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Simple Summary

Iron is an essential trace element whose homeostasis is critical for normal nervous system
function. Increasing evidence indicates that stress perturbs iron metabolism and thereby
contributes to the onset and progression of a spectrum of neurological diseases. Here,
we synthesize the current knowledge of how iron levels change under stress, how those
alterations reshape brain function, and the underlying molecular mechanisms. We focus
on abnormal cerebral iron accumulation during stress and routes for iron entry across the
blood-brain barrier. We further discuss the therapeutic potential of iron chelators and
explore the three-way relationship among stress, iron metabolism, and neurological disease.

Abstract

Stress is a non-specific systemic response to internal or external challenges. Recent studies
show that stress can disrupt iron metabolism and that iron dyshomeostasis is implicated
in many diseases-particularly within the nervous system, where iron distribution and
regulation intersect tightly with oxidative stress and inflammation. Activation of the
hypothalamic-pituitary—adrenal (HPA) axis by stress can upregulate hepatic hepcidin and
reprogram systemic iron fluxes, leading to functional iron deficiency and, in the brain,
reduced iron availability, which affects myelination and neurotransmitter metabolism.
Conversely, iron dyshomeostasis also contributes to neurodegenerative pathology. In this
review, we synthesize recent evidence of how stress reprograms brain iron distribution and
regulation, and we outline the mechanistic links between stress-induced iron dysregulation
and neurological pathology. We also discuss the therapeutic implications (such as iron-
chelation strategies) and highlight the three-way interplay among stress, iron metabolism,
and neurodegeneration. These insights suggest that managing iron homeostasis may offer
new therapeutic avenues for stress-related neural disorders.

Keywords: stress; iron metabolism disorders; iron-chelation; neurological diseases

1. Introduction

Stress has profound effects on physiology, and emerging evidence implicates stress in
disrupting brain iron homeostasis. Iron is essential for normal neural function, and even
slight imbalances in iron distribution or accumulation can contribute to neurological pathol-
ogy. This review addresses the intersection of stress and brain iron metabolism (Figure 1),
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a topic of growing interest, given its links to neurodegenerative and neuropsychiatric
disorders. We first outline how brain iron is regulated under normal conditions (Section 2)
and then discuss how various forms of stress (particularly chronic stress) perturb iron
transport and storage in the brain (Section 3). Next, we explore how these stress-induced
iron dysregulations relate to specific neurological disorders (Section 4). Finally, we consider
therapeutic approaches (especially iron chelators) and highlight open questions and future
research directions (Section 5). By providing this overview, we aim to synthesize current
knowledge and identify critical gaps in understanding the three-way relationship between
stress, iron metabolism, and neurological disease.
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Figure 1. Mechanisms by which acute and chronic stress lead to different neurological outcomes
through differential regulation of brain iron metabolism. Acute stress (upper): Brief activation of the
HPA axis rapidly increases hepatic hepcidin levels, leading to systemic iron the sequestration via
degradation of FPN and a subsequent decrease in serum iron. This process induces reversible cogni-
tive adaptations without iron accumulation. Chronic Stress (lower): Sustained HPA axis activation
and inflammation result in persistently elevated hepcidin levels, causing systemic “functional iron
deficiency.” Concurrently, BBB integrity is compromised. On one hand, the brain may compensatorily
upregulate TfR1 on the BBB to enhance iron uptake; on the other hand, BBB impairment may permit
the abnormal leakage of NTBI. This leads to harmful iron accumulation in vulnerable brain regions,
where iron-induced oxidative stress and neuroinflammation contribute to neuronal damage and
increase the risk of neurodegenerative diseases and cognitive impairment. "|"= a decrease in level;
"= an increase in level; "111"= a substantial increase in level.
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2. Brain Iron Metabolism Under Physiological Conditions
2.1. Iron Transport Within the Central Nervous System

Successful iron transport requires the coordinated action of various proteins. Key
proteins involved in iron transport include the following: Divalent Metal Transporter 1
(DMT1), which mediates intestinal iron absorption and iron transport through acidified
endosomes [1,2]; Ferroportin (FPN), the only known membrane iron export protein [3];
Transferrin (Tf), the primary 3-globulin in plasma that binds and transports iron [4]; Trans-
ferrin Receptor 1 (TfR1), which interacts with Tf to promote iron absorption [5]; Ferritin,
which is an intracellular iron storage protein [6]; and hepcidin, which is a circulating
peptide hormone that regulates iron homeostasis by mediating FPN degradation [7].

Iron is transported to the brain primarily in two forms: the iron—transferrin complex
(TE-Fe®*) and non-transferrin-bound iron (NTBI). Mechanisms regulating iron uptake in
the brain are highly stringent. For clarity, we address the transferrin-dependent iron uptake
mechanism first, then later discuss how NTBI enters and affects the brain. The blood—
brain barrier (BBB) is made up of endothelial cells, astrocyte, pericytes, and the basement
membrane. The BBB is the primary barrier regulating iron entry into the brain parenchyma,
collaborating with the choroid plexus (the blood—CSF barrier) to control the influx of iron
and other substances into the central nervous system [8]. Endothelial cells of the BBB
tightly restrict transcellular movement of iron, while the choroid plexus epithelium actively
transports iron into the cerebrospinal fluid, together maintaining brain iron balance [9].
Brain microvascular endothelial cells (BMVECs) constitute the primary component of the
BBB and serve as the target cells recognized by the TF-Fe** complex [10].

The uptake and circulation of the TF-Fe** complex involve several steps (Figure 2):
(i) Due to tight junctions (TJs) between BMVECs, the TF-Fe>* complex can only enter cells
via a transcellular pathway (endocytosis) by binding to TfR1 on the BMVEC membrane,
a process dependent on clathrin. (ii) The internalized Tf/TfR1 complex is membrane-
enveloped to form vesicles, which are transported to and fuse with endosomes. (iii) Within
the endoplasmic reticulum lumen of BMVECs, Fe3* is released from Tf under acidic pH
conditions (approximately 5.5), achieved by proton pump activity. (iv) Fe** is reduced to
Fe?* with the participation of iron reductases such as STEAP3. (v) Fe?* then crosses the
endoplasmic reticulum membrane via DMT1 into the labile iron pool (LIP) in the cytoplasm.
(vi) Non-iron-bound Tf (apo-Tf) carrying TfR1 is returned to the membrane, where apo-Tf
is released into the bloodstream [11-14].

