higher propofol dose required for
cerebral IRI protection

ECG monitoring during anesthesia
warns of ferroptosis

Long-term follow-up reveals delayed
anesthetic effects

[47,67]

[71,721

[6,55]

[56,73]

[63,74]

[49,66]

[6:211

[1,12]

[30,50]

[56,67]

[46,511

[75.76]

[10,59]

[54,77]

[49,78]

Abbreviations: IRI, Ischemia-reperfusion injury; BBB, Blood-brain barrier; PUFA, Polyunsaturated fatty acid; ROS, Reactive oxygen species; TfRI, Transferrin receptor |; DMTI, Divalent metal transporter |; FPNI, Ferroportin |.
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Clinical Context and Translational Evidence
Ferroptosis is now recognized as a major mechanistic axis of perioperative cardiac and cerebral injury; paradoxically,

several anesthetics can also protect heart and brain by suppressing ferroptosis and normalizing iron/redox homeostasis.

Table 3 summarizes classical and emerging assays for ferroptosis in experimental and clinical settings. Here, we connect

the epidemiologic burden with biomarker/imaging readouts, reconcile heterogeneous findings, and embed the protective

actions of anesthetics within a practical translational framework.

Table 3 Mechanisms of Organ Protection by Anesthetic Agents via Ferroptosis Inhibition

Anesthetic Target Core Pathway/Target Key Molecular Changes Protective Effect REFs
Agent Organ
Sevoflurane Brain ISPI/ACSL4 ACSL4|, MDA|, GPX41 Attenuates cerebral ischemia-reperfusion injury 211
Sevoflurane Intestine AMPK/Nrf2 activation Nrf21, GPX41, GSHT Anti-intestinal I/R ferroptosis, maintains barrier integrity [23]
Sevoflurane Heart 1GDFI 1 —PI3K/AKT activation AKT?, SODT, TNF-a| Alleviates myocardial oxidative stress and apoptosis [791
Dexmedetomidine | Heart 1SLC7AI I/GPX4 GPX41, ROS|, Fe?+| Inhibits myocardial ferroptosis, improves LV ejection fraction [30]
Dexmedetomidine | Heart |HDAC2—1FPN FPNT, Iron effluxt, Lipid Alleviates cardiomyocyte iron overload [13]
peroxidation]
Dexmedetomidine | Heart 02-AR—Nrf2/SLC7A| |/GPX4 Nrf21, HO-11, IL-6] Inhibits ferroptosis and inflammation [50]
Dexmedetomidine | Heart TNR3CI Lactate|, Mitochondrial Improves energy metabolism, reduces ROS production [51]
phosphorylation— | PDK4— |MDH2 membrane potentialt
lactylation
Dexmedetomidine | Heart TmiR-141-3p—|IncRNA TUGI GPX41, MDA | Alleviates hypoxia/reoxygenation myocardial injury [80]
Dexmedetomidine | Heart cAMP/PKA/CREB CREB?, GPx41, ROS| Improves contractile function (reversed by PKA inhibitor) [81]
Dexmedetomidine | Heart AMPK/GSK-3p/Nrf2 SLC7Al11, GPX41 Inhibits cardiomyocyte ferroptosis [15]
Dexmedetomidine | Brain NHZH(lTFRI/Fe2+ + 1SLC7AI1/GPX4) Fe?+|, GSH?, Neuronal Alleviates cerebral IRI, improves neurological scores [
survivalt
Dexmedetomidine Brain SOX9/DMTI axis DMTI |, Iron uptake| Mitigates cerebral ischemia/reperfusion iron accumulation [12]
Dexmedetomidine | Liver Nrf2/GPx4 GPx41, MDA|, Ferritin? Reduces liver enzymes (ALT/AST), alleviates necrosis [31]
Dexmedetomidine | Liver ITXNIP (combined with 50% Argon) Ferroptosis|, Apoptosis|, Improves survival in DCD liver transplantation [45]
Glycogen preservation?
Dexmedetomidine | Kidney 02-AR— | ACSL4/1GPX4 ACSL4|, LPO|, Tubular Reduces serum creatinine, improves glomerular filtration rate [16]
injury|
Dexmedetomidine | Kidney Multiple mechanisms (| Apoptosis/ LC3-IIt, p62], Ferritint Alleviates acute kidney injury, inhibits fibrosis [82]
Inflammation/Ferroptosis, TAutophagy)
Dexmedetomidine Intestine 1TSLC7AI1/GPX4, 1Fe2+ GSH1, Tight junction Reduces bacterial translocation, lowers inflammatory cytokines [32]
proteinst
Dexmedetomidine | Lung NRF2— | NCOAA4 ferritinophagy Ferritin degradation|, Free Alleviates pulmonary edema and oxidative damage [52]
iron|
Propofol Heart SLCI16A13-AMPK-GPX4 AMPK?t, GPX41, Reduces myocardial infarct size, improves ECG ST-segment [28]
Mitochondrial ROS|
Propofol Brain Nrf2/Gpx4 Gpx4t, SLC7AI T Reduces cerebral infarct volume, improves neurobehavioral [10]
scores
Propofol Heart Akt/mTOR + Nrf2/Gpx4 (Synergy with p-Akt?, mTOR?, GPX41 Synergistically reduces myocardial enzymes CK — MB, ¢Tnl [83]
(Combined) | Dexmedetomidine)
Etomidate Heart Nrf2/HO-1 HO-11, 4-HNE| Inhibits lipid peroxidation, improves ventricular diastolic [37]
function
Etomidate Heart Inhibits ferroptosis + Alleviates COX activityf, ATP Multi-faceted protection (reduces LDH release) [38]
mitochondrial damage synthesis?
Sufentanil Brain Akt/GSK-33/Nrf2 p-GSK-38], Nrf21, IL-1B} Alleviates neuroinflammation, improves motor coordination [43]
MOR Agonist Liver HIF-1o/KCNQIOT | — |ACSL4 ACSL4|, PTGS2| Reduces hepatocyte necrosis, improves regeneration markers [44]
Ferroptosis Heart Ferrostatin-1— | Lipid ROS MDA |, Mitochondrial Significantly improves cardiac function in iron overload [46]
Inhibitor swelling| cardiomyopathy (superior to apoptosis inhibitors)
Enriched Brain 1IL-6— | JAK2-STAT3— | Hepcidin DMTI |, FPNI1, Neuronal Promotes neuroregeneration, improves coghnitive function [47]
Environment iron|
Dex + Propofol Heart Synergistic Akt/mTOR and Nrf2/Gpx4 p-Akt?, Nrf21, GPX41 Significantly reduces myocardial apoptosis rate (TUNEL]) [83]
Combination activation
Dex + Argon Liver Inhibits TXNIP-mediated oxidative stress TXNIP|, GPX41 Improves graft survival, reduces post-reperfusion enzyme [45]
Combination leakage
Hypoxic Neurons THypoxia-inducible factor—Modulates iron TFRI1], FPNIT Alleviates propofol neurotoxicity, protects hippocampal neurons [8]
Preconditioning metabolism proteins

