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Abstract: Intracerebral hemorrhage (ICH) is a severe cerebrovascular disorder associated with high morbidity and mortality. 
Ferroptosis, a regulated form of cell death characterized by iron accumulation and lipid peroxidation, plays a critical role in secondary 
injury following ICH. Traditional Chinese Medicine (TCM) has demonstrated distinct therapeutic benefits in cerebrovascular disease, 
and emerging evidence suggests its potential to modulate ferroptosis. This review explores the therapeutic effects of TCM and TCM- 
based interventions for ICH, with a focus on their regulation of ferroptosis-related mechanisms. In ICH, ferroptosis is driven by 
disrupted iron metabolism, lipid peroxidation, oxidative stress, and neuroinflammation—key contributors to secondary brain injury. 
TCM interventions, including herbal medicines, active compounds, and acupuncture, may counteract these processes by restoring iron 
homeostasis and reducing oxidative stress, thereby improving neurological outcomes. Given the critical role of ferroptosis in ICH 
pathophysiology, TCM represents a promising avenue for targeting ferroptosis-related pathways and advancing therapeutic strategies. 
Keywords: cell death, iron deposition, lipid peroxidation, acupuncture, traditional Chinese medicine

Introduction
Intracerebral hemorrhage (ICH) is defined as bleeding within the brain parenchyma resulting from the rupture of blood 
vessels in the absence of external trauma. It is a severe subtype of stroke, contributing to substantial morbidity and 
mortality worldwide. Approximately 2 million new cases of ICH are reported globally each year, and this number 
continues to rise. By 2050, the incidence of ICH is projected to double, highlighting its increasing burden on public 
health systems.1,2 Despite advances in acute care, the prognosis for ICH survivors remains poor.

Beyond the primary brain injury caused by the mechanical impact of the hematoma, secondary brain injury (SBI)— 
driven by cerebral edema and ischemia-hypoxia in the perihematomal region—is a major contributor to long-term 
neurological dysfunction and disability.3 Current management strategies, including early surgical hematoma evacuation 
and supportive care, mainly target the primary brain injury. However, SBI—characterized by cellular toxicity, blood- 
brain barrier (BBB) disruption, and metabolic disturbances—remains a significant therapeutic challenge.4,5

In recent years, ferroptosis, a regulated and non-apoptotic form of cell death, has attracted growing attention in the 
context of ICH.6,7 Ferroptosis is driven by the excessive accumulation of iron ions that catalyze lipid peroxidation of 
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cellular membranes. This process disrupts redox homeostasis and leads to the accumulation of lipid peroxides, resulting 
in oxidative damage and cellular demise.8

Growing evidence highlights the central role of ferroptosis in various diseases, including cardiovascular disorders,9,10 

neurodegenerative diseases (eg, Parkinson’s disease),11–13 and drug-induced liver injury. Importantly, therapeutic strate
gies targeting ferroptosis exhibit a dual nature: inducing ferroptosis has emerged as a novel anti-tumor strategy,14,15 

whereas inhibiting ferroptosis can protect healthy tissues in other pathological conditions.
Recent studies have further underscored the role of ferroptosis in the pathophysiology of SBI following ICH.16,17 

Post-ICH mechanisms involve multiple interconnected pathways, including iron dysregulation, neuroinflammation, 
cerebral vasospasm. Iron chelators such as deferiprone (DFP) and pyridoxal isonicotinoyl hydrazone (PIH) have 
demonstrated efficacy in reducing perihematomal iron deposition and lipid peroxidation in ICH models.18 Notably, 
DFP also shows potential in ameliorating cerebral vasospasm after subarachnoid hemorrhage (SAH).19 These findings 
position ferroptosis as a promising therapeutic target for mitigating SBI after ICH.

Recent reviews, including that by Sun et al,20 have advanced our understanding of ferroptosis in ICH, primarily 
through the lens of molecular mechanisms and Western pharmacological interventions. However, such approaches often 
overlook integrative strategies—particularly the potential of Traditional Chinese Medicine (TCM) in modulating 
ferroptosis. This review aims to bridge this gap by exploring TCM-based interventions, offering a broader perspective 
on ICH treatment.

TCM, with its holistic regulatory properties, has shown unique advantages in the management of cerebrovascular 
diseases. By modulating key molecular pathways, reducing neuroinflammatory responses, and enhancing antioxidative 
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defenses, TCM-based therapies have demonstrated potential in regulating ferroptosis.21,22 Recent studies have identified 
specific herbal medicines, active components, and multi-herb formulations that target ferroptosis through diverse 
mechanisms. These interventions enhance neuronal antioxidant capacity, suppress neuroinflammation, and may improve 
neurological outcomes in ICH.23

This review aims to elucidate the mechanistic role of ferroptosis in the progression of ICH and to explore the 
therapeutic potential of TCM in targeting this pathway. By integrating the theoretical foundations of TCM with modern 
scientific research, this work seeks to provide insights and potential strategies for mitigating SBI and improving the 
prognosis of patients with ICH.24

Overview of Ferroptosis: Characteristics and Regulatory Mechanisms
Ferroptosis: A Unique Mode of Cell Death
In 2003, Stockwell et al identified a small molecule called erastin that could induce a rapid, irreversible, nonapoptotic 
form of death in engineered tumor cells.25 This iron- and oxidation-dependent process was formally named ferroptosis in 
2012. A key feature of ferroptosis is the accumulation of lipid peroxides, which disrupt membrane structure and 
compromise cellular integrity.

Cell membranes play a vital role in maintaining cellular integrity by compartmentalizing and protecting intracellular 
structures. When their integrity is compromised, cells may enter a lethal state. The most distinctive morphological 
hallmarks of ferroptosis include reduced mitochondrial size, loss of cristae, and increased membrane density.26 This form 
of cell death is closely associated with disruption of redox homeostasis—driven by impaired glutathione (GSH) 
synthesis, GSH depletion, or glutathione peroxidase 4 (GPX4) inactivation—which weakens antioxidant defenses and 
leads to the accumulation of toxic lipid reactive oxygen species (ROS) within membranes. Iron plays a unique and 
indispensable role in this process by catalyzing ROS production in a way not observed with other divalent transition 
metals.26

Ferroptosis is also genetically regulated. Dixon et al identified six high-confidence genes essential for erastin-induced 
ferroptosis, primarily involved in iron regulation and mitochondrial fatty acid metabolism. This complexity was further 
demonstrated by Zhou et al, who developed the FerrDb database cataloging 259 genes and 95 associated diseases, 
highlighting the broad biological and pathological significance of ferroptosis.27

Within the context of ICH, ferroptosis plays a pivotal role in secondary brain injury (SBI). The lysis of erythrocytes 
following ICH releases heme, leading to a threefold increase in non-heme iron levels in the brain that persists for weeks 
and drives ferroptotic damage in perihematomal neurons. This vulnerability is intensified by the brain’s high polyunsa
turated fatty acid (PUFA) content and relatively low antioxidant capacity, making ICH a highly relevant and high-risk 
setting for ferroptosis research.

Essential Processes: Iron Deposition and Lipid Peroxidation in ICH
The Pivotal Role of Ferroptosis in ICH Pathophysiology
Growing interest in ferroptosis has led to a surge of studies examining its role in neurological diseases, including ICH. 
Several experimental investigations have demonstrated that ferroptosis inhibitors provide neuroprotection in ICH models, 
positioning ferroptosis as a compelling therapeutic target. The pathological environment created by ICH—marked by 
rapid iron accumulation from hematoma breakdown—overwhelms the brain’s antioxidant defenses and exacerbates 
neuronal injury. As such, ferroptosis is now recognized as a critical driver of SBI following ICH.

The Trigger for Ferroptosis: Iron Deposition After ICH
Iron deposition is the key initiator of neuronal ferroptosis in the aftermath of ICH. During the acute phase, thrombin is 
rapidly produced to stop bleeding, leading to hematoma formation. Within hours, erythrocytes in the hematoma undergo 
lysis, releasing ferrous iron from heme via heme oxygenase-1 (HO-1)—a major source of toxic iron in the brain.28,29 

A rat model-based study revealed a threefold increase in non-heme iron levels following ICH, with elevated levels 
persisting for at least a month.30
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The accumulation of iron in the perihematomal region creates a highly oxidative and cytotoxic microenvironment that 
promotes neuronal injury.31,32 Supporting this, in vitro experiments by Chen-Roetling et al showed that overnight 
exposure to human hemoglobin killed approximately 75% of neurons and significantly increased levels of iron, 
malondialdehyde, and HO-1—underscoring iron’s role in ferroptotic injury.33 Further confirmation comes from studies 
using intraventricular injections of erythrocytes or their breakdown products, which also resulted in significant brain 
injury in animal models.

Moreover, iron amplifies the cytotoxicity of erythrocyte degradation products such as hemoglobin and heme. 
Therapeutic strategies such as iron chelators and ferroptosis inhibitors like ferrostatin-1 (Fer-1) have shown potential 
in reducing iron overload and attenuating brain injury. Wan et al reported that a combination of Fer-1 with other 
inhibitors provided greater protection against hemoglobin-induced neuronal death than monotherapy.34 Additionally, 
upregulation of ferritin, which sequesters free iron, has been shown to enhance neuroprotection,35 further underscoring 
iron’s central role in ferroptosis and ICH-induced secondary damage.

Mediators of Ferroptosis: ROS Generation After ICH
Following ICH, ROS are generated from multiple sources, including endoplasmic reticulum (ER) stress, macrophage 
activation, mitochondrial dysfunction, erythrocyte degradation products, and glutamate excitotoxicity. Excessive ROS 
production damages lipids, proteins, and DNA, activating cell death pathways. Among these, ferroptosis is particularly 
relevant due to its dependence on iron-catalyzed lipid peroxidation.29

The brain’s high oxygen consumption and abundance of PUFAs, combined with limited antioxidant reserves, make it 
especially susceptible to oxidative stress (OS) and ferroptosis.36 Key pathways—such as the mitogen-activated protein 
kinase (MAPK), nuclear factor kappa-B (NF-κB), and tumor necrosis factor (TNF) signaling pathways—are tightly 
linked to oxidative injury after ICH.37 Iron-induced MAPK activation promotes ROS generation, while ROS also trigger 
NF-κB signaling, linking OS with inflammation.38

ICH rapidly impairs the brain’s endogenous antioxidant defense systems, exacerbating oxidative damage.29,38 A notable 
example is glutathione peroxidase 4 (GPX4), a central suppressor of ferroptosis. Zhang et al reported that GPX4 protein 
levels in rat brains declined significantly by 12 hours post-ICH, reaching their lowest point at 24 hours, particularly in 
neurons.39 Enhancing nuclear factor erythroid 2–related factor 2 (Nrf2)—a key regulator of redox homeostasis—stimulates 
antioxidant enzyme activity and restores GPX4 levels, counteracting ferroptosis by supporting neurological recovery.

The hemoglobin–heme–iron axis is a major driver of OS after ICH. Ferrous iron released from erythrocytes promotes lipid 
peroxidation via Fenton reactions.40 Meanwhile, excess hydrogen peroxide (H2O2) exacerbates redox imbalance and disrupts 
the BBB, allowing further iron infiltration.4 In animal models, direct injection of ferrous iron into the cortex induced lipid 
peroxidation within 15 minutes. H2O2 is also generated by reactions between iron and lipid peroxides, perpetuating neuronal 
injury. These findings underscore ferroptosis as a compelling target for antioxidant-based therapy in ICH.