Nearly all the blood vessels in the brain are surrounded by astrocyte: specialized
cell units that maintain the brain’s ion and osmotic balance. When iron is released from
BMVECS, it may be absorbed by the terminal astrocyte. As the most abundant neuroglia
in the brain, the main role of astrocyte is to transport iron ions to other neuroglia and
neurons, rather than storing them [15]. Fe?* released from cells is rapidly oxidized to Fe3*
by ferroxidases (e.g., astrocyte-derived ceruloplasmin or neuronal hephaestin), enabling
the iron to bind to transferrin in the interstitial fluid. The newly loaded transferrin can then
deliver iron to TfR1-expressing cells throughout the CNS.

NTBI may have toxic effects in plasma and be almost undetectable under physiological
conditions, but it may still be present. A hemoglobin molecule can bind two iron atoms,
and, in general, about 70% of the iron-binding sites in the plasma transferrin pool are left
unoccupied at any one time; this implies a transferrin saturation of about 30%, providing a
considerable buffer against the generation of NTBI. When iron is overloaded, transferrin
is oversaturated, leading to N'TBI complexity. Due to its high redox activity, NTBI can
react with biomolecules such as sugars, lipids, and proteins, and cause tissue peroxidation
damage by producing harmful reactive oxygen species (ROS) in cells. Transport of NTBI
relies on DMT1 and ferroreductases in traditional models. Fe®" is reduced to Fe?* by
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ferroreductase and then transported across the cell membrane with H* through DMTT.
Furthermore, DMT1-mediated NTBI transport is pH-dependent [16,17].
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Figure 2. Iron-ion-targeted transport across the blood-brain barrier into the brain via BMVECs.
Iron ions are transported to the brain in two forms: iron-transferrin complexes (TF-Fe3*) and non-
transferrin-bound iron (NTBI). Iron is transported into labile iron pool (LIP). When LIP becomes
iron-overloaded, it triggers the Fenton reaction, leading to iron-induced neuronal cell death. Beyond
iron overload, excessive intracellular ROS levels and inactivation of the antioxidant enzyme GPX4
also cause intracellular peroxide accumulation, triggering iron-induced cell death. ? = unknown
pathway or mechanism.

An increase in local H* in the brain promotes the transport of NTBI, leading to Fe?*
accumulation in the nervous system. In fact, even under physiological conditions, astrocyte,
oligodendrocyte, and microglia ingest iron in proportion through the NTBI because they
do not express enough TF to meet their physiological needs [18]. However, when iron is
overloaded, the uptake of NTBI increases accordingly, which may exacerbate intracellular
oxidative stress. It has been found that Ferritin Heavy Chain (FTH), as a ferritin, helps
NTBI cross the BBB by binding to type 1 receptor 1 containing t-cell immunoglobulin and
mucin domains in human endothelial cells [19]. Moreover, prion protein is a ubiquitously
expressed plasma membrane glycoprotein that is most abundant in nerve cells and is able
to facilitate NTBI transport through DMT1 [20]. These considerations for normal iron
handling set the stage for understanding how stress can disturb iron balance. In the next
section, we examine how stress-induced blood-brain barrier changes alter iron transport.

2.2. Iron Uptake by Neural Cells

Under normal conditions, all iron entering the body originates from dietary sources.
Duodenal epithelial cells transport dietary iron via DMT1 on their apical membrane [21].
After dietary iron enters intestinal cells through DMTT, it may bind to proteins and remain
stably intracellular or be transported into systemic circulation via the sole iron transporter
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(located on the basolateral membrane). Beyond dietary iron absorption, iron recycled by
macrophages represents another significant source. Macrophages absorb substantial iron
by phagocytosing and degrading aged red blood cells and other senescent or damaged
cells. Within macrophages, phagocytosed iron may be stored in ferritin after entering the
cytoplasm, a process regulated by iron response element-binding protein (IREBP) [22].
Concurrently, iron can be transported into the extracellular fluid via ferroportin.

Different brain cells absorb iron through distinct mechanisms (Figure 3). Transferrin
is synthesized in the brain by the choroid plexus and oligodendrocytes, but is secreted
exclusively by the choroid plexus. Researchers suggest that neurons acquire most iron
through the transferrin—transferrin-receptor system and likely export iron via FPN, as
many neurons co-express Tf and FPN [23]. The astrocyte do not express TfR, but may
absorb iron at the BBB through DMT1, which is expressed in foot processes associated
with the BBB [24]. CP, a protein expressed by astrocyte in the CNS, indirectly regulates
iron uptake and metabolism in nerve cells because the astrocyte foot wraps around the
capillary; ceruloplasmin on its surface can oxidize Fe?* to Fe3*, promoting the binding of
iron to transferrin, thus affecting the subsequent receptor-mediated uptake process, while
CP deficiency may lead to Fe?* accumulation and oxidative damage, with indirect effects
on iron availability in nerve cells [25]. In addition to astrocytes, other glial cells such as
oligodendrocytes play critical roles in brain iron management, particularly as the iron-rich
myelinating cells of the CNS.
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Figure 3. Brain iron metabolism. Astrocytes absorb iron from the circulatory system and distribute
it to other cells within the central nervous system, facilitating intercellular iron transport. Oligo-
dendrocytes may take up iron via the ferritin receptor Tim-2, via DMT1 for non-ferritin-bound
iron, or via other non-vesicular iron ion uptake mechanisms. Neurons and microglia can take up
iron via the transferrin-transferrin-receptor pathway and release iron through ferritin transporters.
Neuronal axons are enveloped by myelin sheaths, a structure synthesized by oligodendrocytes in an
iron-dependent manner. Solid arrows indicate the direction of iron flow. TFR1 = Transferrin receptor
1. TF = Transferrin. Fe?* = Ferrous ion. Fe>* = Ferric ion. BMVEC = Brain microvascular endothelial
cells. CP = ceruloplasmin. FPN = ferritin transport protein. DMT1 = divalent metal transporter 1.
Ft = ferritin. MS = myelin sheath. ? = unknown pathway or mechanism.
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As important as astrocytes are in regulating iron export and redistribution, oligoden-
drocytes also play a crucial but distinct role in brain iron management, particularly in
relation to myelination. Oligodendrocytes harbor substantial iron. These may extract iron
from adjacent blood vessels or uptake ferritin from the interstitium via ferritin receptors.
Within oligodendrocytes, iron primarily exists as ferritin and transferrin [26]. Microglia
have been reported to express both TfR and FPN [27]. While oligodendrocytes are the
primary iron-containing cells in the adult brain, during brain development, microglia
are the earliest cell type to accumulate iron (in the form of ferritin deposits), with iron
deposition subsequently shifting to oligodendrocytes [28].

Neuronal iron uptake is primarily mediated by the transferrin receptor pathway,
which relies on the Fe®* valence state and the cooperation of plasma transferrin. DMT1
represents another crucial iron transporter. Its iron transport activity depends on an acidic
environment, and DMT1 exhibits significant expression in neurons and brain endothelial
cells, with its function closely linked to iron uptake [29]. Recently, H-ferritin has been
demonstrated to supply iron to oligodendrocytes in both rodents [30] and humans [31]. In
summary, each neural cell type manages iron differently; we consider below how stress
hormones and inflammation perturb these finely tuned processes.