Abbreviations: MDA, Malondialdehyde; 4-HNE, 4-hydroxynonenal; MRI, Magnetic resonance imaging; PET, Positron emission tomography; SPECT, Single-photon emission
computed tomography; GPX4, Glutathione peroxidase 4; Exosome GPX4, GPX4 carried by extracellular vesicles.

https:

16032

Journal of Inflammation Research 2025:18



Chen et al

Epidemiology of Perioperative Cardio-Cerebral Complications

Postoperative neurocognitive disorders (PND) occur in ~30-50% of elderly surgical patients, with long-term decline
in ~10-15%; risk is higher with prolonged anesthesia, major cardiovascular/orthopedic surgery, and comorbid
cerebrovascular disease or diabetes.'''* Perioperative myocardial injury (PMI) is detected in 8-19% of non-
cardiac surgeries and remains a leading cause of perioperative morbidity and mortality, with I/R episodes amplifying
cardiomyocyte ferroptosis. Other organ injuries (eg, acute kidney injury, hepatic ischemia) increasingly correlate

with ferroptosis markers, underscoring the systemic perioperative footprint of this pathway.

Linking Ferroptosis Susceptibility to Clinical Outcomes
Biomarkers and imaging. Elevated lipid peroxidation products (MDA, 4-hydroxynonenal (4-HNE)) and reduced GPX4
activity associate with worse neurocognitive and cardiac outcomes. Systemic iron indices (ferritin, transferrin, Fe) reflect
susceptibility, while circulating exosomal miRNAs (eg, miR-214-3p, miR-137) that regulate SLC7A11/GPX4 are
emerging liquid-biopsy indicators. Iron-sensitive magnetic resonance imaging (MRI) (susceptibility-weighted brain
imaging; cardiac T2*) identifies regional iron accumulation consistent with ferroptotic stress; functional metrics (lower
heart-rate variability, higher troponin, impaired Mini-mental State Examination (MMSE)/montreal Cognitive Assessment
(MoCA)) track with these biochemical profiles. Together, these data indicate that ferroptosis is clinically observable
during the perioperative period and linked to adverse outcomes.