Mechanistic Contributors to Ferroptosis in ICH
Extensive evidence indicates that iron contributes to various neurotoxic processes following ICH, including OS, 
inflammation, BBB disruption, coagulation cascade activation, and other pathological mechanisms.29,34 All of these 
factors converge to promote SBI. One of the earliest pathological responses is leukocyte infiltration, which begins within 
hours of hemorrhage and amplifies inflammatory damage.41,42

Microglia, the brain’s resident immune cells, are rapidly activated after ICH and release inflammatory mediators such 
as TNF-α and interleukin-1 beta (IL-1β).43,44 While M2-polarized microglia support the clearance of cellular debris and 
may limit iron accumulation, rapid iron deposition after ICH promotes sustained M1 polarization, which worsens 
neurological outcomes.45,46 Interactions between overactivated microglia and infiltrating leukocytes further escalate post- 
ICH neuroinflammation.43 HO-1 expression, predominantly induced in endothelial cells and microglia/macrophages, 
contributes to ongoing iron release from the hematoma.38 Huang et al47 showed that the ferroptosis inhibitor ferrostatin-1 
(Fer-1) enhanced M2 polarization, promoted microglial phagocytosis, and attenuated inflammation in a murine ICH 
model.
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ICH also activates the coagulation cascade, triggering prothrombin cleavage and substantial thrombin release. Thrombin 
has a well-documented dual role in brain injury: at low concentrations, it is neuroprotective, but at high levels, it is 
neurotoxic.48,49 Thrombin activity increases significantly within one hour of ICH onset,50 initiating chemokine and adhesion 
molecule expression, enhancing leukocyte infiltration, activating glial cells,51 and upregulating matrix metalloproteinases 
(MMP-2 and MMP-9), which degrade extracellular matrix components and compromise BBB integrity.52

Crucially, thrombin and iron interact in a synergistic and pathological manner. Thrombin upregulates brain HO-1 and 
the transferrin/transferrin receptor (Tf/TfR) system, accelerating hematoma breakdown and iron uptake.53 However, 
excess iron potentiates thrombin-induced edema and neurotoxicity. Co-administration of iron-loaded Tf (holo-Tf) and 
thrombin worsens brain edema more than either factor alone.54 These interactions highlight iron’s central role in 
ferroptosis and its contribution to post-ICH brain injury.

Role of Iron in Ferroptosis
Iron is essential for numerous cellular functions, including mitochondrial respiration and enzymatic reactions. However, 
it also acts as a potent pro-oxidant. In the presence of H2O2, ferrous iron catalyzes the Fenton reaction, generating 
hydroxyl radicals and promoting oxidative damage.55 This dual nature places iron at the heart of ferroptosis.

Iron contributes to ferroptosis through multiple mechanisms: it promotes ROS production,56 drives lipid peroxidation, 
and acts as a cofactor for iron-dependent oxidoreductases.57 In the context of ICH, hematoma-derived Fe2+ accumulates 
in perihematomal regions, where it fuels lipid peroxidation and directly contributes to neuronal death via ferroptosis.

Cellular Iron Metabolism and Regulation
Iron homeostasis is tightly regulated at both systemic and cellular levels. In the context of ferroptosis, regulation of 
intracellular iron is particularly important (Figure 1). The amount of intracellular iron depends on the balance between 
iron uptake, storage, and export.

Figure 1 Mechanism of ferroptosis following intracerebral hemorrhage (ICH). ICH causes the extravasation of red blood cells (RBCs) into brain tissue. Upon lysis, 
RBCs release hemoglobin, which is degraded into heme, releasing iron into the surrounding microenvironment.58–60 Extracellular Fe3+ binds transferrin (Tf) and is 
internalized via transferrin receptor 1 (TfR1)-mediated endocytosis. Within endosomes, Fe3+ is reduced to Fe2+ by Steap3 and transported into the cytoplasm via 
DMT1. Cytoplasmic Fe2+ enters the labile iron pool (LIP), where it may be stored in ferritin, released via ferritinophagy, or exported by ferroportin 1 (FPN1).61,62 

Excess Fe2+ catalyzes the Fenton reaction, generating reactive oxygen species (ROS) that drive lipid peroxidation of polyunsaturated fatty acids (PUFAs), ultimately 
inducing ferroptosis and neuronal damage.63 Three major ferroptosis-suppressing pathways counteract this process: (a) the System xc⁻–GSH–GPX4 axis, in which 
imported cystine is reduced to cysteine for glutathione (GSH) synthesis, enabling glutathione peroxidase 4 (GPX4) to detoxify lipid peroxides;64–67 (b) the FSP1– 
CoQ10–NAD(P)H pathway, where ferroptosis suppressor protein 1 (FSP1) reduces oxidized CoQ10 to CoQ10H2 via NAD(P)H oxidoreductase activity, protecting 
membranes from lipid peroxidation;68,69 and (c) GCH1–BH4 axis, where GTP cyclohydrolase 1 (GCH1) promotes tetrahydrobiopterin (BH4) synthesis, enhancing 
CoQ10 production and scavenging ROS to reduce oxidative stress.70
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Iron uptake begins with Tf, which binds ferric iron (Fe3+) and interacts with TfR1 on the cell surface. The Tf-TfR1 
complex is internalized via receptor-mediated endocytosis.58 Within acidic endosomes, Fe3+ is released from Tf and 
reduced to Fe2+ by the ferrireductase six-transmembrane epithelial antigen of the prostate 3 (Steap3).59 Fe2+ is then 
transported into the cytoplasm by divalent metal ion transporter-1 (DMT1).60 The Tf-TfR1 complex is recycled back to 
the membrane.

In the cytoplasm, iron has three major fates: (a) entry into the labile iron pool (LIP), from which it is delivered to 
mitochondria and other organelles and incorporated into iron-containing cofactors such as heme and Fe-S clusters;61 (b) 
storage in ferritin, which sequesters excess iron and prevents ROS generation;62 and (c) export from the cell via 
ferroportin 1 (FPN1), the only known iron exporter.

Iron release from ferritin occurs via two pathways. In ferritinophagy, ferritin is degraded through autophagy in 
a process mediated by nuclear receptor coactivator 4 (NCOA4), which responds to intracellular iron levels.71,72 

Alternatively, ferritin can be degraded through the ubiquitin–proteasome system (UPS), providing another route for 
iron mobilization.71,73

The level of cellular iron is tightly regulated to prevent both deficiency and toxicity. One of the primary regulatory 
mechanisms is the iron-responsive element/iron regulatory protein (IRE/IRP) system, which controls the post- 
transcriptional expression of genes involved in iron homeostasis. IREs are conserved stem-loop structures located in 
the untranslated regions (UTRs) of mRNAs encoding proteins such as transferrin receptor 1 (TfR1), divalent metal 
transporter-1 (DMT1), and ferritin.74 IRPs—comprising two homologs, IRP1 and IRP2—respond dynamically to 
intracellular iron levels by binding to these IREs.

Under iron-deficient conditions, IRPs bind to IREs in the 3’-UTRs of TfR1, DMT1, and ferritin mRNAs, stabilizing 
these transcripts and promoting iron uptake. Concurrently, IRPs bind to IREs in the 5’-UTR of ferritin mRNA, 
suppressing its translation and thereby reducing iron storage. Conversely, under iron-replete conditions, IRPs lose their 
RNA-binding activity, resulting in the degradation of TfR1 and DMT1 mRNAs and allowing ferritin translation to 
increase iron sequestration. This finely tuned regulatory system ensures iron availability for essential cellular functions 
while preventing oxidative damage associated with excess free iron, which is particularly relevant in ferroptosis 
following ICH.

Iron Catalyzes ROS Production and Lipid Peroxidation
Cells maintain redox homeostasis through a coordinated network of antioxidative enzymes and compounds that regulate 
the balance between ROS production and clearance. Disruption of this balance induces excessive ROS accumulation,75 

leading to cell death and tissue damage.76,77 While both proteins and lipids are susceptible to oxidative modifications by 
ROS, not all ROS sources contribute equally to ferroptosis.73

Iron plays a central role in ROS generation. It catalyzes the Fenton and Haber–Weiss reactions, directly producing 
highly reactive hydroxyl radicals, which have extremely high reaction rate constants.63 Among these, hydroxyl radicals 
are considered the most damaging. The Fe- and Cu-catalyzed Fenton reaction is the predominant source of hydroxyl 
radicals in vivo and serves as a primary trigger for non-enzymatic lipid peroxidation by attacking polyunsaturated fatty 
acids (PUFAs).

Beyond initiating lipid peroxidation, iron also contributes to downstream processes by being incorporated into iron- 
containing proteins and enzymes. These include heme and iron–sulfur (Fe–S) clusters, which are essential components of 
ROS-producing enzymes and redox systems, further amplifying lipid peroxidation.73

Iron-dependent lipoxygenases (LOXs), particularly 15-LOX-1, also catalyze lipid oxidation. LOXs oxidize linoleic 
acid (LH) and molecular oxygen (O2), directly producing lipid hydroperoxides (LOOH)—one of the main enzymatic 
pathways involved in lipid peroxidation, a hallmark of ferroptosis, and a critical step in this process. The underlying 
reactions are broadly divided into non-enzymatic and enzymatic mechanisms (Figure 1).

Non-Enzymatic Lipid Peroxidation
Lipid autoxidation is a self-propagating chain reaction between lipids and molecular oxygen, consisting of three main 
phases: initiation, propagation, and termination.78,79 During initiation, oxygen-centered radicals such as hydroxyl radicals 
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abstract hydrogen atoms from PUFAs, generating carbon-centered lipid radicals. These radicals then react with molecular 
oxygen to form lipid peroxyl radicals, which further abstract hydrogen atoms from adjacent fatty acids—producing the 
first LOOH and new radicals, perpetuating the cycle.79,80 This propagation step is facilitated by the close packing of fatty 
acid chains in lipid bilayers.81

LOOH can undergo reductive cleavage by reduced metals like Fe2+, yielding lipid alkoxyl and lipid peroxyl radicals 
that further accelerate peroxidation.80,81 The chain reaction continues until essential reactants—lipids, oxygen, or 
peroxide radicals—are depleted or until radical-trapping antioxidants, such as GSH or vitamin E, neutralize the 
radicals.82 In ICH, this process is exacerbated by the release of Fe2+ during erythrocyte lysis, which accelerates lipid 
peroxidation in neuronal membranes.

Enzyme-Mediated Lipid Peroxidation
Enzymatic lipid peroxidation is primarily mediated by LOXs, cyclooxygenases (COXs), and cytochrome P450 oxidor
eductase (POR), with LOXs playing a particularly dominant role in LOOH formation.83 LOXs stereospecifically oxidize 
PUFAs to generate hydroperoxy derivatives, which are subsequently converted into bioactive lipid mediators that 
influence cellular signaling and metabolic processes. LOX activity is regulated by several protein kinases and divalent 
metal ions,83 among which iron serves as an essential cofactor.