2.3. Intracellular Iron Storage and Function

Iron is an oxidizing metal whose homeostasis is tightly regulated in healthy cells. Most
iron exists in the form of binding to proteins, such as the heme compound hemoglobin, in
red blood cells; iron is also found in storage proteins (such as Ferritin, Hemosiderin, and
Myoglobin). Cells do not contain free iron, but in the cytoplasm, a small amount of iron
is found bound in a loose form. This hard-to-define collection of ferrous ions is known
as the “Labile Iron Pool” [32]. This loosely bound and metabolically active ferrous iron
can be transported to different cells to meet various metabolic demands. Iron from the LIP
can be used by mitochondria to synthesize a heme and iron—sulfur cluster, and it can also
synthesize ferritin in the cytoplasm or be oxidized and stored in ferritin [33]. Under normal
conditions, cells maintain normal function by providing adequate iron while limiting iron
toxicity by controlling iron metabolism. The LIP in these cells accounted for only about 5%
of the total intracellular iron content [32].

Ferritin is a large, globular protein of 24 subunits that can accommodate up to 4500 iron
molecules [34], making it essential for maintaining iron balance in cells. The main function
of ferritin is to regulate intracellular iron concentration, prevent the accumulation of free
iron, and reduce the oxidative stress and cell damage caused by iron excess. Ferritin can
also be secreted into the plasma, and the concentration of ferritin in plasma is closely related
to intracellular iron storage, so it is a good indicator for assessing iron storage [35]. When
ferritin is released, iron can be efficiently removed from ferritin and released from the cell
via the iron transporter, which also acts as a “Safety valve” to prevent an iron overload in
the cells.

Once in the brain, iron participates in a variety of physiological processes to maintain
the proper functioning of the central nervous system (Figure 4). Iron (mainly Fe?* /Fe3*), as
an essential cofactor of mitochondrial electron transport chain complex, is directly involved
in the process of ATP synthesis. Recent studies have shown that iron homeostasis in mito-
chondria is essential for the maintenance of neuronal energy metabolism. Iron supports
cellular oxidative phosphorylation processes by participating in the synthesis of heme
and iron-sulfur clusters [36]. Regulation of neuroinflammation and immune surveillance:
As central nervous system immune cells, microglia iron metabolism directly regulates
neuroinflammation. Under physiological conditions, iron enters the microglia through the
transferrin receptor-mediated uptake pathway and participates in the maintenance of im-
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mune homeostasis. TRPMS ion channels have been shown to regulate transferrin-mediated
Fe®* uptake and affect the activation state of microglia [36]. Supporting mechanisms of
nerve regeneration and repair: Studies of iron-synergistic biomaterials have shown that
iron-based biomaterials can be used to enhance the ability of nerve regeneration and repair;
Fe3* can promote axonal regeneration and myelin sheath repair through the coordination
of metal ions. Under physiological conditions, iron is involved in oligodendrocyte differ-
entiation and myelination, which are critical for maintaining nerve conduction velocity,
antioxidant defense, and redox balance [37]. Iron excess may induce oxidative stress, but it
participates in antioxidant defense through ceruloplasmin-mediated Fe?* /Fe3* conversion
at physiological concentrations. Ceruloplasmin is expressed in astrocyte, and its oxidase
activity prevents Fe>* accumulation and maintains redox homeostasis in the brain [25].
Regulation of neural signal transmission: Iron affects neuronal excitability by regulating
voltage-gated ion channel activity. Studies have found that Fe3* can regulate the action
potential of dorsal root ganglion neurons, which is of great significance to maintaining
normal nerve conduction in the physiological range [27].
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Figure 4. Utilization of iron in the brain following transport across the blood-brain barrier under
physiological conditions. The image above depicts iron entering the brain via BMVECs across the
blood-brain barrier (BBB) under normal physiological conditions. Once inside, iron is utilized
in multiple physiological processes, including maintaining cellular energy metabolism and mito-
chondrial function, regulating neuroinflammation and immune surveillance, supporting neural
regeneration and repair mechanisms, antioxidant defense and redox balance, and modulating neural
signaling pathways.

These results suggest that brain iron maintains the normal function of the central
nervous system by participating in energy metabolism, immune regulation, nerve regen-
eration, antioxidant defense, and signal transduction. The realization of these functions
depends on the strict regulation of iron homeostasis, and any imbalance may lead to
neuropathological changes.



Biology 2025, 14, 1575

8 of 24

2.4. Iron Regulation and Export

The major hormone regulating iron homeostasis is Hepcidin, a liver hormone [27].
Hepcidin was initially found to have antibacterial properties and was later shown to control
the release of iron from cells [38]. Hepcidin binds to the iron exporter ferroportin (FPN),
leading to its internalization and degradation, thereby reducing intracellular iron excretion
and lowering free iron concentrations in plasma. The major functions of Hepcidin include
maintaining stable iron storage, providing adequate substrates for Erythropoiesis, and
limiting microbial utilization of iron. Iron deficiency and Erythropoietin inhibit hepcidin
production to support Erythropoiesis and other physiological needs [39], while iron over-
load and inflammation promote hepcidin production to protect cells from toxic effects [40].
Dysregulation of hepcidin is associated with multiple pathological conditions, with hep-
cidin deficiency leading to diseases such as inherited iron overload, while excess hepcidin
is associated with iron deficiency anemia in chronic inflammatory diseases.

Iron homeostasis is mainly maintained by iron regulatory proteins (IRPs). IRPs can
regulate the transcription of iron-related proteins by binding to the iron-responsive element
(IRE) region in the untranslated region (UTR) of the mRNA [41]. When cellular iron
concentrations are low, IRPs bind to the 5 UTR of ferritin mRNA and the 3’ UTR of
TfR1 mRNA, thereby blocking translation of the former and protecting the latter from
degradation. Collectively, this mechanism maintains intracellular ferritin at low levels
when iron storage is not required, while ensuring that more transferrin receptors are
expressed on the cell surface, thus maximizing iron input. Conversely, when cellular
iron levels are elevated, IRP does not bind IRE, thus allowing for ferritin translation and
exposing TfR1 mRNA for degradation [42], which prevents iron uptake and supports iron
storage. The main purpose of the IRP-IRE regulatory system is to ensure that cells are
neither iron deficient nor supersaturated. This is by far the best-studied mechanism, but
it is not the only one. Other factors such as hypoxia, hormones, and cytokines also have
regulatory effects on iron-related genes [43].