Protective actions of anesthetics—cardiac I/R. Myocardium is ferroptosis-prone due to high mitochondrial density
and oxidative load. Multiple anesthetics counteract I/R-related ferroptosis by acting on iron export, lipid peroxidation,
and GPX4-centered defenses:

(1) Sevoflurane upregulates growth differentiation factor 11 (GDF11) to activate phosphoinositide 3-kinase/Protein
kinase B (PI3K/AKT), mitigating oxidative stress, inflammation, and apoptosis.”®

(2) Propofol preconditioning suppresses ferroptosis via the SLC16A13—~AMPK—~GPX4 axis;*® combined propofol +
dexmedetomidine synergistically engages Akt/mammalian target of rapamycin (mTOR) and Nrf2/GPX4, enhan-
cing protection.®?

(3) Etomidate activates Nrf2/HO-1 to inhibit ferroptosis®’ and further limits mitochondrial damage while curbing
ferroptotic death.?’

(4) Dexmedetomidine activates SLC7A11/GPX4;*" relieves histone deacetylase 2 (HDAC2)-mediated repression of
ferroportin to promote iron efflux;'® engages a2-receptors to drive Nrf2/SLC7A11/GPX4 and dampen ferroptosis/
inflammation;™ increases nuclear receptor subfamily 3 group C member 1 (NR3C1) phosphorylation to inhibit
PDK4, reduce lactate and MDH2 lactylation, and improve mitochondrial function;’' upregulates miR-141-3p to
suppress IncRNA TUG1 and blunt hypoxia/reoxygenation-induced ferroptosis;* and activates cyclic adenosine
monophosphate (cAMP)/protein kinase A (PKA)/cAMP response element-binding protein (CREB) to raise GPX4
and reduce malondialdehyde (MDA)/ROS/Fe*",*! as well as AMPK/glycogen synthase kinase-3 beta (GSK-3p)/
Nrf2 to upregulate SLC7A11/GPX4."

Protective actions of anesthetics—cerebral I/R. Brain susceptibility reflects tight BBB-dependent iron control, PUFA-rich
neuronal membranes, and glial contributions to redox/inflammation:

(1) Sevoflurane postconditioning downregulates the SP1/ACSL4 axis, curbing lipid peroxidation and ferroptosis.”'

(2) Dexmedetomidine activates Nrf2 to restrain transferrin receptor 1 (TFR1) and lower Fe** while upregulating
SLC7A11/GPX4 and supporting GSH synthesis;'"' in parallel, it limits neuronal iron entry via the SOX9/DMT1
axis."?

(3) Sufentanil engages Akt/GSK-3B/Nrf2, suppressing oxidative stress, inflammation, and ferroptosis to protect the

. 4
brain.*
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Protection strategies by organ focus. Although both organs share common targets—iron overload, lipid peroxidation,
GPX4 inactivation—their protective emphases differ.

Cardio-protection prioritizes mitochondrial restoration (metabolic-state switch) via convergent Nrf2 and Akt/mTOR
signaling and actively promotes iron efflux (eg, via ferroportin (FPN)) to relieve I/R-driven overload.

Neuroprotection emphasizes precise neuronal iron control (DMT1/FPN modulation), BBB integrity, and neuroin-
flammation restraint. Across organs, the Nrf2/GPX4/SLC7A11 axis is the dominant protective pathway, while ACSL4
inhibition broadly limits pro-ferroptotic lipid generation.

Adjunct and novel approaches. Beyond leveraging anesthetic pharmacology, direct ferroptosis targeting adds translational
options. Iron chelators (eg, deferoxamine) and ferroptosis inhibitors (eg, ferrostatin-1) improve mitochondrial performance and
systolic/diastolic function in iron-overload cardiac models, validating a causal role for ferroptosis and nominating it as
a therapeutic axis.* Non-pharmacologic modulation, such as enriched environment (EE), can reduce interleukin-6 (IL-6)—
hepcidin signaling during cerebral I/R and rebalance neuronal iron transporters (JDMT1, 1FPN1), correcting overload and
attenuating ferroptosis.*’ Natural compounds (eg, astragaloside IV, luteolin) that recalibrate iron handling and oxidative stress