The excess accumulation of lipid peroxides compromises cell membrane integrity by altering its structure, fluidity, 
and composition, ultimately impairing cell viability.84 Furthermore, lipid peroxides not only amplify ROS production but 
also generate secondary aldehydic byproducts such as malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE).75,80,85 

These highly reactive and cytotoxic aldehydes can modify proteins, nucleic acids, and lipids—even at sites distant from 
their origin—disrupting cellular function.80 Additionally, they act as signaling molecules that influence gene expression 
and promote pathological changes.84

Major Pathways Regulating Ferroptosis
Three key regulatory pathways of ferroptosis have been identified to date (Figure 1a–1c), although the process is likely 
governed by a broader and more complex signaling network. The first is the System xc−/GSH/GPX4 axis (Figure 1a). 
System xc- is a cystine/glutamate antiporter that mediates the uptake of extracellular cystine in exchange for intracellular 
glutamate. Once inside the cell, cystine is reduced to cysteine, which serves as a precursor for glutathione (GSH) 
synthesis.64 System xc− is composed of two subunits: the light chain SLC7A11, responsible for cystine uptake,65 and the 
heavy chain SLC3A2, which stabilizes SLC7A11.66,67,86 Inhibition of system xc− disrupts cystine transport, leading to 
GSH depletion and GPX inactivation. This results in the accumulation of lipid peroxides and ultimately induces 
ferroptotic cell death.67,86,87 GPX4 is the only member of the GSX family capable of reducing lipid peroxides within 
complex membrane environments.88 Two classical ferroptosis inducers, erastin and RSL3, inhibit GPX4 through distinct 
mechanisms: erastin depletes GSH by inhibiting system xc− (an indirect effect),86 while RSL3 directly binds to GPX4’s 
nucleophilic residues, inactivating GPX4.86,89

The second pathway is the FSP1/CoQ10/NAD(P)H axis (Figure 1b). Ferroptosis suppressor protein 1 (FSP1) offers 
protection against ferroptosis through a mechanism independent of GPX4. FSP1 undergoes N-myristoylation, a lipid 
modification that enables its localization to the plasma membrane.68 In addition, FSP1 possesses an N-terminal 
hydrophobic sequence that facilitates its association with the lipid bilayers of the plasma membrane.69 Once localized, 
FSP1 functions as a NAD(P)H-dependent oxidoreductase, converting oxidized coenzyme Q10 (CoQ10) into its reduced 
form (CoQ10H2). This reduced CoQ10 acts as a lipid-soluble antioxidant that halts the propagation of lipid peroxides and 
protects against ferroptosis.69

The third pathway is the GCH1/BH4 axis (Figure 1c). Tetrahydrobiopterin (BH4) is a redox-active cofactor involved 
in the biosynthesis of neurotransmitters, nitric oxide, and aromatic amino acids.70 Its synthesis is regulated by GTP 
cyclohydrolase 1 (GCH1), the rate-limiting enzyme in this pathway, which is allosterically controlled by the GTPCHI 
feedback regulatory protein. Overexpression of GCH1 leads to increased production of BH4, which has potent free 
radical-scavenging activity.70 Elevated BH4 levels not only neutralize OS but also facilitate the conversion of phenyla
lanine into 4-hydroxybenzoate, a CoQ10 precursor, thereby enhancing antioxidant defenses. Moreover, GCH1 
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overexpression alters lipid profiles and protects specific phospholipid subclasses from oxidative degradation, particularly 
in response to ferroptosis-inducing agents such as imidazole ketone erastin.

Traditional Chinese Medicine and Ferroptosis in ICH Treatment
Explaining Ferroptosis After ICH from the Perspective of TCM Theory
In TCM theory, the hematoma formed after ICH is described as “blood stasis”—a pathological state arising from 
disrupted circulation and the extravasation of blood into brain tissue. “Blood stasis” encompasses more than just stagnant 
blood; it also includes secondary pathological products such as phlegmatic turbidity and “heat evil”, collectively referred 
to as “toxins”. The damaging effects of these toxins are analogous to the cellular injury caused by iron accumulation and 
lipid-derived ROS attack on cell membranes.

In TCM, qi is described as an invisible, dynamic, warm-natured force essential for sustaining physiological function. 
Qi governs blood movement; therefore, when blood stasis obstructs qi flow, stagnation ensues. This stagnation may 
transform into “heat evil”, disrupting the normal interplay of qi and blood, and accelerating the formation of additional 
toxins (Figure 2). TCM interprets heat evil and its toxic byproducts in terms similar to inflammatory cytokines and OS 
markers in modern medicine. Notably, the oxidative damage, inflammation, and iron dysregulation seen after ICH closely 
align with TCM concepts of stasis and toxicity. The core pathological events of ferroptosis—iron deposition and lipid 
peroxidation—are also deeply integrated into this interpretation.

To address these pathological patterns, TCM therapies employ principles such as “blood activating and stasis 
dissolving”, “heat clearing and fire purging”, “detoxification”, and “damp clearing”.90,91 These approaches aim to restore 
balanced iron homeostasis—conceptually akin to modulating the hepcidin–ferroportin axis—and exert effects compar
able to anti-inflammatory, antioxidative, and pro-angiogenic interventions recognized in contemporary biomedical 
science.

Ferroptosis, as a multifactorial and adjustable cell death process, provides ample opportunity for therapeutic inter
vention. Research has demonstrated that TCM interventions—including isolated herbal constituents (Table 1), compound 
decoctions (Table 2), and acupuncture (Table 3)—can regulate key ferroptosis-related processes such as GPX4 activity, 
iron metabolism, and ROS production. These effects collectively confer neuroprotection and offer new therapeutic 
avenues to reduce brain injury after ICH.

Figure 2 Pathological cascade triggered by qi and blood dysregulation, and intervention pathways in Traditional Chinese Medicine (TCM). (a) Relationship between qi and 
blood: under normal conditions, qi promotes blood circulation. When qi becomes stagnant, blood flow is impaired, leading to blood stasis. (b) Relationship between qi and heat 
evil: If qi cannot circulate normally, it stagnates and gradually transforms into heat evil. In turn, heat evil consumes qi, weakening its ability to promote blood circulation. (c) 
Relationship between heat evil and blood stasis: heat evil accelerates the formation of blood stasis, while persistent blood stasis generates additional heat evil, forming 
a pathological feedback loop. Heat evil accelerates the formation of blood stasis, while persistent blood stasis generates additional heat evil, forming a pathological feedback loop.
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Table 1 Ingredients of Chinese Herbs/ Nature Products for ICH Treatment by Regulating Ferroptosis

Ingredients Herbs/ Nature 
Products

Effect of herbs/ Nature Products Botanical Origin Targets/Pathways Ref

Baicalin Huangqin Clearing heat and toxin Scutellaria baicalensis 
Georgi

SLC7A11/GXP4 
DMT1

[92]

Paeonol Mudanpi etc. Clearing heat, removing blood stasis Paeonia × suffruticosa 
Andrews,etc.

HOTAIR/UPF1/ 
ACSL4SLC7A11/ 

GPX4

[93]

Curcumin Jianghuang, 
Yujin etc.

Activating qi 
Removing blood stasis

Curcuma longa L. Nrf2/HO-1/GPX4 [94]

Dauricine Shandougen Clearing heat and toxin Sophora tonkinensis 
Gagnep.

GPX4/GSR [95]

Isorhynchophylline Gouteng Soothing the liver 
clearing heat

Uncaria macrophylla 
Wall.

TP53/SLC7A11 [96]

Crocin Honghua, 
Zhizi, etc.

Removing blood stasis 
clearing heat

Crocus sativus L.,etc. Nrf2/GPX4 [97]

Naringenin Zhishi, 
Chenpi etc.

Activating qi 
resolving phlegm

Citrus×aurantium L.,etc. Nrf2/GPX4 [41]

Resveratrol Huzhang Clearing heat and toxin 
removing blood stasis

Polygonum cuspidatum 
Siebold & Zucc.

System xc−/GPX4 [98]

Dihydromyricetin Tengcha Clear heat and eliminate dampness, invigorate blood 
and unblock meridians

Ampelopsis acerifolia W. 
T.Wang

LCN2/System xc− [99]

Epicatechin Jixueteng, etc. Invigorate blood and unblock meridians Spatholobus suberectus 
Dunn,etc.

Nrf2, AP-1 [100]

Epigallocatechin gallate Tea Clearing heat and toxin Camellia sinensis (L). 
Kuntze

Nrf2/GPX4, 
System xc−

[101]

Salvianolic acid A Danshen Invigorate blood, dispel stasis, unblock meridians, and 
relieve pain, clear heat from the blood

Salvia miltiorrhiza 
Bunge

Akt /GSK-3β/Nrf2/ 
GPX4

[102]

Artesunate Qinghao Clear heat and eliminate dampness Artemisia annua L. AMPK/mTORC1/ 
GPX4

[103]

Eupatilin AIye Warming Meridian, Removing blood stasis Artemisia argyi Levl.et 
Vant.

SOX2/SLC7A11 [104]

Withaferin A Nanfeizuiqie Reinforce the healthy qi, Clearing heat and toxin Withania Somnifera Tf, FTH1, 4-HNE [105]

Cinnamaldehyde Rougui Returning fire to its origin Cinnamomum cassia 
(L). D. Don

SLC7A11/GPX4 [106]

Panaxadiol Renshen Replenishing vital energy Panax ginseng 
C. A. Mey.

ACSL4/GPX4 [107]

Hesperidin Chenpi, Zhishi, etc Regulating qi-flowing for activating stagnancy Citrus reticulata Blanco, 
Citrus aurantium L.

Nrf2/GPX4 [108]

Table 2 Preparations of TCM for ICH Treatment by Regulating Ferroptosis

Preparations of TCM Composition Effect of Composition Targets/Pathways Ref

Zhilonghuoxue tongyu Capsule Huangqi, Dilong, Shuizhi, Daxueteng, 
Guizhi

Invigorating qi and promoting 
blood circulation 

Removing blood stasis

TP53 
GPX4

[109]

Annaopingchong Derection Longgu, Muli, Niuxi, Baijili, Gouteng, 
Zexie, Mudanpi, Zhizi, Huangqin, 

Baishao, Dahuang, Gancao

Soothing the liver for calming endogenous wind, 
Nourishing blood,Clearing heat

System xc−/GPX4 
Tf/TfR

[110]

Naotaifang Huangqi, Chuanxiong, Dilong, Jiangcan Invigorating qi, Promoting blood circulation, 
Activating collaterals

TfR 
GSH/GPX4

[111]

Zhongfeng Xingnao Decoction Hongshen, Chuanxiong, Sanqi, 
Dahuang

Awakening the mind and opening the orifices, 
Removing blood stasis and resolving phlegm, 

Clearing heat and extinguishing wind

System xc−/GPX4 
Tf/TfR

[112]

Didang Tang Dahuang, Taoren, Shuizhi, Mengchong Removing blood stasis, Clearing heat SLC7A11 
GPX4

[113]
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Active Ingredients of Chinese Herbs
Although research on the role of individual herbal constituents in regulating ferroptosis after ICH remains limited, 
several studies offer promising insights (Table 1). Specific active compounds from traditional Chinese herbs have 
demonstrated anti-ferroptotic effects and improved neurological outcomes in ICH models. For instance, baicalin, derived 
from Scutellaria baicalensis Georgi (Huangqin), has been shown to upregulate GPX4 expression while reducing iron 
uptake by downregulating DMT1 in neural cells.115 Similarly, paeonol, extracted from Paeonia × suffruticosa Andrews 
(Mudanpi), alleviates ACSL4-dependent neuronal ferroptosis,21 and crocin from Carthamus tinctorius L. (Honghua), 
mitigates ICH-induced ferroptosis by promoting Nrf2 nuclear translocation.97

Table 1 summarizes eighteen active ingredients from different herbs. Among them, eight possess blood-activating 
properties, nine have heat-clearing properties, two promote qi, five exhibit detoxifying properties, and two reinforce 
healthy qi. This classification suggests that TCM strategies targeting “heat evil” and “blood stasis” may play a central 
role in modulating ferroptosis after ICH.