Unlike other metals, iron leaves the body in a very limited way. The only normal
way for iron to leave the body is through the shedding of epithelial cells (ferritin) in the
small intestine. Therefore, the absorption of dietary iron in the small intestine must be
tightly regulated to ensure adequate absorption to meet the body’s demand for iron, while
preventing oxidative damage to cells and tissues due to excessive iron content [44].

3. Effect of Stress on Brain Iron Metabolism
3.1. Stress and Brain Iron Transport

Stress can disrupt the integrity of the blood-brain barrier (BBB), which normally
maintains the stable environment of the central nervous system. For example, in mice
exposed to chronic social defeat stress (CSDS), chronic stress was found to disrupt BBB
integrity. Notably, female mice exposed to CSDS showed a significant downregulation
of the tight junction protein claudin-5 in the prefrontal cortex (PFC) [45-47], indicating
a compromised BBB. As the BBB'’s integrity is reduced, iron and other substances can
more easily penetrate into brain tissue, potentially contributing to neuroinflammation and
damage [48,49]. In addition, the tight junction protein ZO-1 was found to be significantly
reduced in iron-overloaded mice, suggesting that reduced BBB integrity, leading to iron
leakage into the brain, may play a role in the pathogenesis of iron overload, persistent
iron overload may lead to chronic neuroinflammation, neurodegeneration, and cognitive
decline [50,51]. In summary, stress-induced BBB impairment allows for excess iron to
infiltrate the brain, which can drive oxidative injury to neurons and glia. This iron-mediated
neural damage provides a direct link between BBB disruption and neurological disorders
under chronic stress.
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Under chronic stress, the permeability of the blood—brain barrier changes significantly,
which is closely related to many neurological disorders. Studies have shown that the release
of inflammatory mediators (such as cytokines) causes dysfunction of the BBB endothelial
cells, resulting in reduced expression of tight junction proteins and thus increased BBB
permeability [52,53]. For example, cytokines such as IL-6 can promote the transmembrane
transport of iron by regulating iron transporters and at the same time aggravate oxidative
stress, forming a vicious cycle. In addition, the inflammatory reaction in the brain also
leads to the dysregulation of DMT1 and TfR, which further leads to the accumulation of
iron in the brain [54,55]. Therefore, the BBB is the key barrier for iron to enter the brain.
Stress will change the permeability of the BBB by releasing inflammatory mediators and
other substances, which will affect the transport of iron and ultimately lead to iron overload
and neuronal damage in the brain.

3.2. Stress and Cellular Iron Uptake
3.2.1. Stress and Iron Uptake in Neural Cells

Different brain cell types acquire and handle iron via distinct mechanisms, and chronic
stress can perturb these pathways in a cell-type-specific manner (Table 1). Neurons pri-
marily uptake iron through TfR1-mediated endocytosis of transferrin-bound iron [56,57],
and many neurons also express FPN to export excess iron [58]. Under stress, elevated
glucocorticoids and catecholamines directly influence neuronal iron homeostasis—for ex-
ample, corticosterone exposure upregulates neuronal TfR1 and DMT1 expression while
downregulating FPN, driving greater iron influx and retention in neurons. In contrast,
astrocytes and microglia utilize partly distinct iron uptake routes and serve supportive
roles in brain iron distribution. Astrocytes do not significantly express TfR1, but can take
up non-transferrin-bound iron via DMTT1 at perivascular endfeet [59]. They also secrete
ceruloplasmin to oxidize Fe?* to Fe3", facilitating transferrin loading and neuronal uptake.
Under inflammatory stress, astrocytes become reactive and may increase the synthesis of
hepcidin [60], which acts locally to further trap iron in cells by degrading ferroportin. Mi-
croglia, the brain’s resident macrophages, express both TfR1 and ferroportin and can avidly
phagocytose iron-rich debris [61]. During chronic psychological stress, microglia often shift
to a pro-inflammatory state (M1), sequestering iron in response to elevated hepcidin and
downregulating ferroportin [62,63]. This leads to microglia iron loading, as observed in
models of social defeat stress where activated microglia accumulate ferritin-bound iron
and produce cytokines that influence neuronal iron uptake. Meanwhile, iron’s availability
to oligodendrocytes (which require abundant iron for myelination) can become restricted
if astrocyte and microglia iron metabolism function is disturbed. Indeed, microglia and
oligodendrocytes normally maintain a dynamic partnership in iron cycling, and iron im-
balance in microglia can impair oligodendroglia iron supply and myelin integrity [64].
In summary, stress hormones and inflammatory signals tend to enhance neuronal iron
uptake (through upregulated TfR1/DMT1) while promoting iron sequestration in glia
(via hepcidin—ferroportin axis dysfunction) [65]. This differential effect upsets the normal
neuron-glia iron exchange: neurons may experience toxic iron accumulation or, in other
contexts, iron insufficiency for neurotransmitter synthesis, whereas microglia become iron-
overloaded and pro-oxidative [66]. Such cell-specific iron dysregulation under chronic
stress is a key factor linking stress to neural injury and degeneration.
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Table 1. Iron metabolism characteristics of major CNS cell types and effects of stress.
Cell Type Key Ir01? Uptake/Storage/Export Changes U.nder Stress (Chronic Stress or References
Mechanisms Inflammation)
Neurons Uptake: TfR1 (Fe3*-Tf), DMT1 (NTBI) DMT1 1 TFR1 1 FPN | (due to glucocorticoid and [56-58]
Export: Ferroportin (FPN) catecholamine effects) — iron accumulation
Uptake: Primarily NTBI via DMT1 at - . S
Astrocytes endfeet (no significant TfR1) aHsifoCCId;:géi?j;g?fgigfS.)gsH traps fron in [59,60]
Export: Minimal expression of FPN yies: P &
. . Shift to M1 state — iron uptake 1 (phagocytosis,
Microglia gftzf:'gﬁggocytom' TER1 possibly TfR1 1 via cytokines), FPN 1 (hepcidin from  [61-63]
port: astrocytes/microglia) — microglia iron overload
Uptake: Transferrin (TfR1), ferritin Iron uptake likely limited if astroglia/microglia
. (via ferritin receptors) sequester iron; chronic stress may reduce iron
Oligodendrocytes Export: Not well-established (some availability, potentially contributing to myelin [64]
FPN reported) defects (inferred)

The symbol ‘1" denotes an increase in expression level, while ‘|” denotes a decrease.