further illustrate pathway tractability for cardio-cerebral protection.®*5>

Reconciling Conflicting Results: Why Findings Differ
Heterogeneity across studies reflects patient factors (age, sex, baseline iron status such as anemia/hemochromatosis,
comorbidities), anesthetic exposure (agent class, concentration, duration), adjunct medications (opioids, steroids, seda-
tives), and species/model differences that incompletely reproduce human perioperative physiology. Integrating these
variables reconciles contradictions within the molecular-switch framework: anesthetics act as regulators whose net
effects are set by organ context (mitochondrial density, BBB status), iron/redox baselines, and pathway activation states.
Translational significance. Recognizing ferroptosis susceptibility enables perioperative risk stratification and perso-
nalized anesthesia. Cardiac protection centers on mitochondrial restoration and iron efflux; neuroprotection prioritizes
neuronal iron homeostasis, BBB preservation, and inflammation control. Incorporating ferroptosis biomarkers, iron-
sensitive imaging, and patient-specific profiles into perioperative practice—alongside targeted modulators and rational
anesthetic combinations—offers a path to reducing complications and improving long-term outcomes.

Therapeutic Strategies and Future Directions

Despite the growing recognition of ferroptosis as a driver of cardio-cerebral injury, translating these insights into
perioperative benefit requires strategies that selectively suppress detrimental ferroptosis in vulnerable organs while, in
certain contexts (eg, oncology), permitting or enhancing pro-ferroptotic activity. Below, we integrate pharmacological
and anesthetic approaches with delivery innovations, biomarker development, and research priorities, while addressing
key translational challenges raised above.

Pharmacological Modulation of Ferroptosis

Direct ferroptosis modulators hold promise for perioperative protection, yet insufficient drug specificity remains a central
hurdle. Canonical inhibitors such as ferrostatin-1 and liproxstatin-1 block lipid peroxidation and protect neurons/
cardiomyocytes in preclinical I/R models,'® and iron chelators (eg, deferoxamine) reduce the labile iron pool and
attenuate anesthetic-induced ferroptosis.'> Antioxidants (N-acetylcysteine, coenzyme Q10) and mitochondria-targeted
ROS scavengers restore redox balance and complement anesthetic rf::gimens."3 However, unresolved issues include (i)
uncertain causality in specific compartments (eg, whether endothelial ferroptosis is the primary cause of BBB breakdown
under hypoxia);®” (ii) suboptimal pharmacokinetics in vivo (low bioavailability/rapid metabolism) that blunt efficacy;®
and (iii) broad-spectrum antioxidant effects that may intersect with apoptosis or pyroptosis, confounding interpretation
and benefit.*”*® Moreover, most current agents preferentially counter GPX4-dependent ferroptosis and may inadequately
address GPX4-independent variants linked to mitochondrial dysfunction, yielding incomplete protection.* Thus, next-
generation modulators should improve tissue selectivity, engage organ-relevant nodes (eg, ACSL4, iron exporters), and
extend coverage to GPX4-independent subtypes.
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Anesthetic Choice and Personalized Perioperative Management

Evidence supports precision anesthesia to align agent selection with ferroptosis susceptibility. Dexmedetomidine and
etomidate consistently bolster Nrf2/GPX4 signaling and normalize iron handling, making them appealing in high-risk
cardio-cerebral settings.''"'?'>*7 By contrast, propofol and sevoflurane display context-dependent effects—protective in

I/R, but potentially pro-ferroptotic under hypoxia or in the developing brain® %!

—necessitating careful dosing/timing.
Risk stratification using iron indices (serum ferritin, transferrin saturation), functional GPX4 readouts, and exosomal
biomarkers can guide selection and perioperative titration.

Importantly, anesthetic combinations can act additively or antagonistically on ferroptosis, and their net effect hinges
on drug class, ratio, developmental stage, and pathology. Synergistic protection has been reported for dexmedetomidine +
low-dose propofol in cerebral I/R and for etomidate + dexmedetomidine in ECT-related hippocampal injury, whereas
propofol combined with high-concentration sevoflurane exacerbates developmental neurotoxicity; ketamine + sevoflur-
ane may amplify cognitive deficits. These patterns suggest favoring dexmedetomidine + propofol in aging/ischemic
brains while avoiding sevoflurane/ketamine + propofol in the developing brain. Systematic evaluation in organoid co-
cultures and in vivo multiparameter monitoring is warranted to map combination-specific ferroptosis trajectories across
contexts.