A study by Liu et al used transcriptomic analysis to compare perihematomal tissue and contralateral normal tissue 
from ICH patients. By intersecting the identified differentially expressed genes (DEGs) with known ferroptosis-related 
genes, they uncovered 45 ferroptosis-associated DEGs.37 KEGG pathway enrichment analysis indicated that many of 
these genes were involved in TNF signaling and OS responses, with MAPK1 emerging as a key hub gene. These findings 
support the hypothesis that herbs with blood-activating, heat-clearing, and detoxifying effects may be particularly 
relevant for anti-ferroptotic therapy via antioxidant and anti-inflammatory mechanisms. In the same study, Liu et al 
developed an ICH rat model to investigate MAPK1-related targets, providing a foundation for further mechanistic 
investigations.37

While not all herbal compounds have been explicitly studied in the context of ferroptosis, several are known to affect 
related processes such as iron metabolism and lipid peroxidation. For example, puerarin, extracted from Pueraria 
alopecuroides Craib (Gegen)116 reduces both lipid accumulation and iron overload.117 Similarly, emodin, derived from 
Rheum palmatum L. (Dahuang) protects neurons from oxidative injury by activating the Nrf2/ARE pathway.118 These 
compounds represent promising candidates for future research into TCM-based modulation of ferroptosis after ICH.

Moreover, hematoma clearance is critical for the treatment of intracerebral hemorrhage (ICH). Studies have reported 
that Panax notoginseng saponins enhance hematoma absorption mediated by the glymphatic system, upregulate Nrf2 
expression, reduce neuroinflammation, and protect brain tissue from damage. These findings underscore the potential of 
targeting ferroptosis suppression and glymphatic system function as an effective therapeutic strategy for ICH. Numerous 
herbal extracts, such as Panax notoginseng saponins, demonstrate neuroprotective effects through these mechanisms. 
Although not all are directly linked to ICH, they represent a promising group of bioactive compounds with therapeutic 
potential, particularly in mitigating iron-dependent neuronal injury and supporting broader neurovascular recovery.119

Preparations of TCM
In TCM, the root cause of “blood stasis” is often attributed to abnormalities in the circulation of qi and blood. According 
to this framework, qi stagnation of deficiency impairs blood flow, making the regulation of their interaction a central 
therapeutic goal in ICH treatment. Consequently, many TCM compound formulas used in ICH management emphasize 
harmonizing qi and promoting blood circulation. Classic prescriptions such as Buyang Huanwu Decoction, Didang 
Decoction, and Xuefu Zhuyu Decoction exemplify this therapeutic approach (Table 2).92,93

Given that blood stasis is a key pathological mechanism in ICH, TCM commonly employs therapies aimed at 
activating blood and removing stasis. A systematic review has shown that such treatments can reduce hematoma volume 

Table 3 Acupuncture for ICH Treatment by Regulating Ferroptosis

Mk Acupoints Effect Targets/Pathways Ref

Acupuncture DU20-penetrating-GB7 Regulating the qi and blood  
circulation of the whole head

miR-23a-3p, Nrf2/HO-1/GPX4 [114]
Scalp Acupuncture DU20-penetrating-GB7 p62/Keap1/Nrf2, FTH1,GPX4 [95]

Notes: DU20: Baihui; GB7: Qubin.
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while minimizing adverse effects.94 Among the components of these formulas, insect-derived medicines—recognized in 
TCM for their potent stasis-resolving effects—are often included. These agents enhance hematoma absorption, reduce 
inflammation, and support neurological recovery.109,114,120 For example, Naoxueshu liquid and Didang Tang, widely used 
preparation containing leeches, exemplifies this strategy. It replenishes qi, activates blood, removes stasis, and has been 
shown to reduce both inflammation and hematoma volume in ICH patients.113,114 Its key active component, hirudin, is 
a natural thrombin inhibitor that facilitates hematoma clearance.

Another commonly used insect medicine is Dilong (earthworm), which supports nerve regeneration, exerts antic
oagulant effects, and demonstrates antioxidant properties.121,122 However, the use of blood-activating formulas, particu
larly those containing insect medicines, raises concerns about the potential risk of rebleeding. To address this, it is 
essential to assess coagulation function, hemorrhage volume, and vascular integrity before initiating circulation- 
promoting treatments.

Recent studies have also explored the timing of blood-activating and stasis-resolving therapy in acute cerebral 
hemorrhage.123 Determining the optimal intervention window remains an ongoing challenge, and further research is 
needed to establish standardized clinical risk assessment protocols. One notable advantage of TCM lies in its flexible 
prescription principles—herbs can be added, removed, or substituted to match the individual patient’s condition. This 
customizability offers a path toward maximizing therapeutic efficacy while minimizing the risk of complications such as 
rebleeding.

Acupuncture in TCM
Acupuncture, a core modality in TCM, has been shown to inhibit ferroptosis in neurons in rat models following ICH 
induction.66 In a recent study, Li et al reported that acupuncture attenuated neuronal ferroptosis by modulating iron 
metabolism—specifically by reducing iron accumulation through regulation of the DMT1/FPN1 ratio.124 It also 
decreased lipid content in neurons and suppressed lipid peroxidation, key processes involved in ferroptosis. To date, 
two studies have directly examined acupuncture’s role in regulating ferroptosis after ICH, both using the same acupoint 
combination (Table 3 and Figure 3).

Scalp acupuncture (SA)—a modern adaptation of traditional acupuncture—integrates classical meridian theory with 
the cortical functional zones of the brain. It is especially valued in neurological rehabilitation for its simplified acupoint 
selection, robust needling response, and strong therapeutic effects, making it particularly suitable for treating cerebro
vascular diseases such as ICH.

Both studies utilized the “Baihui-penetrating-Qubin” acupoint combination, which is widely used in stroke treatment. 
Baihui, located at the top of the head, is believed to regulate meridian qi and improve neurological function by enhancing 

Figure 3 Schematic illustration of the Baihui-penetrating-Qubin acupoint technique. This figure illustrates the Baihui-penetrating-Qubin acupuncture method. Baihui (GV20), 
located at the vertex of the head, is traditionally used to activate qi and promote cerebral circulation. Qubin (GB7), positioned along the gallbladder Meridian, governs the 
regulation and movement of qi.95,114 The integration of these two acupoints in the Baihui-penetrating-Qubin technique aims to enhance cerebral blood flow by restoring qi 
dynamics. This method has long been employed in stroke therapy and is now being explored for its potential role in modulating ferroptosis, inflammation, and oxidative 
stress in ICH.
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the circulation of qi and blood in the upper body. Qubin, located along the gallbladder meridian, is known as the 
“doorshaft” of qi movement and is thought to regulate directional flow—ascending, descending, inward, and outward. By 
stimulating these two acupoints simultaneously, acupuncture helps restore qi dynamics and thereby promotes cerebral 
blood flow and neurological recovery.

In addition to manual acupuncture, electroacupuncture (EA) has shown neuroprotective effects in ICH models. 
Studies have reported that EA can inhibit apoptosis, enhance angiogenesis, reduce BBB permeability, and regulate 
mitophagy.125,126 However, research on EA’s role in regulating ferroptosis, specifically in hemorrhagic stroke, remains 
limited. Most existing studies focus on ischemic stroke or ischemia–reperfusion injury.127,128 This gap highlights an 
important area for future exploration—investigating how EA may influence ferroptosis pathways in the setting of ICH 
could uncover new therapeutic mechanisms and expand TCM-based treatment strategies for hemorrhagic stroke.

Discussion
Ferroptosis is an iron-dependent form of programmed cell death, and in recent years, its association with intracerebral 
hemorrhage (ICH) has garnered increasing attention. Ferroptosis is closely linked to oxidative stress (OS) and lipid 
peroxidation, both of which play pivotal roles in the secondary injury following ICH.26 After an intracerebral hemor
rhage, iron ions released from the hematoma may exacerbate neuronal damage, while ferroptosis inhibitors, by 
modulating iron metabolism or scavenging free iron, have shown promising therapeutic potential.

While ferroptosis inhibitors, especially iron chelators and modulators of iron metabolism, have shown potential, their 
clinical translation remains limited. Among them, deferoxamine (DFX), an FDA-approved iron chelator, has progressed 
to clinical trials. DFX reduces OS and lipid peroxidation by binding free iron. Although preclinical models suggest that 
DFX may reduce white matter injury and perihematomal edema, meta-analyses have reported inconsistent effects on 
neurological recovery.129,130

Several barriers hinder clinical application: (1) limited BBB penetration restricts effective intracerebral drug 
delivery;131 (2) chronic toxicity, including auditory, retinal, and hematological adverse effects, limit long-term use;132 

(3) short plasma half-lives of agents like LIP1 and DFX necessitate frequent dosing;123,133 (4) narrow therapeutic focus 
on lipid peroxidation fails to address broader iron imbalance and GPX4 dysfunction;134 (5) low oral bioavailability and 
dose-related central nervous system depression reduce effectiveness;;133,135 (6) drug interactions, particularly with 
immunosuppressants, heighten bleeding and infection risks;133,136 and (7) natural chelators often lack validated safety 
and efficacy data, despite encouraging preclinical data.137

To improve treatment efficacy, ferroptosis-targeted therapies must shift from single-target agents to integrated, multi- 
pathway strategies. Future strategies should focus on multi-functional modulators that regulate both iron homeostasis and 
lipid peroxidation. Delivery via advanced systems such as nanocarriers with BBB-transmigrating peptides or sustained- 
release platforms is particularly promising.20,134,138 Rational drug design can enhance natural chelators’ metabolic 
stability and reduce off-target toxicity.123,139 Tissue-specific engineering and metabolic bypass activation may further 
minimize systemic iron depletion. Preclinical studies would benefit from using physiologically relevant models, such as 
cerebral organoids and ICH models incorporating HFE gene variants, to better mimic human disease.140,141 In clinical 
settings, adaptive trial designs that enable real-time drug monitoring and dose optimization could replace traditional 
protocols.142,143

Emerging tools, such as machine learning, stimuli-responsive nanomaterials, and near-infrared-triggered nanoparti
cles, offer novel solutions for precise, spatiotemporal-controlled drug delivery to hemorrhagic sites.144–146 These 
innovations must tackle the persistent challenges of therapeutic precision, bioavailability, and clinical translatability 
that currently limit ferroptosis-based interventions.

As TCM research in ICH advances, various effective herbal monomers, compound formulas, and acupuncture 
methods have been identified.147,148 Multiple studies have examined their roles in modulating post-hemorrhagic 
inflammation and apoptosis. TCM’s unique therapeutic models—targeting neurotoxicity, ferroptosis, and neuroimmune 
responses—are increasingly recognized as valuable contributions to hemorrhagic stroke treatment.