3.2.2. Glucocorticoids and Catecholamines Directly Tune Neuronal Uptake

Acute restraint stress activates the sympathetic system, elevating norepinephrine (NE)
from adrenal medulla and locus coeruleus. 32-adrenergic signaling (cAMP /PKA /CREB)
increases TfR transcription and membrane localization, enhancing Tf-Fe3* endocytosis
and raising intracellular iron. In chronic unpredictable mild stress (CUMS), corticosterone
acting on neuronal glucocorticoid receptors (GR) upregulates DMT1 (promoting Fe?* influx)
while reducing FPN translation and membrane presence (curtailing efflux)—a “more in,
less out” program that drives iron accumulation [67].

3.2.3. Neuroinflammation Drives Microglia Iron Overload

Stress polarizes microglia toward an M1-like pro-inflammatory state, releasing IL-6
and TNF-« that activate neuronal JAK-STAT3 and NF-«B, upregulating TfR and DMT1
and fueling an inflammation—-iron-overload feedback loop [68]. TNF-« further elevates
nuclear receptor coactivator 4 (NCOA4)-mediated ferritinophagy, liberating stored iron
into the cytosolic LIP and amplifying iron-dependent oxidative injury [69].

3.2.4. Oxidative Stress: ROS and Iron Metabolic Reprogramming

Excess superoxide under stress converts IRP1 from its Fe-S enzymatic form to an
RNA-binding form that represses ferritin translation and stabilizes TfR mRNA, tipping
the balance toward uptake over storage [25]. Mitochondrial ROS in chronic stress can
inhibit (ATP-Binding Cassette Transporter B8) ABCB8-dependent mitochondrial iron export,
causing matrix iron buildup and Fenton chemistry that damages mtDNA and respiratory
complexes—a self-propagating loop [36].

Chronic-stress-induced oxidative burden not only alters IRP activity, but also activates
intracellular iron mobilization pathways. Excess ROS can damage iron-sulfur clusters in
IRP1, converting it to an RNA-binding form that simultaneously increases iron uptake and
reduces iron storage: IRP1 binds to IREs on ferritin mRNA to block ferritin translation,
while stabilizing TfR1 mRNA to enhance its expression [25]. Moreover, NCOA4-mediated
ferritinophagy is stimulated during stress, leading to excessive iron release from ferritin
stores. NCOA4 acts as a selective autophagy receptor for ferritin, targeting it to autophago-
somes for lysosomal degradation [69]. Under chronic stress or elevated catecholamine
signaling, ferritinophagy can be exacerbated—for instance, 3-adrenergic/cAMP signaling
has been shown to increase ferritin turnover, likely via NCOA4, causing a surge of free iron
in the cytosol [70]. The combined effect of heightened IRP1 activity (suppressing iron se-
questration in ferritin) and upregulated ferritinophagy is a vicious cycle of iron unloading;:
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previously safely stored iron is liberated into the cytosolic pool, where it participates in Fen-
ton chemistry to generate hydroxyl radicals. Indeed, chronic stress elevates mitochondrial
ROS, and if ABCB8-mediated mitochondrial iron export is concurrently impaired, iron
accumulates in mitochondria and amplifies oxidative injury to mitochondrial DNA and
enzymes. In parallel, IRP2 (which is normally degraded when iron is plentiful) may escape
degradation under fluctuating redox conditions, further skewing the expression of iron
metabolism genes [71,72]. Collectively, these post-transcriptional and post-translational
dysregulations—IRP/IRE imbalance and ferritinophagy hyperactivation—markedly in-
crease the intracellular free iron level. The consequence is pervasive oxidative damage
to lipids, proteins, and nucleic acids via iron-catalyzed formation. This mechanism links
cellular stress to iron-driven neurotoxicity and sets the stage for iron-dependent cell death
processes in the brain.

3.3. Stress and Iron Storage/Utilization

In chronically stressed rats, both total and non-protein-bound iron levels were found
to rise in several brain regions (frontal cortex, hippocampus, striatum), accompanied
by increased TfR1 expression and histological iron deposition [73,74]. This preclinical
finding supports the idea that prolonged stress can drive brain iron accumulation and
redistribution [75]. Inflammation-induced ferritinophagy (via TNF-oc — NF-«kB — NCOA4)
liberates stored iron, expanding the LIP [67]. Elevated LIP deranges energy metabolism
(mitochondrial Fenton chemistry, ETC damage), reshapes epigenetics (Fe** cofactor for
dioxygenases), and perturbs neurotransmitter synthesis (e.g., by modulating tyrosine
hydroxylase) [25,36].

3.4. Stress and Regulation of Brain Iron Homeostasis

Chronic stress thus produces a dynamic imbalance in the hepcidin—ferroportin-TfR-
DMT1 regulatory network that governs systemic and brain iron homeostasis. Activation of
the HPA axis persistently elevates hepcidin, which internalizes ferroportin and traps iron
in storage sites (liver, spleen, and microglia) at the expense of circulating iron [76]. This
leads to an apparent “functional iron deficiency” despite ample iron stores—a phenomenon
reflected by reduced brain iron uptake in some chronic stress models. Conversely, stress-
induced sympathetic outflow and inflammatory signaling drive increased iron import
and intracellular retention in neural tissues. Norepinephrine via 3-2-adrenergic receptors
boosts neuronal and microglia TfR1 expression while concurrently reducing ferroportin
availability on cell membranes [77]. The result is that brain cells (especially neurons and
activated microglia) continue to import iron, but cannot effectively export or safely store it.

Over time, this feed-forward dysregulation breaks the equilibrium between iron
uptake, utilization, and release. Elevated hepcidin and diminished ferroportin cause
iron to accumulate in brain macrophages (microglia) and within the BBB endothelium,
whereas neurons experiencing high catecholaminergic and oxidative stress upregulate
DMT1/TfR1 and import more iron than they can utilize or export [65]. Such chronic
perturbation of the iron flux network leads to region-specific brain iron accumulation
alongside peripheral iron restriction. For example, prolonged stress in rodents triggers
iron build-up in the limbic system and basal ganglia even as serum iron falls, implicating a
redistribution driven by the hepcidin—ferroportin axis. Likewise, sustained IRP activation
(due to ongoing ROS) tilts cells toward iron influx over storage, compounding the imbalance.
This dynamic misregulation of iron homeostasis under chronic stress is believed to underlie
neuropathological changes in stress-related disorders. Notably, brain regions of depressed
patients show abnormal iron deposition and altered iron-handling protein expression,
consistent with a prolonged stress state disrupting iron equilibrium [78]. Restoring balance
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to the hepcidin—ferroportin-TfR-DMT1 network may therefore be a critical therapeutic
strategy to mitigate neural damage from chronic stress.