Novel Delivery Systems and Off-Target Risk Mitigation

A major translational barrier is the risk of off-target effects. Systemic iron chelation can perturb global iron balance and
precipitate organ toxicities,”® while broad ferroptosis inhibition might dampen other programmed cell death pathways,
potentially undermining antitumor efficacy when cytotoxicity is desired.”’ Nanocarriers and prodrug strategies that are
activated by pathologic cues (low pH, high ROS) offer spatiotemporal control to confine activity to ischemic or inflamed
territories, reducing collateral effects. Exosome-based vectors that deliver antioxidant cargo or GPX4 mRNA across the
BBB exemplify organ-addressable approaches. Stimuli-responsive nanoparticles can further ensure on-demand release
precisely where ferroptotic pressure is highest.

The Molecular Switch Hypothesis

The molecular switch framework reconciles heterogeneity: anesthetics can toggle ferroptosis ON (eg, tumor contexts
where pro-ferroptosis may aid therapy) or OFF (eg, heart/brain where suppression preserves function). Practically, this
means calibrating agent class, dose, and timing to the organ’s iron/redox baseline and microenvironmental constraints
(mitochondrial density in myocardium; BBB integrity and PUFA-rich membranes in brain). Multi-omics and single-cell
analyses should be used to chart switch states and identify actionable nodes (Nrf2/GPX4/SLC7A11; ACSL4/LPCATS3;
iron import/export). The schematic overview of the ferroptosis pathways and anesthetic regulation is illustrated in
Figure 1. It integrates the three major axes—iron metabolism dysregulation, lipid peroxidation activation, and antioxidant
defense collapse—highlighting how commonly used anesthetics act as molecular switches to bidirectionally modulate
ferroptosis.

Biomarker Development and Monitoring Challenges

Current markers—MDA,’* 4-HNE,*? serum iron/ferritin—lack tissue and death-mode specificity. MDA and 4-HNE rise
in diverse injuries (apoptosis, autophagy), limiting etiologic precision, while systemic iron indices do not localize
myocardial or neuronal ferroptosis. To improve specificity, sensitivity, and feasibility:

(1) Exosomal GPX4: Quantifying GPX4 protein/activity in cell-of-origin exosomes (neuronal, cardiomyocyte,
endothelial) may better reflect compartmental antioxidant status and ferroptosis susceptibility.

(2) Iron-sensitive imaging: Brain susceptibility-weighted MRI and cardiac T2* can non-invasively map iron burden;
however, iron overload alone is insufficient for ferroptosis and may be confounded by other iron-laden states.

(3) Lipid peroxidation fingerprints: Mass-spectrometric profiling of phospholipid hydroperoxides (eg, arachidonic
acid—phosphatidylethanolamine hydroperoxide (AA-PE-OOH)/adrenic acid—phosphatidylethanolamine
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Figure | Core Molecular Mechanisms of Ferroptosis and Bidirectional Regulation by Anesthetic Agents. The schematic summarizes the three central pathways of ferroptosis and the
regulatory effects of commonly used anesthetics: (1) Iron metabolism dysregulation: Anesthetics regulate iron uptake and efflux through the TfRI/DMTI-NCOA4-FPNI axis.
Sevoflurane (Sevo) enhances TfR | endocytosis and promotes intracellular iron overload, while dexmedetomidine (Dex) facilitates iron efflux by inhibiting HDAC2-mediated repression
of FPN. (2) Lipid peroxidation activation: ACSL4, LPCAT3, and LOXs drive polyunsaturated fatty acid (PUFA) incorporation and phospholipid peroxidation, with mitochondrial ROS
from the Fenton reaction amplifying damage. Sevoflurane aggravates lipid ROS production by suppressing the Hippo—YAP/TAZ pathway, whereas MOR agonists attenuate ACSL4
expression via the HIF-1a/KCNQIOT | axis. (3) Antioxidant defense collapse: The System Xc ™ antiporter (SLC7A1 1/SLC3A2) imports cystine for glutathione (GSH) synthesis, enabling
GPX4 to detoxify lipid peroxides (L-OOH). Propofol (Prop) protects by activating the Nrf2/GPX4/SLC7AI | axis, while ketamine (Ket) promotes ferroptosis through KAT5-mediated
suppression of GPX4 transcription. Overall, anesthetic agents function as molecular switches, exhibiting context-dependent bidirectional regulation of ferroptosis—either inducing
neuronal and cardiac injury or providing organ protection depending on tissue type, pathological state, and drug dose. Symbols: (1) Red arrows (1/]): Upregulation or downregulation of
molecular targets. (2) Dashed red lines: Pro-ferroptotic regulation by anesthetics. (3) Dashed green lines: Anti-ferroptotic regulation by anesthetics. (4) Solid black arrows: Core
ferroptosis pathways (iron metabolism, lipid peroxidation, antioxidant defense). (5) Hexagon with drug name: Specific anesthetic agent intervention (eg, Sevo, Prop, Ket, Dex).
Abbreviations: TfR1, Transferrin receptor |; DMT I, Divalent metal transporter |; NCOA4, Nuclear receptor coactivator 4; FPN |, Ferroportin |; HDAC?2, Histone deacetylase 2;
Dex, Dexmedetomidine; Sevo, Sevoflurane; MOR, p-opioid receptor; HIF- | o, Hypoxia-inducible factor | alpha; KCNQIOT 1, Potassium voltage-gated channel subfamily Q member |
opposite strand/antisense transcript |; ACSL4, Acyl-CoA synthetase long-chain family member 4; LPCAT3, Lysophosphatidylcholine acyltransferase 3; LOXs, Lipoxygenases; PUFA,
Polyunsaturated fatty acid; ROS, Reactive oxygen species; GPX4, Glutathione peroxidase 4; System Xc ', Cystine/glutamate antiporter (SLC7AI [/SLC3A2); SLC7AI I/SLC3A2, Solute
carrier family transporters, subunits of System Xc ; GSH, Reduced glutathione; GSSG, Oxidized glutathione; GR, Glutathione reductase; Nrf2, Nuclear factor erythroid 2-related factor
2; Prop, Propofol; Ket, Ketamine; KATS5, Lysine; acetyltransferase 5; L-OOH, Lipid hydroperoxides; L-OH, Reduced lipid alcohols; LIP, Labile iron pool; PL-OOH, Phospholipid
hydroperoxides; OH, Hydroxyl radical.
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hydroperoxide (AdA-PE-OOH) in cerebrospinal fluid (CSF) or plasma) offers a ferroptosis-proximal signature
superior to bulk MDA/4-HNE.
(4) Tissue expression panels: ACSL4, GPX4, SLC7A11, FSP1 provide mechanistic specificity but are limited by
biopsy invasiveness perioperatively.