In contrast to the single-target approach used by Sun et al,20 who explored ferroptosis inhibitors like Liproxstatin-1 
with limited attention to long-term safety, this review emphasizes TCM’s multi-target approach. For example, 
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acupuncture has demonstrated ability to reduce OS in clinical trials,149 while herbal compounds like baicalin inhibit lipid 
peroxidation, synergistically complementing Western pharmacological approaches.150

Within TCM, ferroptosis aligns conceptually with “blood stasis”, “toxicity”, and “phlegm-dampness”. Iron accumu
lation and lipid peroxidation, key features of ferroptosis, parallel the idea of “blood stasis”, where disrupted flow and 
vascular congestion result from iron deposition.151 Toxic lipid peroxides generated via the Fenton reaction reflect the 
TCM notion of “toxicity”, signifying persistent tissue injury from accumulated harmful substances.152,153 Moreover, lipid 
and glucose metabolism disorders common after ICH align with the “phlegm-dampness” concept, as lipid accumulation 
mirrors endogenous phlegm obstructing qi and blood circulation.154 These analogies offer a bridge between molecular 
pathology and traditional diagnostics.

Active components in TCM regulate ferroptosis through various mechanisms. We have compiled evidence in the text 
regarding active components of Chinese herbal medicine, herbal preparations, and non-pharmacological interventions 
(such as acupuncture) that effectively mitigate the progressive deterioration of intracerebral hemorrhage, demonstrating 
significant therapeutic effects. Moreover, it has been found that certain components, such as Astragaloside IV, 
Tanshinone I, and Danhong Injection—although not yet directly linked to intracerebral hemorrhage—can also inhibit 
lipid peroxidation and protect against neuronal damage through targets like Nrf2/GPX4 and ACSL4, suggesting their 
potential to exert neuroprotective effects following intracerebral hemorrhage.155,156 However, validating TCM scientifi
cally remains challenging. Randomized controlled trials (RCTs) have yielded inconsistent results. For instance, a double- 
blind, multicenter study published in The Lancet found no significant difference in clinical outcomes between Xingnao 
Injection and placebo in acute ICH patients.157 These findings do not negate TCM’s clinical relevance but highlight the 
difficulty of applying standardized research designs to inherently multi-target therapies. They also underscore the need 
for stratified study designs and personalized interventions.

While Sun et al20 provide a solid foundation for ferroptosis-targeted ICH therapies, their focus on Western single- 
target interventions overlooks the synergistic potential of integrative approaches. TCM’s multi-pathway, low-toxicity 
regulation of ferroptosis offers a compelling alternative for cerebrovascular disease treatment. However, the complexity 
of herbal formulas complicates mechanistic analysis and standardization. Although progress in ferroptosis-related 
signaling has enhanced our understanding,158,159 further work is needed to explore crosstalk between ferroptosis and 
other forms of programmed cell death. Integrating multi-omics research with TCM theory may help unravel these 
interactions.

Systems-level studies are crucial to reveal molecular synergies among TCM components and clarify their therapeutic 
logic. Technologies such as AI, big data analytics, and network pharmacology can accelerate the identification of active 
ingredients and therapeutic targets. Additionally, developing research models that reflect the multi-target nature of TCM 
will strengthen the scientific foundation for its application.

Acupuncture, a core TCM modality, is increasingly recognized for its neuroprotective role in ICH. Research shows 
that EA—which combines traditional needling with low-frequency microcurrent to enhance stimulation—at GV20-GB7, 
GV26, and PC6 improves neurological function through several mechanisms: (1) promoting autophagy by upregulating 
expression of mitophagy protein LC3, suppressing p62, and activating the mTOR/S6K1 pathway;160 (2) inhibiting 
apoptosis by suppressing caspase-3/9 expression and modulating p53 levels;161,162 (3) attenuating ferroptosis through 
NFE2L2 signaling and miR-23a-3p downregulation;163 and (4) reducing inflammation by downregulating NLRP3, IL-1β, 
and IL-18.164

Scalp penetration needling reduces serum IL-6 and modulates the plasma endothelin (ET)/ calcitonin gene-related 
peptide (CGRP) ratio. EA at GV20-GB7 relieves cerebral edema by regulating AQP4. Although limited, existing studies 
suggest that GV20–GB7 needling may influence ferroptosis via antioxidant, anti-inflammatory, and miRNA 
pathways.160,165 Additional acupoints like GV26 and PC6 may further enhance these effects by synergistically inhibiting 
apoptosis.165,166 EA at GV20 and GV14 improves cerebral iron metabolism by downregulating hepcidin, ferritin, and 
TfR expression, thereby alleviating neurological deficits after ICH.167,168 Further exploration of acupoint combinations 
and their mechanisms will help clarify acupuncture’s role in regulating ferroptosis and support its integration into post- 
ICH neurorehabilitation.
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This comprehensive approach bridges macro-level therapeutic evaluation with molecular-level mechanistic research, 
advancing TCM from empirical application to precision medicine. By combining traditional theory with modern 
technology, TCM’s multi-target potential can be systematized, standardized, and globalized to provide robust, evidence- 
based strategies for ICH prevention and treatment.

Conclusion
Our comprehensive review highlights the pivotal role of ferroptosis in the pathophysiology of ICH and underscores the 
therapeutic potential of TCM in regulating this form of cell death. Growing evidence shows that TCM interventions— 
including herbal compounds, multi-herb formulations, and acupuncture—can enhance neuronal antioxidant capacity, 
modulate iron metabolism, and reduce neuroinflammation, collectively offering a promising strategy for mitigating SBI 
after ICH. By elucidating the molecular pathways through which TCM influences ferroptosis, this review provides novel 
insights and identifies potential multi-target therapeutic approaches for improving neurological outcomes in ICH patients. 
Future research should aim to validate these mechanisms through rigorous experimental and clinical studies and explore 
the integration of TCM into standardized treatment frameworks for ferroptosis-related neurological disorders.

Abbreviations
ICH, Intracerebral hemorrhage; TCM, Traditional Chinese medicine; ACD, Accidental cell death; RCD, Regulatory cell 
death; GSH, Glutathione; GPX4, Glutathione peroxidase 4; ROS, Reactive oxygen species; OS, Oxidative Stress; Tf, 
Transferrin; TfR1, Transferrin receptor-1; Steap3, Six-transmembrane epithelial antigen of the prostate 3; DMT1, 
Divalent metal-ion transporter-1; LIP, Labile iron pool; NCOA4, Nuclear receptor coactivator 4; UPS, Ubiquitin- 
proteasome system; POR, Cytochrome P-450; LOXs, Iron-dependent lipoxygenases; LOOH, Lipid hydroperoxide; 
PUFAs, Polyunsaturated fatty acids; COXs, Cyclooxygenases; 4-HNE, 4-Hydroxynonenal; GCH1, GTP 
Cyclohydrolase1; HO-1, Heme oxygenase-1; TNF-α, Tumor necrosis factor-α; IL-1β, Interleukin-1 beta; MMPs, 
Metalloproteinases; ERs, Endoplasmic reticulum stress; MAPK, Mitogen-activated protein kinase; NK-κB, Nuclear 
factor kappa-B; Nrf2, Nuclear factor erythroid 2-like 2.

Funding
This work was supported by Jilin Provincial Department of Science and Technology Project [No. 
YDZJ202301ZYTS460], Key Support Project of National Natural Science Foundation of China [U24A20779] and the 
National Natural Science Foundation of China [82074314].

Disclosure
The authors report no conflicts of interest in this work.

References
1. Wan Y, Holste KG, Hua Y, Keep RF, Xi G. Brain edema formation and therapy after intracerebral hemorrhage. Neurobiol Dis. 2023;176:105948. 

doi:10.1016/j.nbd.2022.105948
2. Carlsson M, Wilsgaard T, Johnsen SH, et al. The impact of risk factor trends on intracerebral hemorrhage incidence over the last two decades-The 

Tromsø Study. Int J Stroke. 2019;14(1):61–68. doi:10.1177/1747493018789996
3. Cao S, Zheng M, Hua Y, Chen G, Keep RF, Xi G. Hematoma changes during clot resolution after experimental intracerebral hemorrhage. Stroke. 

2016;47(6):1626–1631. doi:10.1161/strokeaha.116.013146
4. Chen S, Li L, Peng C, et al. Targeting oxidative stress and inflammatory response for blood-brain barrier protection in intracerebral hemorrhage. 

Antioxidants Redox signaling. 2022;37:115–134. doi:10.1089/ars.2021.0072
5. Nour Eldine M, Alhousseini M, Nour-Eldine W, et al. The role of oxidative stress in the progression of secondary brain injury following germinal 

matrix hemorrhage. Transl Stroke Res. 2024;15(3):647–658. doi:10.1007/s12975-023-01147-3
6. Chen F, Kang R, Tang D, Liu J. Ferroptosis: principles and significance in health and disease. J hematol oncol. 2024;17(1):41. doi:10.1186/s13045- 

024-01564-3
7. Sun Y, Li Q, Guo H, He Q. Ferroptosis and iron metabolism after intracerebral hemorrhage. Cells. 2022;12(1):90. doi:10.3390/cells12010090
8. Tang D, Chen X, Kang R, Kroemer G. Ferroptosis: molecular mechanisms and health implications. Cell Res. 2021;31(2):107–125. doi:10.1038/ 

s41422-020-00441-1
9. Zhang M, Li J, Hu W. The complex interplay between ferroptosis and atherosclerosis. Biomed Pharmacothe. 2024;178:117183. doi:10.1016/j. 

biopha.2024.117183

https://doi.org/10.2147/DDDT.S513343                                                                                                                                                                                                                                                                                                                                                                                                                                       Drug Design, Development and Therapy 2025:19 4802

Xu et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.nbd.2022.105948
https://doi.org/10.1177/1747493018789996
https://doi.org/10.1161/strokeaha.116.013146
https://doi.org/10.1089/ars.2021.0072
https://doi.org/10.1007/s12975-023-01147-3
https://doi.org/10.1186/s13045-024-01564-3
https://doi.org/10.1186/s13045-024-01564-3
https://doi.org/10.3390/cells12010090
https://doi.org/10.1038/s41422-020-00441-1
https://doi.org/10.1038/s41422-020-00441-1
https://doi.org/10.1016/j.biopha.2024.117183
https://doi.org/10.1016/j.biopha.2024.117183


10. Li C, Liu R, Xiong Z, et al. Ferroptosis: a potential target for the treatment of atherosclerosis. Acta Biochim Biophys Sin. 2024;56(3):331–344. 
doi:10.3724/abbs.2024016

11. Ding XS, Gao L, Han Z, et al. Ferroptosis in Parkinson’s disease: molecular mechanisms and therapeutic potential. Ageing Res Rev. 
2023;91:102077. doi:10.1016/j.arr.2023.102077

12. Hare DJ, Double KL. Iron and dopamine: a toxic couple. Brain. 2016;139(Pt 4):1026–1035. doi:10.1093/brain/aww022
13. Brittenham GM. Iron chelators and iron toxicity. Alcohol. 2003;30(2):151–158. doi:10.1016/s0741-8329(03)00101-0
14. Kouroumalis E, Tsomidis I, Voumvouraki A. Iron as a therapeutic target in chronic liver disease. World J Gastroenterol. 2023;29(4):616–655. 