3.4.1. HPA Axis—Glucocorticoids

HPA axis activation during stress elevates glucocorticoids (cortisol/corticosterone),
which can upregulate hepcidin and alter neuronal iron handling; corticosterone disrupts
iron metabolism in hippocampal neurons in vitro [79]. In adolescents, higher self-reported
life-event stress is associated with increased IL-6 and hepcidin [80]. Sustained glucocorti-
coid exposure in chronic stress thus limits intestinal absorption and favors storage, while
stress-inflammation further elevates hepcidin, compounding functional iron deficiency
and maldistribution.

3.4.2. Sympathetic Axis—Norepinephrine

Acute/chronic NE signaling elevates TfR and reduces FPN membrane localization via
B-adrenergic cAMP pathways, increases endosomal acidification and Fe3* — Fe?* release
(facilitated by TRPMS8-dependent microenvironmental changes), promotes ferritinophagy
(via NF-kB/NCOA4), and disrupts IRP-IRE set-points—collectively expanding the LIP,
triggering Fenton chemistry, and impairing mitochondrial function [25,36,67]. These events
form a mechanistic bridge from stress to iron-mediated neurotoxicity and psychiatric symp-
tomatology, and suggest iron-targeted interventions (e.g., chelators, anti-TfR strategies).

3.5. Ferroptosis in Stress-Related Neuropathology

Ferroptosis is an iron-dependent non-apoptotic cell death pathway characterized by
overwhelming lipid peroxidation and reactive oxygen species generation [81]. In ferrop-
totic cells, excessive free iron catalyzes the formation of hydroxyl radicals and peroxides
that peroxidize polyunsaturated fatty acids in membranes, while antioxidant defenses
(especially glutathione (GSH) and GPX4 activity) are impaired [82]. Emerging evidence
implicates ferroptosis as a key link between chronic stress and neurodegeneration. Under
psychological stress, the cumulative iron dyshomeostasis described above—elevated labile
iron, glutathione depletion, and persistent oxidative stress—creates conditions ripe for
ferroptotic cell death in the central nervous system. For instance, in mouse models of
chronic unpredictable stress, neurons in the hippocampus and prefrontal cortex exhibit
molecular hallmarks of ferroptosis, including lipid ROS accumulation and downregulation
of SLC7A11/GPX4, alongside behavioral deficits [83]. In these models, pharmacological in-
hibition of ferroptosis (using lipophilic antioxidants or iron chelators) reverses the neuronal
damage and ameliorates depression-like behaviors, highlighting ferroptosis as a driver of
stress-induced neuropathology [84,85].

Similarly, inflammatory stressors that often accompany psychological stress can precip-
itate ferroptosis. In a recent study, systemic lipopolysaccharide (LPS) exposure (mimicking
chronic inflammation) led to excess brain iron loading and ferroptotic injury in mice, which
was attenuated by the iron-chelator deferoxamine [86]. Post-mortem and neuroimaging
analyses of patients with major depression and chronic stress exposure have also revealed
increased brain iron in specific regions along with evidence of lipid peroxidation, consis-
tent with ferroptotic processes. Mechanistically, chronic stress elevates corticosterone and
glutamate, which can deplete astrocytic glutathione and diminish neuronal antioxidant
capacity, lowering the threshold for ferroptosis [87]. Excess iron in stress-vulnerable brain
regions (e.g., hippocampus, basal ganglia) exacerbates peroxidative damage to neurons,
while microglia activation supplies additional ROS, together tipping the balance toward
ferroptotic cell death. The ferroptotic loss of neurons and glia is increasingly recognized as
an important contributor to stress-related neurodegenerative changes, including dendritic
atrophy, demyelination, and synaptic dysfunction. Encouragingly, targeting ferroptosis
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holds therapeutic promise: in models of chronic stress and neuroinflammation, agents
that reduce iron-catalyzed lipid peroxidation (such as ferrostatins, liproxstatins, or novel
nanocluster inhibitors) confer neuroprotection and improve cognitive outcomes [88-90].

In summary, ferroptosis represents a pathological end-point of prolonged stress-
induced iron misregulation and oxidative injury. By introducing an iron-dependent cell
death mechanism, stress not only perturbs neurotransmission and plasticity, but can also
irrevocably damage neural cells. Ongoing research in both animals and humans is unravel-
ing this lethal connection, positioning ferroptosis as a central mediator whereby chronic
stress translates into neurodegeneration and a potential target to break the link between
psychological stress and brain disease.

4. Brain Iron Metabolism Abnormalities in Organisms

The brain is the second most iron-rich organ after the liver. Iron is widely involved in
fundamental biological processes in brain cells, including oxygen transport, DNA synthesis,
antioxidant enzyme activity, mitochondrial respiration, myelin synthesis, and neurotrans-
mitter synthesis and metabolism [91]. Iron homeostasis imbalance can induce free radical
damage, inflammation, protein misfolding or aggregation, mitochondrial dysfunction, and
neurological dysfunction [92]. An excessive accumulation of iron in specific regions of
the brain is also a pathological feature of neurodegeneration, and an imbalance in iron
homeostasis can trigger Friedreich ataxia [93].

Intracellular excess iron, especially Fe?*, is a powerful pro-oxidant, which mainly
catalyzes the Fenton reaction and damages mitochondria to produce a large amount of ROS,
which in turn leads to lipid peroxidation, oxidative stress, and oxidative stress, which leads
to cell death, which is a key process in ferroptosis [94,95]. In many cases, the relationship
between iron overload and oxidative stress is bidirectional: iron accumulation promotes
ROS generation, which in turn promotes further iron accumulation through multiple
mechanisms [96,97]. By inhibiting ROS production in mitochondria, it can effectively
alleviate the cell damage caused by iron overload. In addition, increased tissue iron
content was observed in the spleen and liver of iron-overloaded and 3-thalassaemia mice,
accompanied by cell hyperplasia and hemosiderin deposition [50].

4.1. Iron and Neurodegenerative Diseases

Among neurodegenerative disorders, Parkinson’s and Alzheimer’s diseases have been
strongly linked to brain iron misregulation.

AD (Alzheimer’s disease, AD) is a central nervous system degenerative disease.
Recent studies have shown that iron metabolism disorder play an important role in the
pathogenesis of AD. The expressions of FTL and FTH in the brain of AD patients increased
significantly, while the expressions of DMT1 and FPN decreased. In addition, in AD, xCT
expression, and lipid peroxidation product 4-HNE levels were significantly increased, while
GSH levels were significantly decreased, suggesting that excess iron may impair the brain’s
antioxidant capacity, leading to the occurrence of ferroptosis [26].