(5) Molecular probe imaging: Long-term goals include probes that selectively recognize oxidized phospholipids,

inactivated GPX4, or specific iron pools, paired with positron emission tomography (PET)/single-photon emission

computed tomography (SPECT)/MRI contrast to visualize ferroptosis in vivo and in real time.

The overarching requirement is a toolbox that combines high specificity (vs other cell deaths), early sensitivity,

(minimally) non-invasive sampling, and dynamic readouts that track ferroptosis progression perioperatively.

Future Research Priorities
Prospective clinical trials should validate anesthetic—ferroptosis interactions and incorporate imaging/biomarker

endpoints.'*'* Advanced models—patient-derived organoids and organ-on-chip—can recapitulate cardiac and cerebral

ferroptosis under anesthetic exposure. Artificial intelligence integrating clinical variables, omics layers, and anesthetic

dosing may enable real-time risk prediction and decision support. Finally, long-term outcomes must be assessed to

determine whether perioperative ferroptosis modulation favorably impacts cognition and cardiovascular health.

Therapeutic strategy should evolve from generic antioxidant use to precision perioperative medicine, tailoring

anesthetic choice, combinations, and adjuncts to ferroptosis susceptibility while minimizing off-target risks. The

molecular-switch framework provides a testable paradigm to guide mechanism-anchored interventions, delivery innova-

tions, and biomarker development—advancing safe, targeted cardio-cerebral protection. Comprehensive cardio-cerebral

protection strategies targeting ferroptosis and related clinical challenges are outlined in Table 4.

Table 4 Cardio-Cerebral Protection Strategies Targeting Ferroptosis and Clinical Challenges