doi:10.3748/wjg.v29.i4.616
15. Kuang H, Sun X, Liu Y, et al. Palmitic acid-induced ferroptosis via CD36 activates ER stress to break calcium-iron balance in colon cancer 

cells. FEBS J. 2023;290(14):3664–3687. doi:10.1111/febs.16772
16. Cao Y, Xiao W, Liu S, Zeng Y. Ferroptosis: underlying mechanism and the crosstalk with other modes of neuronal death after intracerebral 

hemorrhage. Front Cell Neurosci. 2023;17:1080344. doi:10.3389/fncel.2023.1080344
17. Pan F, Xu W, Ding J, Wang C. Elucidating the progress and impact of ferroptosis in hemorrhagic stroke. Front Cell Neurosci. 2022;16:1067570. 

doi:10.3389/fncel.2022.1067570
18. Zhang H, Wen M, Chen J, et al. Pyridoxal isonicotinoyl hydrazone improves neurological recovery by attenuating ferroptosis and inflammation 

in cerebral hemorrhagic mice. Biomed Res Int. 2021;2021:9916328. doi:10.1155/2021/9916328
19. Arthur AS, Fergus AH, Lanzino G, Mathys J, Kassell NF, Lee KS. Systemic administration of the iron chelator deferiprone attenuates 

subarachnoid hemorrhage-induced cerebral vasospasm in the rabbit. Neurosurgery. 1997;41(6):1385–91;discussion1391–2. doi:10.1097/ 
00006123-199712000-00028

20. Sun KY, Bai XY, Zhang L, et al. A new strategy for the treatment of intracerebral hemorrhage: ferroptosis. Exp Neurol. 2024;382:114961. 
doi:10.1016/j.expneurol.2024.114961

21. Jin ZL, Gao WY, Liao SJ, et al. Paeonol inhibits the progression of intracerebral haemorrhage by mediating the HOTAIR/UPF1/ACSL4 axis. 
ASN neuro. 2021;13:17590914211010647. doi:10.1177/17590914211010647

22. Wang L, Fan X, Chen Y, Liang X, Shen W, Zhang Y. Efficacy and safety of xingnaojing injection for emergency treatment of acute ischemic 
stroke: a systematic review and meta-analysis. Front Pharmacol. 2022;13:839305. doi:10.3389/fphar.2022.839305

23. Zhang L, Lang F, Feng J, Wang J. Review of the therapeutic potential of Forsythiae Fructus on the central nervous system: active ingredients 
and mechanisms of action. J Ethnopharmacol. 2024;319(Pt 2):117275. doi:10.1016/j.jep.2023.117275

24. Weimar C, Kleine-Borgmann J. Epidemiology, prognosis and prevention of non-traumatic intracerebral hemorrhage. Curr Pharm Des. 2017;23 
(15):2193–2196. doi:10.2174/1381612822666161027152234

25. Dolma S, Lessnick SL, Hahn WC, Stockwell BR. Identification of genotype-selective antitumor agents using synthetic lethal chemical 
screening in engineered human tumor cells. Cancer Cell. 2003;3(3):285–296. doi:10.1016/s1535-6108(03)00050-3

26. Dixon SJ, Lemberg KM, Lamprecht MR, et al. Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell. 2012;149(5):1060–1072. 
doi:10.1016/j.cell.2012.03.042

27. Zhou N, Bao J. FerrDb: a manually curated resource for regulators and markers of ferroptosis and ferroptosis-disease associations. Database. 
2020;2020. doi:10.1093/database/baaa021.

28. Gao C, Du H, Hua Y, Keep RF, Strahle J, Xi G. Role of red blood cell lysis and iron in hydrocephalus after intraventricular hemorrhage. 
J Cerebral Blood Flow Metab. 2014;34(6):1070–1075. doi:10.1038/jcbfm.2014.56

29. Zhang Y, Khan S, Liu Y, Wu G, Yong VW, Xue M. Oxidative stress following intracerebral hemorrhage: from molecular mechanisms to 
therapeutic targets. Front Immunol. 2022;13:847246. doi:10.3389/fimmu.2022.847246

30. Hua Y, Keep RF, Hoff JT, Xi G. Brain injury after intracerebral hemorrhage: the role of thrombin and iron. Stroke. 2007;38(2 Suppl):759–762. 
doi:10.1161/01.Str.0000247868.97078.10

31. Burchell SR, Tang J, Zhang JH. Hematoma expansion following intracerebral hemorrhage: mechanisms targeting the coagulation cascade and 
platelet activation. Current Drug Targets. 2017;18(12):1329–1344. doi:10.2174/1389450118666170329152305

32. Xi G, Keep RF, Hua Y, Xiang J, Hoff JT. Attenuation of thrombin-induced brain edema by cerebral thrombin preconditioning. Stroke. 1999;30 
(6):1247–1255. doi:10.1161/01.str.30.6.1247

33. Chen-Roetling J, Chen L, Regan RF. Apotransferrin protects cortical neurons from hemoglobin toxicity. Neuropharmacology. 2011;60(2–
3):423–431. doi:10.1016/j.neuropharm.2010.10.015

34. Wan J, Ren H, Wang J. Iron toxicity, lipid peroxidation and ferroptosis after intracerebral haemorrhage. Stroke Vasc Neurol. 2019;4(2):93–95. 
doi:10.1136/svn-2018-000205

35. Chen M, Awe OO, Chen-Roetling J, Regan RF. Iron regulatory protein-2 knockout increases perihematomal ferritin expression and cell viability 
after intracerebral hemorrhage. Brain Res. 2010;1337:95–103. doi:10.1016/j.brainres.2010.04.018

36. Saeed SA, Shad KF, Saleem T, Javed F, Khan MU. Some new prospects in the understanding of the molecular basis of the pathogenesis of 
stroke. Exp Brain Res. 2007;182(1):1–10. doi:10.1007/s00221-007-1050-9

37. Liu T, Li X, Cui Y, et al. Bioinformatics analysis identifies potential ferroptosis key genes in the pathogenesis of intracerebral hemorrhage. 
Front Neurosci. 2021;15:661663. doi:10.3389/fnins.2021.661663

38. Aronowski J, Zhao X. Molecular pathophysiology of cerebral hemorrhage: secondary brain injury. Stroke. 2011;42(6):1781–1786. doi:10.1161/ 
strokeaha.110.596718

39. Zhang Z, Wu Y, Yuan S, et al. Glutathione peroxidase 4 participates in secondary brain injury through mediating ferroptosis in a rat model of 
intracerebral hemorrhage. Brain Res. 2018;1701:112–125. doi:10.1016/j.brainres.2018.09.012

40. Yao Z, Bai Q, Wang G. Mechanisms of oxidative stress and therapeutic targets following intracerebral hemorrhage. Oxid Med Cell Longev. 
2021;2021:8815441. doi:10.1155/2021/8815441

41. Li Z. Naringenin protects against cerebral hemorrhage in rats via Nrf2-GPX4- mediated ferroptosis pathway. Chinese J Pathophysiol. 2022;38 
(07):1177–1184.

42. Wu H, Wu T, Xu X, Wang J, Wang J. Iron toxicity in mice with collagenase-induced intracerebral hemorrhage. J Cerebral Blood Flow Metab. 
2011;31(5):1243–1250. doi:10.1038/jcbfm.2010.209

Drug Design, Development and Therapy 2025:19                                                                             https://doi.org/10.2147/DDDT.S513343                                                                                                                                                                                                                                                                                                                                                                                                   4803

Xu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.3724/abbs.2024016
https://doi.org/10.1016/j.arr.2023.102077
https://doi.org/10.1093/brain/aww022
https://doi.org/10.1016/s0741-8329(03)00101-0
https://doi.org/10.3748/wjg.v29.i4.616
https://doi.org/10.1111/febs.16772
https://doi.org/10.3389/fncel.2023.1080344
https://doi.org/10.3389/fncel.2022.1067570
https://doi.org/10.1155/2021/9916328
https://doi.org/10.1097/00006123-199712000-00028
https://doi.org/10.1097/00006123-199712000-00028
https://doi.org/10.1016/j.expneurol.2024.114961
https://doi.org/10.1177/17590914211010647
https://doi.org/10.3389/fphar.2022.839305
https://doi.org/10.1016/j.jep.2023.117275
https://doi.org/10.2174/1381612822666161027152234
https://doi.org/10.1016/s1535-6108(03)00050-3
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1093/database/baaa021
https://doi.org/10.1038/jcbfm.2014.56
https://doi.org/10.3389/fimmu.2022.847246
https://doi.org/10.1161/01.Str.0000247868.97078.10
https://doi.org/10.2174/1389450118666170329152305
https://doi.org/10.1161/01.str.30.6.1247
https://doi.org/10.1016/j.neuropharm.2010.10.015
https://doi.org/10.1136/svn-2018-000205
https://doi.org/10.1016/j.brainres.2010.04.018
https://doi.org/10.1007/s00221-007-1050-9
https://doi.org/10.3389/fnins.2021.661663
https://doi.org/10.1161/strokeaha.110.596718
https://doi.org/10.1161/strokeaha.110.596718
https://doi.org/10.1016/j.brainres.2018.09.012
https://doi.org/10.1155/2021/8815441
https://doi.org/10.1038/jcbfm.2010.209


43. Li M, Li Z, Ren H, et al. Colony stimulating factor 1 receptor inhibition eliminates microglia and attenuates brain injury after intracerebral 
hemorrhage. J Cerebral Blood Flow Metab. 2017;37(7):2383–2395. doi:10.1177/0271678x16666551

44. Mei S, Shao Y, Fang Y, et al. The changes of leukocytes in brain and blood after intracerebral hemorrhage. Front Immunol. 2021;12:617163. 
doi:10.3389/fimmu.2021.617163

45. Kroner A, Greenhalgh AD, Zarruk JG, Passos Dos Santos R, Gaestel M, David S. TNF and increased intracellular iron alter macrophage 
polarization to a detrimental M1 phenotype in the injured spinal cord. Neuron. 2014;83(5):1098–1116. doi:10.1016/j.neuron.2014.07.027

46. Sindrilaru A, Peters T, Wieschalka S, et al. An unrestrained proinflammatory M1 macrophage population induced by iron impairs wound 
healing in humans and mice. J Clin Investigation. 2011;121(3):985–997. doi:10.1172/jci44490

47. Huang L, Zhang Y, Zhao L, Chen Q, Li L. Ferrostatin-1 polarizes microglial cells toward m2 phenotype to alleviate inflammation after 
intracerebral hemorrhage. Neurocritical Care. 2022;36(3):942–954. doi:10.1007/s12028-021-01401-2

48. Madangarli N, Bonsack F, Dasari R, Sukumari-Ramesh S. intracerebral hemorrhage: blood components and neurotoxicity. Brain Sci. 2019;9 
(11):316. doi:10.3390/brainsci9110316

49. Xi G, Reiser G, Keep RF. The role of thrombin and thrombin receptors in ischemic, hemorrhagic and traumatic brain injury: deleterious or 
protective? J Neurochem. 2003;84(1):3–9. doi:10.1046/j.1471-4159.2003.01268.x

50. Gong Y, Xi G, Hu H, et al. Increase in brain thrombin activity after experimental intracerebral hemorrhage. Acta Neurochirurgica Suppl. 
2008;105:47–50. doi:10.1007/978-3-211-09469-3_10

51. Huang FP, Xi G, Keep RF, Hua Y, Nemoianu A, Hoff JT. Brain edema after experimental intracerebral hemorrhage: role of hemoglobin 
degradation products. J Neurosurg. 2002;96(2):287–293. doi:10.3171/jns.2002.96.2.0287