PD (Parkinson’s Disease, PD) is a neurodegeneration that primarily affects motor
control and is characterized by the selective loss of dopaminergic neurons, particularly in
the substantia nigra region. Studies have shown that abnormal deposition of intracranial
iron is one of the important pathogenic mechanisms of PD, which is manifested by the
gradual increase of iron content in the substantia nigra of PD patients [98]. Autopsies of
PD patients showed significantly higher levels of total iron and ferric iron in the substantia
nigra [99,100], and activation of the microglia was observed. In addition, PD patients’
microglia are rich in ferritin, suggesting that iron metabolism and storage are active in the
microglia [101]. In PD patients and PD models triggered by 6-hydroxydopamine (6-OHDA)
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and 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), DMT1, which is responsible for
transporting ferrous iron, is upregulated in the substantia nigra, which in turn leads to the
degeneration of dopaminergic neurons. In vitro studies have also confirmed that increasing
the level of DMT1 promotes iron transport and exacerbates oxidative stress in cells [43].
Degradation of DMT1 by the ubiquitin—proteasome pathway during iron accumulation
may be a key factor in DMT1 dysregulation [102].

Epileptic seizure (SE) is a chronic brain disease characterized by sudden and unex-
plained seizures caused by abnormal discharge of neurons in the brain, and the seizures
of the disease are recurrent and transient [103-105]. In recent years, studies have shown
that epilepsy is closely related to iron metabolism. Patients with SE, for example, have
elevated iron levels in neurons and astrocyte and oxidative damage to their cells [106]. A
subset of genes involved in iron metabolism showed lower expression of iron uptake (TfR),
iron binding (FTH, FTL), and iron export inhibition (HAMP) compared to postmortem
control tissues, suggesting that iron metabolism may be involved in the regulation of iron
homeostasis; the genes (STEAP3, DMT1) and cellular iron export (FPN1, HEPH) involved
in the transition and export of iron activity state in vivo were over-expressed [107]. In
the rat model of electrically induced SE, ferritin was found to be strongly expressed in
the activated microglia in the rat hippocampus when seizures occurred, indicating an
accumulation of iron in the microglia. Studies have found that ferric iron overload does not
induce epileptic activity, but leads to iron-dependent activity in neurons and upregulation
of pro-inflammatory genes [106,108].

Huntington’s disease (HD) is a neurodegenerative disease that is inherited in an
autosomal dominant manner caused by abnormal expansion of the CAG genetic code
repeat in exon 1 of the Huntington gene (HTT) [109,110]. In quantitative susceptibility
imaging of patients with pre-Huntington symptoms, significantly higher susceptibility
values were found in the caudate, putamen, and globus pallidus, indicating increased iron
content in these structures; however, magnetic susceptibility was significantly decreased
in the substantia nigra and hippocampus, and negatively correlated with the structural
volume in the caudate and putamen [111]. Elevated iron levels in striatal neurons, decreased
expression of iron-reactive protein (IRP1/2) and TfR, and increased levels of iron transporter
can be detected in HD mouse models, suggesting a role for iron in the pathogenesis of HD;
this suggests the existence of an adaptive IRP response that reduces further iron uptake from
elevated free iron levels. Intracerebroventricular injection of the iron chelator deferoxamine
(DFO) ameliorated striatal pathology and motor performance in HD mice [112]. But a
recent human HD brain imaging study found no correlation between MRI-measured brain
atrophy and brain iron levels [113].

An imbalance in brain iron homeostasis is a contributing factor to the development
of multiple neurological disorder. Abnormal iron deposition in specific brain regions was
observed in AD, PD, SE, and HD. This imbalance in iron homeostasis leads to oxidative
stress and mitochondrial structural damage in cells, which in turn leads to ferroptosis,
which in turn promotes the development of neurodegeneration.

4.2. Iron and Neuropsychiatric Disorders

Recent studies have demonstrated significant associations between stress-related neu-
ropsychiatric disorders and the dysregulation of the iron metabolism in the central nervous
system. In patients with Major Depressive Disorder (MDD), multiple clinical studies us-
ing quantitative susceptibility mapping (QSM) have revealed significantly elevated iron
concentrations in the basal ganglia regions, particularly in the globus pallidus and puta-
men [114,115]. Notably, this pattern of iron accumulation shows a positive correlation with
disease severity, with abnormal iron deposition also observed in traditionally “iron-poor”
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regions such as the prefrontal cortex [116]. Furthermore, Post-Traumatic Stress Disorder
(PTSD) rat models exhibit elevated iron concentrations in key brain regions such as the
hippocampus, prefrontal cortex, and striatum [117].

Patients with Generalized Anxiety Disorder (GAD) have elevated serum iron lev-
els [118]. Particularly noteworthy are case reports showing significant responses to iron
chelator therapy in some patients with treatment-resistant anxiety disorders, suggesting
that iron metabolism dysregulation may directly participate in the disease pathology [119].

Schizophrenia spectrum disorders similarly exhibit characteristic iron metabolism
abnormalities. Meta-analyses show that patients with first-episode psychosis already
demonstrate abnormal iron concentrations in the basal ganglia regions [120]. Brain iron
assessment using quantitative susceptibility mapping in first-episode schizophrenia pa-
tients revealed significantly reduced QSM values in the bilateral substantia nigra, left red
nucleus, and left thalamus, indicating decreased iron concentration in these gray matter
nuclei [121,122]. A large-scale multicenter study found that serum ferroportin (FPN) levels
are significantly elevated in patients with schizophrenia [123].

It is particularly noteworthy that these iron metabolism alterations in stress-related
neuropsychiatric disorders may share common neurobiological mechanisms. Preclinical
studies indicate that chronic stress can activate the hypothalamic-pituitary—adrenal (HPA)
axis, leading to upregulated hepcidin expression and the consequent disruption of cerebral
iron homeostasis [124]. Additionally, neuroinflammatory responses are considered an
important bridge connecting stress, iron metabolism dysregulation, and neuropsychiatric
symptoms [125,126].

These findings not only deepen our understanding of the pathological mechanisms
of neuropsychiatric disorders, but also provide direction for developing new treatment
strategies. Clinical application research on iron chelators and iron metabolism modulators
in treatment-resistant depression is actively underway [127,128], suggesting that targeting
iron metabolism may become a novel therapeutic approach for neuropsychiatric disorders.

5. Therapeutic Potential of Iron Chelators

Iron accumulation can directly damage neurons and glia through oxidative stress and
by triggering ferroptosis [129]. Consistently, iron-chelation therapy has shown potential
to slow neurodegenerative processes by reducing iron-induced toxicity [130,131]. For this
reason, iron chelators are being explored as therapeutic agents in various neurological
disorders. As an important drug, iron chelators are widely used to treat a variety of diseases
caused by iron overload, such as certain types of cancer, neurodegeneration, and cardiovas-
cular diseases. The commonly used iron chelators mainly include Deferoxamine (DFO),
Deferiprone (DFP), and Deferasirox (DFX) [132,133]. DFO is a water-soluble chelating
agent used to treat iron toxicity to prevent iron ion-induced cell damage by efficiently
binding free iron ions. DFO is not highly bioavailable orally and is generally administered
intramuscularly, subcutaneously, or intravenously. In addition, its half-life in plasma is
very short, only 5-10 min [134]. DFP, the first oral iron chelator released in 1980, has higher
bioavailability and tolerability, with a short half-life, and is suitable for long-term treatment.
DFX is a synthetic oral iron chelator with a long half-life and 24 h chelation, so it can be
used once a day. Unlike DFO, DFX can bind to Fe3* and is highly lipophilic [135-137].