Intervention Target Site Applicable Scenario Potential Advantages Clinical Challenges Representative REFs
Strategy Drugs/Methods
Iron Chelators Free Fe?+ Cardio-cerebral iron Directly blocks Fenton reaction Systemic iron Deferoxamine [46,94]
overload injury depletion—Anemia; BBB
penetration rate <5%
GPX4 Activators GPX4 enzyme active Ischemia-Reperfusion Enhances endogenous antioxidant Small molecule instability (Plasma | SRSI1-92, ML162 [95,96]
site (IR1) defense ti/ <30 min)
System Xc~ Agonists [ SLC7AII cystine Perioperative Promotes GSH synthesis, inhibits May activate tumor growth (eg, Sulfasalazine [59,97]
transport neuroprotection lipid peroxidation lung cancer)
ACSL4 Inhibitors ACSL4 catalytic Cardiac/Cerebral/ Blocks PUFA-PL synthesis (Source Lack of highly selective Rosiglitazone (PPARy [44,65]
domain Hepatic IRI inhibition) inhibitors; Interferes with normal | agonist)
membrane phospholipid
metabolism
LOX Inhibitors Lipoxygenase (LOX) Post-stroke neural injury | Interrupts lipid peroxidation chain Inhibits eicosanoid synthesis (Gl Zileuton, Baicalein [85,98]
active site reaction ulcer risk)
Nrf2 Activators Nrf2-Keap| interaction | Cross-organ antioxidant Coordinates multiple pathways Overactivation—Chemotherapy Sulforaphane [10,50]
protection (GPX4/SLC7AI1/HO-1) resistance
Ferritinophagy NCOA4-FTHI binding Reperfusion-phase Reduces free iron release Disrupts physiological iron NCOA4-siRNA [38,52]
Inhibitors interface myocardial injury recycling nanocarriers
Ferroptosis Radical-trapping Iron overload Directly scavenges lipid radicals Rapid in vivo metabolism Ferrostatin-1, [26,46]
Inhibitors antioxidants cardiomyopathy (requires continuous infusion) Liproxstatin-|
Anesthetic Multi-pathway synergy High-risk surgery organ Enhanced efficacy, reduced single- Complex drug interactions; Dexmedetomidine + [83,99]
Combination eg, Nrf2 + AMPK protection drug toxicity Difficult dose optimization Propofol
(Continued)
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Table 4 (Continued).

mitochondria

triggers

death

inducer)

Intervention Target Site Applicable Scenario Potential Advantages Clinical Challenges Representative REFs
Strategy Drugs/Methods
Argon Inhibits TXNIP/NLRP3 Liver/Kidney Inert gas, high safety Requires specialized delivery 50% Argon + [45,100]
Postconditioning inflammasome transplantation IRI equipment; Optimal Dexmedetomidine
concentration not standardized
Hypoxic HIF-1a/DMTI/FPNI Reducing anesthetic Activates endogenous adaptive Clinical implementation risk Hypoxia-inducible [8,101]
Preconditioning axis neurotoxicity mechanisms (tissue hypoxic injury) factor stabilizers
Gene Therapy GPX4/SLC7AL | Hereditary iron Long-lasting protection Vector immunogenicity; Off- AAV9-GPX4 (animal [57,102]
overexpression metabolism disorders target risk models)
Nano-Targeted Organ-specific ligands Precision cardio- Improves bioavailability, reduces High scale-up production cost; Liposome- [103]
Delivery (eg, transferrin) cerebral targeting systemic exposure Long-term toxicity unknown encapsulated
Ferrostatin-1
miRNA Regulation miR-214-3p/GPX4, Myocardial IRI, cognitive High-specificity target gene Rapid in vivo degradation; Low miR-141-3p mimic [80,104]
miR-141-3p impairment modulation delivery efficiency
Mitochondrial ETC complexes/VDAC Reperfusion-phase Maintains energy metabolism, Difficulty penetrating SS-31 peptide, MitoQ [51,61]
Protectants channels oxidative injury reduces ROS leakage mitochondrial double membrane
Anti-inflammatory + TNF-o/IL-6-SLC7AL | Postoperative Breaks inflammation-ferroptosis Immunosuppression risk Dexmedetomidine + [11,47]
Ferroptosis Combo axis neuroinflammation + positive feedback IL-6 receptor antibody
ferroptosis
Metabolic PDK4-MDH2 Myocardial energy crisis Improves glycolipid metabolic flux Individual metabolic differences Dexmedetomidine [51,105]
Reprogramming lactylation affect efficacy regulates lactylation
Enriched Hepcidin-DMTI/FPNI Post-stroke Non-pharmacological, multisensory | Patient compliance-dependent; Multimodal sensory/ [47,106]
Environment axis rehabilitation stimulation promotes recovery Lacks standardized protocol motor training
Intervention
BBB Protectants Claudin-5/MMP9 Anesthesia-associated Blocks iron influx and Most drugs poorly penetrate Matrix [67,70]
BBB disruption neuroinflammation intact BBB metalloproteinase
inhibitors
Biomarker-Guided Plasma MDA/4-HNE, Personalized therapeutic Real-time ferroptosis monitoring Lack of standardized assays; Intraoperative MDA [56,67]
Therapy CSF-NfL window determination Thresholds undefined rapid test strips
Sex-Differentiated Estrogen-GPX4 Female patient Leverages sexual dimorphism for Hormone therapy side effects Selective estrogen [72]
Strategy pathway neuroprotection optimized efficacy receptor modulators
Aging-Targeted Senescence-associated Elderly surgical patients Reverses age-related ferroptosis Difficult multi-organ aging co- NAD+ supplements [56,107]
Intervention GPX4 downregulation susceptibility regulation (activate SIRTI)
Combined GSH precursor (NAC) Cardiac surgery (CPB) Synergistically enhances antioxidant | High-dose NAC—Thrombosis N-acetylcysteine [59,108]
Antioxidants + GPX4 activation reserves risk (NAC)
Optogenetic Light-controlled GPX4 Local brain region Spatiotemporal precision Invasive; Far from clinical Photosensitive AAV [109,110]
Regulation expression protection translation vectors (animal
(experimental) studies)
Machine Learning Ferroptosis risk model Preoperative risk Integrates genetic/metabolic/clinical Data privacy; Model Prediction algorithm [75,76]
Prediction assessment. indicators generalization limitations based on ApoE/HFE
genes
Mitochondrial Healthy mitochondrial Severe myocardial IRI Replaces damaged mitochondria Immune rejection; Low survival Autologous [z
Transplantation delivery (exploratory) rate mitochondrial
transplantation
Microbiome Gut microbiota- Postoperative cognitive Modulates gut-brain axis, indirect High inter-individual microbiota Probiotics (butyrate- [113,114]
Intervention butyrate-GPX4 axis impairment protection variation; Slow onset producing strains)
Electrical Vagus nerve activates Refractory cardio- Non-invasive physical therapy Complex parameter Transcutaneous vagus [I15,116]
Neuromodulation Nrf2 pathway cerebral injury optimization; Unstable efficacy nerve stimulation
Enhanced Mitophagy PINK I /Parkin pathway Clearance of damaged Blocks upstream ferroptosis Excessive mitophagy—Cell Urolithin A (Mitophagy [117,118]