52. Lattanzi S, Di Napoli M, Ricci S, Divani AA. Matrix metalloproteinases in acute intracerebral hemorrhage. Neurotherapeutics. 2020;17 
(2):484–496. doi:10.1007/s13311-020-00839-0

53. Hua Y, Keep RF, Hoff JT, Xi G. Thrombin preconditioning attenuates brain edema induced by erythrocytes and iron. J Cerebral Blood Flow 
Metab. 2003;23(12):1448–1454. doi:10.1097/01.Wcb.0000090621.86921.D5

54. Nakamura T, Xi G, Park JW, Hua Y, Hoff JT, Keep RF. Holo-transferrin and thrombin can interact to cause brain damage. Stroke. 2005;36 
(2):348–352. doi:10.1161/01.STR.0000153044.60858.1b

55. Sousa L, Oliveira MM, Pessôa MTC, Barbosa LA. Iron overload: effects on cellular biochemistry. Int J Clin Chem. 2020;504:180–189. 
doi:10.1016/j.cca.2019.11.029

56. Bai Y, Meng L, Han L, et al. Lipid storage and lipophagy regulates ferroptosis. Biochem Biophys Res Commun. 2019;508(4):997–1003. 
doi:10.1016/j.bbrc.2018.12.039

57. Yan B, Ai Y, Sun Q, et al. Membrane damage during ferroptosis is caused by oxidation of phospholipids catalyzed by the oxidoreductases POR 
and CYB5R1. Mol Cell. 2021;81(2):355–369.e10. doi:10.1016/j.molcel.2020.11.024

58. Cheng Y, Zak O, Aisen P, Harrison SC, Walz T. Structure of the human transferrin receptor-transferrin complex. Cell. 2004;116(4):565–576. 
doi:10.1016/s0092-8674(04)00130-8

59. Ohgami RS, Campagna DR, Greer EL, et al. Identification of a ferrireductase required for efficient transferrin-dependent iron uptake in 
erythroid cells. Nature Genet. 2005;37(11):1264–1269. doi:10.1038/ng1658

60. Gunshin H, Mackenzie B, Berger UV, et al. Cloning and characterization of a mammalian proton-coupled metal-ion transporter. Nature. 
1997;388(6641):482–488. doi:10.1038/41343

61. Muckenthaler MU, Rivella S, Hentze MW, Galy B. A red carpet for iron metabolism. Cell. 2017;168(3):344–361. doi:10.1016/j. 
cell.2016.12.034

62. Dixon SJ, Stockwell BR. The role of iron and reactive oxygen species in cell death. Nat Chem Biol. 2014;10(1):9–17. doi:10.1038/ 
nchembio.1416

63. Frenette M, Scaiano JC. Evidence for hydroxyl radical generation during lipid (linoleate) peroxidation. J Am Chem Soc. 2008;130 
(30):9634–9635. doi:10.1021/ja801858e

64. Kobayashi S, Sato M, Kasakoshi T, et al. Cystathionine is a novel substrate of cystine/glutamate transporter: implications for immune function. 
J Biol Chem. 2015;290(14):8778–8788. doi:10.1074/jbc.M114.625053

65. Lewerenz J, Hewett SJ, Huang Y, et al. The cystine/glutamate antiporter system x(c)(-) in health and disease: from molecular mechanisms to 
novel therapeutic opportunities. Antioxid Redox Signaling. 2013;18(5):522–555. doi:10.1089/ars.2011.4391

66. Kong Y, Li S, Zhang M, et al. Acupuncture ameliorates neuronal cell death, inflammation, and ferroptosis and downregulated miR-23a-3p after 
intracerebral hemorrhage in rats. J Mol Neurosci. 2021;71(9):1863–1875. doi:10.1007/s12031-020-01770-x

67. Ursini F, Maiorino M. Lipid peroxidation and ferroptosis: the role of GSH and GPx4. Free Radic Biol Med. 2020;152:175–185. doi:10.1016/j. 
freeradbiomed.2020.02.027

68. Yuan M, Song ZH, Ying MD, et al. N-myristoylation: from cell biology to translational medicine. Acta Pharmacol Sin. 2020;41(8):1005–1015. 
doi:10.1038/s41401-020-0388-4

69. Bersuker K, Hendricks JM, Li Z, et al. The CoQ oxidoreductase FSP1 acts parallel to GPX4 to inhibit ferroptosis. Nature. 2019;575 
(7784):688–692. doi:10.1038/s41586-019-1705-2

70. Kraft VAN, Bezjian CT, Pfeiffer S, et al. GTP cyclohydrolase 1/tetrahydrobiopterin counteract ferroptosis through lipid remodeling. ACS Cent 
Sci. 2020;6(1):41–53. doi:10.1021/acscentsci.9b01063

71. De Domenico I, Vaughn MB, Li L, et al. Ferroportin-mediated mobilization of ferritin iron precedes ferritin degradation by the proteasome. 
EMBO J. 2006;25(22):5396–5404. doi:10.1038/sj.emboj.7601409

72. Hou W, Xie Y, Song X, et al. Autophagy promotes ferroptosis by degradation of ferritin. Autophagy. 2016;12(8):1425–1428. doi:10.1080/ 
15548627.2016.1187366

73. Chen X, Li J, Kang R, Klionsky DJ, Tang D. Ferroptosis: machinery and regulation. Autophagy. 2021;17(9):2054–2081. doi:10.1080/ 
15548627.2020.1810918

74. Sebastiani G, Pantopoulos K. Disorders associated with systemic or local iron overload: from pathophysiology to clinical practice. Metallomics. 
2011;3(10):971–986. doi:10.1039/c1mt00082a

75. Nakamura T, Naguro I, Ichijo H. Iron homeostasis and iron-regulated ROS in cell death, senescence and human diseases. Biochim Biophys Acta 
Gen Subj. 2019;1863(9):1398–1409. doi:10.1016/j.bbagen.2019.06.010

https://doi.org/10.2147/DDDT.S513343                                                                                                                                                                                                                                                                                                                                                                                                                                       Drug Design, Development and Therapy 2025:19 4804

Xu et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1177/0271678x16666551
https://doi.org/10.3389/fimmu.2021.617163
https://doi.org/10.1016/j.neuron.2014.07.027
https://doi.org/10.1172/jci44490
https://doi.org/10.1007/s12028-021-01401-2
https://doi.org/10.3390/brainsci9110316
https://doi.org/10.1046/j.1471-4159.2003.01268.x
https://doi.org/10.1007/978-3-211-09469-3_10
https://doi.org/10.3171/jns.2002.96.2.0287
https://doi.org/10.1007/s13311-020-00839-0
https://doi.org/10.1097/01.Wcb.0000090621.86921.D5
https://doi.org/10.1161/01.STR.0000153044.60858.1b
https://doi.org/10.1016/j.cca.2019.11.029
https://doi.org/10.1016/j.bbrc.2018.12.039
https://doi.org/10.1016/j.molcel.2020.11.024
https://doi.org/10.1016/s0092-8674(04)00130-8
https://doi.org/10.1038/ng1658
https://doi.org/10.1038/41343
https://doi.org/10.1016/j.cell.2016.12.034
https://doi.org/10.1016/j.cell.2016.12.034
https://doi.org/10.1038/nchembio.1416
https://doi.org/10.1038/nchembio.1416
https://doi.org/10.1021/ja801858e
https://doi.org/10.1074/jbc.M114.625053
https://doi.org/10.1089/ars.2011.4391
https://doi.org/10.1007/s12031-020-01770-x
https://doi.org/10.1016/j.freeradbiomed.2020.02.027
https://doi.org/10.1016/j.freeradbiomed.2020.02.027
https://doi.org/10.1038/s41401-020-0388-4
https://doi.org/10.1038/s41586-019-1705-2
https://doi.org/10.1021/acscentsci.9b01063
https://doi.org/10.1038/sj.emboj.7601409
https://doi.org/10.1080/15548627.2016.1187366
https://doi.org/10.1080/15548627.2016.1187366
https://doi.org/10.1080/15548627.2020.1810918
https://doi.org/10.1080/15548627.2020.1810918
https://doi.org/10.1039/c1mt00082a
https://doi.org/10.1016/j.bbagen.2019.06.010


76. Gammella E, Recalcati S, Cairo G. Dual role of ROS as signal and stress agents: iron tips the balance in favor of toxic effects. Oxid Med Cell 
Longev. 2016;2016:8629024. doi:10.1155/2016/8629024

77. Halliwell B, Gutteridge JM. Oxygen toxicity, oxygen radicals, transition metals and disease. Biochem J. 1984;219(1):1–14. doi:10.1042/ 
bj2190001

78. Shah R, Shchepinov MS, Pratt DA. Resolving the role of lipoxygenases in the initiation and execution of ferroptosis. ACS Cent Sci. 2018;4 
(3):387–396. doi:10.1021/acscentsci.7b00589

79. Yin H, Xu L, Porter NA. Free radical lipid peroxidation: mechanisms and analysis. Chem Rev. 2011;111(10):5944–5972. doi:10.1021/cr200084z
80. Catalá A. Lipid peroxidation of membrane phospholipids generates hydroxy-alkenals and oxidized phospholipids active in physiological and/or 

pathological conditions. Chem Phys Lipids. 2009;157(1):1–11. doi:10.1016/j.chemphyslip.2008.09.004
81. Collin F. Chemical basis of reactive oxygen species reactivity and involvement in neurodegenerative diseases. Int J Mol Sci. 2019;20(10):2407. 

doi:10.3390/ijms20102407
82. Niki E. Role of vitamin E as a lipid-soluble peroxyl radical scavenger: in vitro and in vivo evidence. Free Radic Biol Med. 2014;66:3–12. 

doi:10.1016/j.freeradbiomed.2013.03.022
83. Gaschler MM, Stockwell BR. Lipid peroxidation in cell death. Biochem Biophys Res Commun. 2017;482(3):419–425. doi:10.1016/j. 

bbrc.2016.10.086
84. Ayala A, Muñoz MF, Argüelles S. Lipid peroxidation: production, metabolism, and signaling mechanisms of malondialdehyde and 4-hydroxy- 

2-nonenal. Oxid Med Cell Longev. 2014;2014:360438. doi:10.1155/2014/360438
85. Negre-Salvayre A, Coatrieux C, Ingueneau C, Salvayre R. Advanced lipid peroxidation end products in oxidative damage to proteins. Potential 

role in diseases and therapeutic prospects for the inhibitors. Br J Pharmacol. 2008;153(1):6–20. doi:10.1038/sj.bjp.0707395
86. Yang WS, SriRamaratnam R, Welsch ME, et al. Regulation of ferroptotic cancer cell death by GPX4. Cell. 2014;156(1–2):317–331. 

doi:10.1016/j.cell.2013.12.010
87. Wang L, Ahn YJ, Asmis R. Sexual dimorphism in glutathione metabolism and glutathione-dependent responses. Redox Biol. 2020;31:101410. 