The role of an iron chelator is to enhance the solubility of iron, ameliorate the activity
of iron, and reduce the toxicity of free iron to the body. Studies have shown that excessive
accumulation of free iron could promote oxidative stress and damage cells, leading to a
series of diseases. Iron chelators usually contain donor atoms of oxygen, nitrogen, or sulfur,
which form coordination bonds with iron. Since the body’s ability to excrete excess iron
is severely limited, chelation therapy reduces the toxic effects of iron overload on cells
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by combining non-Tf-bound iron to reduce the increase in free iron [138-141]. In many
neurological disorders, abnormal iron deposits in the brain are thought to be a pathological
feature. The abnormal accumulation of iron can not only directly lead to nerve cell damage,
but also exacerbate the development of the disease by triggering inflammatory response
and oxidative stress [142,143]. Iron chelators have been shown to slow the progression
of neurodegeneration by clearing abnormal iron deposits from the brain. For example,
DFO could ameliorate cognitive function in AD by reducing serum iron levels in the
brain [142]. The use of DFO in a rat model of brainstem hemorrhage (BSH) could alleviate
erythrocytolysis and iron deposition at the brainstem site, and can also reduce ROS levels
and alleviate neuronal and myelin injury [144]. DFO is highlighted in many studies, as it
is a long-established treatment for iron overload; however, newer chelators such as DFP
and DFX are gaining attention in neurological research. Likewise, DFP has demonstrated
neuroprotective effects in experimental models of Parkinson’s disease, given its ability to
cross the BBB and reduce neuronal iron levels [145,146]. DFX, while effective for peripheral
iron overload, is being evaluated for neurological conditions, but its efficacy may be limited
by BBB permeability [147,148].

Iron chelators may also act on the body by ameliorating mitochondrial function.
Studies have found that Kua, as a natural small-molecule compound, blocks the mitochon-
drial apoptosis pathway by directly sequestering cellular iron, inhibiting iron overload,
scavenging 6-OHDA (a selective neurotoxin)-induced intracellular ROS, and reducing
mitochondrial apoptotic pathway, reducing oxidative damage, and maintaining iron home-
ostasis [149]. Furthermore, in the LPS-induced mouse models of cognitive dysfunction
and neuroinflammation, the use of DFO inhibited LPS-induced iron accumulation and
modulated the imbalance in the expression of iron-metabolism-related proteins caused by
LPS, suggesting that DFO may play a role in the pathogenesis of LPS-induced cognitive
dysfunction and neuroinflammation [150]. Iron chelators alleviate iron overload-triggered
cellular oxidative damage, mitochondrial dysfunction, as well as inflammatory responses
at source by specifically integrating toxic free iron. Its neuroprotective effect in various neu-
rological disorder models fully proves that regulating brain iron homeostasis is a promising
therapeutic approach. Nonetheless, iron-chelation strategies face important limitations.
DFO requires invasive administration and has a limited ability to cross the BBB, and its
use can cause adverse effects (e.g., infusion site reactions, auditory and ocular toxicity
at high doses) [151]. Deferiprone, while orally active and a BBB-penetrant, can induce
agranulocytosis in a subset of patients, necessitating regular blood monitoring [152]. De-
ferasirox can cause hepatic and renal impairment [153]. Moreover, excessive iron removal
could theoretically impair physiological iron-dependent processes. These side effects and
pharmacokinetic limitations highlight the need for caution and further optimization of
chelation therapy for brain disorders.

6. Conclusions

Chronic stress induces aberrant brain iron metabolism through the combined effects of
elevated hepcidin (via HPA axis activation), increased oxidative stress, and BBB dysfunction.
Together, these factors can cause functional iron deficiency in some neural cells and iron
overload in others, ultimately contributing to neuronal injury and the development of
neurological disorders. Our review underscores that iron misregulation is a key mediator
linking stress to neural damage.

Notably, although the acute stress response may trigger a transient redistribution
of iron, it is important to understand the mechanisms involved as adaptive mechanisms
(e.g., iron storage in the body in the “Fight or flight” response to reduce oxidative damage
or pathogen proliferation), but these changes are transient and reversible. Crucially, the
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transition to an adverse iron imbalance seems to depend on the duration and intensity
of the stress. On the basis of current evidence, chronic stress patterns—often manifested
as repeated or continuous exposures over weeks to months—are necessary to cause the
ongoing pathophysiological changes described in this article. In contrast, this chronic stress
continues to cause an imbalance in iron distribution, allowing for iron to accumulate in
some cells (e.g., microglia) and become deficient in others (e.g., oligodendrocyte). This
condition can lead to toxicity and impair neurological function.

Accordingly, therapeutic strategies that normalize brain iron levels, such as iron-
chelating treatments, may mitigate stress-related neuropathology. Indeed, we discussed
the potential of iron chelators to alleviate neuroinflammation and neuro-degeneration in
models of chronic stress, although their clinical translation will require careful consideration
of safety and delivery. In parallel, improving diagnostic approaches for iron dysregulation
in the brain will be crucial. Advanced imaging modalities, such as MRI-based quantitative
susceptibility mapping, allow for in vivo visualization of brain iron deposits and are
increasingly used to link iron burden with disease severity [23,24]. Molecular diagnostics,
for instance, measuring iron-handling proteins or hepcidin levels in cerebrospinal fluid
or blood, could serve as surrogate indicators of central iron status. At the histological
level, techniques like Prussian blue staining and electron microscopy have revealed iron
accumulation within specific brain cells and organelles, providing direct confirmation of
iron dyshomeostasis in affected regions. Developing non-invasive iron biomarkers and
integrating these diagnostic tools into research and clinical practice will greatly aid in the
early detection and monitoring of stress-related iron perturbations.

Notably, it remains unclear how acute stress responses differ from chronic stress
in terms of iron redistribution—an important gap that future studies should address.
Further investigation is also needed to determine how to safely target brain iron with
therapeutics and to develop diagnostic tools (e.g., advanced imaging) for the early detection
of iron dysregulation.
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ride (LPS), Major Depressive Disorder (MDD), Non-iron-bound Tf (apo-Tf), Non-Transferrin-Bound
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