Notes: */*¥/*: Indicate levels of statistical significance (*p < 0.05; **p < 0.01; ***p < 0.001); #/##: Represent comparisons against control or different treatment groups.
Abbreviations: Fer-1, Ferrostatin-1; Lip-1, Liproxstatin-I; RSL3, Ras-selective lethal 3; HDAC2, Histone deacetylase 2; KATS5, Lysine acetyltransferase 5.
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Conclusion

Ferroptosis has emerged as a pivotal pathway in perioperative organ injury, linking anesthetic exposure with neuronal
and myocardial vulnerability. Over the last decade, studies have established that anesthetics can function as bidirectional
modulators of ferroptosis, promoting or inhibiting it depending on developmental stage, tissue type, dose, and patholo-
gical context.

Three major conclusions can be drawn:

Organ-specific vulnerability: The brain and heart are especially prone to ferroptosis due to their high oxygen
consumption, PUFA-rich membranes, and strict iron homeostasis requirements. These unique metabolic and structural
features explain why anesthetic exposure can easily tip the balance toward ferroptosis-mediated injury.

Context-dependent anesthetic effects: Agents such as sevoflurane and propofol display dual activity—harmful in
hypoxic or developmental states, yet protective in ischemia-reperfusion—whereas dexmedetomidine and etomidate
consistently inhibit ferroptosis through the Nrf2/GPX4 and related antioxidant axes. This context-dependency reflects
the influence of molecular “switches”, including receptor expression, metabolic status, and post-translational
modifications.

Translational significance: Ferroptosis biomarkers (eg, GPX4, lipid peroxidation products, exosomal miRNAs) and
imaging techniques (iron-sensitive MRI, cardiac T2*) now provide tangible bridges between preclinical discoveries and
perioperative patient care. These advances open the door to biomarker-guided anesthesia strategies.

The molecular switch hypothesis offers a unifying framework: anesthetics toggle ferroptosis “on” in some contexts (eg,
tumor tissues, where pro-ferroptotic effects may be beneficial) and “off” in others (eg, heart and brain, where ferroptosis
suppression is protective). Understanding these switches at the molecular level—via iron metabolism, lipid peroxidation, and
antioxidant signaling—will be critical for translating mechanistic insights into personalized anesthesia strategies.

Future efforts should focus on integrating multi-omics mapping, organoid modeling, and artificial intelligence (Al)-
driven predictive platforms to capture ferroptosis dynamics across diverse perioperative scenarios. Prospective clinical
trials are essential to validate ferroptosis-based perioperative risk stratification and to determine the efficacy of
ferroptosis-targeting adjuvants such as iron chelators or GPX4 activators. Ultimately, incorporating ferroptosis regulation
into anesthetic practice could shift perioperative medicine from descriptive observation to mechanism-driven, precision
interventions, improving both short-term safety and long-term patient outcomes.
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