doi:10.1016/j.redox.2019.101410
88. Brigelius-Flohé R, Maiorino M. Glutathione peroxidases. BBA. 2013;1830(5):3289–3303. doi:10.1016/j.bbagen.2012.11.020
89. Lei P, Bai T, Sun Y. Mechanisms of ferroptosis and relations with regulated cell death: a review. Front Physiol. 2019;10:139. doi:10.3389/ 

fphys.2019.00139
90. Chen Y, Dong J, Yang D, et al. Synergistic network pharmacology for traditional Chinese medicine liangxue tongyu formula in acute 

intracerebral hemorrhagic stroke. Neural Plast. 2021;2021:8874296. doi:10.1155/2021/8874296
91. Wu L, Hu Y, Jiang L, et al. Zhuyu Annao decoction promotes angiogenesis in mice with cerebral hemorrhage by inhibiting the activity of 

PHD3. Hum Exp Toxicol. 2021;40(11):1867–1879. doi:10.1177/09603271211008523
92. Zhang ZQ, Tang T, Luo JK, et al. Effect of qi-tonifying and stasis-eliminating therapy on expression of vascular endothelial growth factor and its 

receptors Flt-1, Flk-1 in the brain of intracerebral hemorrhagic rats. Chin J Integr Med. 2007;13(4):285–290. doi:10.1007/s11655-007-0285-4
93. Xue DJ, Zhen Z, Wang KX, et al. Uncovering the potential mechanism of Xue Fu Zhu Yu Decoction in the treatment of intracerebral 

hemorrhage. BMC Complement Med Therap. 2022;22(1):103. doi:10.1186/s12906-022-03577-2
94. Li HQ, Wei JJ, Xia W, et al. Promoting blood circulation for removing blood stasis therapy for acute intracerebral hemorrhage: a systematic 

review and meta-analysis. Acta Pharmacol Sin. 2015;36(6):659–675. doi:10.1038/aps.2014.139
95. Peng C, Fu X, Wang K, et al. Dauricine alleviated secondary brain injury after intracerebral hemorrhage by upregulating GPX4 expression and 

inhibiting ferroptosis of nerve cells. Eur J Pharmacol. 2022;914:174461. doi:10.1016/j.ejphar.2021.174461
96. Zhao H, Li X, Yang L, et al. Isorhynchophylline relieves ferroptosis-induced nerve damage after intracerebral hemorrhage via miR-122-5p/ 

TP53/SLC7A11 pathway. Neurochem Res. 2021;46(8):1981–1994. doi:10.1007/s11064-021-03320-2
97. Wang F, Li W, Shen L, et al. Crocin Alleviates Intracerebral Hemorrhage-Induced Neuronal Ferroptosis by Facilitating Nrf2 Nuclear 

Translocation. Neurotox Res. 2022;40(2):596–604. doi:10.1007/s12640-022-00500-y
98. Yu H. Effect of Resveratrol on Ferroptosis in Rats with Cerebral Hemorrhage. Sichuan Med J. 2021;42(03):254–259. doi:10.16252/j.cnki. 

issn1004-0501-2021.03.009
99. Liu X, Li Y, Chen S, et al. Dihydromyricetin attenuates intracerebral hemorrhage by reversing the effect of LCN2 via the system Xc- pathway. 

Phytomedicine. 2023;115:154756. doi:10.1016/j.phymed.2023.154756
100. Lan X, Han X, Li Q, Wang J. (-)-Epicatechin, a Natural Flavonoid Compound, Protects Astrocytes Against Hemoglobin Toxicity via Nrf2 and 

AP-1 Signaling Pathways. Mol Neurobiol. 2017;54(10):7898–7907. doi:10.1007/s12035-016-0271-y
101. Hao L, Zhang A, Lv D, Cong L, Sun Z, Liu L. EGCG activates Keap1/P62/Nrf2 pathway, inhibits iron deposition and apoptosis in rats with 

cerebral hemorrhage. Sci Rep. 2024;14(1):31474. doi:10.1038/s41598-024-82938-y
102. Shi Y, Yan D, Nan C, et al. Salvianolic acid A inhibits ferroptosis and protects against intracerebral hemorrhage. Sci Rep. 2024;14(1):12427. 

doi:10.1038/s41598-024-63277-4
103. Xie G, Liang Y, Gao W, et al. Artesunate alleviates intracerebral haemorrhage secondary injury by inducing ferroptosis in M1-polarized 

microglia and suppressing inflammation through AMPK/mTORC1/GPX4 pathway. Basic Clin Physiol Pharmacol. 2023;132(5):369–383. 
doi:10.1111/bcpt.13848

104. Shen Y, Wang Y, Liu F. Eupatilin mitigates ICH-induced brain injury via SOX2/SLC7A11 regulation of ferroptosis. Naunyn-Schmiedeberg’s 
Arch Pharmacol. 2025. doi:10.1007/s00210-025-03928-z

105. Zhou ZX, Cui Q, Zhang YM, et al. Withaferin A inhibits ferroptosis and protects against intracerebral hemorrhage. Neural Regen Res. 2023;18 
(6):1308–1315. doi:10.4103/1673-5374.355822

106. Liu Y, Yang G, Liu M, Zhang Y, Xu H, Mazhar M. Cinnamaldehyde and its combination with deferoxamine ameliorate inflammation, 
ferroptosis and hematoma expansion after intracerebral hemorrhage in mice. J Neuroinflammation. 2025;22(1):45. doi:10.1186/s12974-025- 
03373-y

107. Zhao M, Wang Y, Li J, Wen Q, Liu Y, Zhao Y. Panaxadiol attenuates brain damage by inhibiting ferroptosis in a rat model of cerebral 
hemorrhage. Drug Dev Res. 2025;86(2):e70079. doi:10.1002/ddr.70079

108. Ma R. The Neuroprotective Mechanism of En- Riched Environment Combined with Hesperi- Din on Ferroptosis Pathway in Mice with 
Intracerebral Hemorrhage. GANSU UNIVERSITY OF CHINESE MEDICINE; 2024.

Drug Design, Development and Therapy 2025:19                                                                             https://doi.org/10.2147/DDDT.S513343                                                                                                                                                                                                                                                                                                                                                                                                   4805

Xu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1155/2016/8629024
https://doi.org/10.1042/bj2190001
https://doi.org/10.1042/bj2190001
https://doi.org/10.1021/acscentsci.7b00589
https://doi.org/10.1021/cr200084z
https://doi.org/10.1016/j.chemphyslip.2008.09.004
https://doi.org/10.3390/ijms20102407
https://doi.org/10.1016/j.freeradbiomed.2013.03.022
https://doi.org/10.1016/j.bbrc.2016.10.086
https://doi.org/10.1016/j.bbrc.2016.10.086
https://doi.org/10.1155/2014/360438
https://doi.org/10.1038/sj.bjp.0707395
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.1016/j.redox.2019.101410
https://doi.org/10.1016/j.bbagen.2012.11.020
https://doi.org/10.3389/fphys.2019.00139
https://doi.org/10.3389/fphys.2019.00139
https://doi.org/10.1155/2021/8874296
https://doi.org/10.1177/09603271211008523
https://doi.org/10.1007/s11655-007-0285-4
https://doi.org/10.1186/s12906-022-03577-2
https://doi.org/10.1038/aps.2014.139
https://doi.org/10.1016/j.ejphar.2021.174461
https://doi.org/10.1007/s11064-021-03320-2
https://doi.org/10.1007/s12640-022-00500-y
https://doi.org/10.16252/j.cnki.issn1004-0501-2021.03.009
https://doi.org/10.16252/j.cnki.issn1004-0501-2021.03.009
https://doi.org/10.1016/j.phymed.2023.154756
https://doi.org/10.1007/s12035-016-0271-y
https://doi.org/10.1038/s41598-024-82938-y
https://doi.org/10.1038/s41598-024-63277-4
https://doi.org/10.1111/bcpt.13848
https://doi.org/10.1007/s00210-025-03928-z
https://doi.org/10.4103/1673-5374.355822
https://doi.org/10.1186/s12974-025-03373-y
https://doi.org/10.1186/s12974-025-03373-y
https://doi.org/10.1002/ddr.70079


109. Wang L, Ren W, Wang L, et al. Exploring the ferroptosis mechanism of zhilong huoxue tongyu capsule for the treatment of intracerebral 
hemorrhage based on network pharmacology and in vivo validation. Evidence-Based Complement Alternative Med. 2022;2022:5033135. 
doi:10.1155/2022/5033135

110. Guo Z. Effect of annaopingchong decoction on expression of transferrin and transferrin receptor in the tissues around cerebral hematoma of rats 
with intracerebral hemorrhage. J Emergency Traditional Chin Med. 2020;29(1):9–13.

111. Zeng G. Effects of naotai formula on iron overload and peroxidation injury in cortical neurons of rats induced by hemoglobin. Chin J Int Trad 
Western Med. 2020;40(6):708–714.

112. Li W. Zhongfeng Xingnao Decoction alleviates intracerebral haemorrhage-induced brain injury via inhibiting neuronal ferroptosis. China 
J Chin Materia Medica. 2024. doi:10.19540/j.cnki.cjcmm.20240521.401

113. Lu J, Xu H, Li L, et al. Didang Tang alleviates neuronal ferroptosis after intracerebral hemorrhage by modulating the PERK/eIF2α/ATF4/ 
CHOP/GPX4 signaling pathway. Front Pharmacol. 2024;15:1472813. doi:10.3389/fphar.2024.1472813

114. Song J, Lyu Y, Wang P, et al. Treatment of naoxueshu promotes improvement of hematoma absorption and neurological function in acute 
intracerebral hemorrhage patients. Front Physiol. 2018;9:933. doi:10.3389/fphys.2018.00933

115. Duan L, Zhang Y, Yang Y, et al. Baicalin inhibits ferroptosis in intracerebral hemorrhage. Front Pharmacol. 2021;12:629379. doi:10.3389/ 
fphar.2021.629379

116. Song Q, Zhao Y, Li Q, Han X, Duan J. Puerarin protects against iron overload-induced retinal injury through regulation of iron-handling 
proteins. Biomed Pharmacothe. 2020;122:109690. doi:10.1016/j.biopha.2019.109690

117. Xu DX, Guo XX, Zeng Z, Wang Y, Qiu J. Puerarin improves hepatic glucose and lipid homeostasis in vitro and in vivo by regulating the AMPK 
pathway. Food Funct. 2021;12(6):2726–2740. doi:10.1039/d0fo02761h

118. Ding Z, Da HH, Osama A, Xi J, Hou Y, Fang J. Emodin ameliorates antioxidant capacity and exerts neuroprotective effect via PKM2-mediated 
Nrf2 transactivation. Food Chem Toxicol. 2022;160:112790. doi:10.1016/j.fct.2021.112790

119. Yu Z, Yang XY, Cai YQ, et al. Panax Notoginseng Saponins promotes the meningeal lymphatic system-mediated hematoma absorption in 
intracerebral hemorrhage. Phytomedicine. 2024;135:156149. doi:10.1016/j.phymed.2024.156149

120. Ren J, Zhou X, Wang J, Zhao J, Zhang P. Poxue Huayu and Tianjing Busui Decoction for cerebral hemorrhage (Upregulation of neurotrophic 
factor expression): upregulation of neurotrophic factor expression. Neural Regen Res. 2013;8(22):2039–2049. doi:10.3969/j.issn.1673- 
5374.2013.22.003

121. Chang YM, Chi WY, Lai TY, et al. Dilong: role in peripheral nerve regeneration. Evidence-Based Complement Alternative Med. 
2011;2011:380809. doi:10.1093/ecam/neq079

122. Grdisa M, Popovic M, Hrzenjak T. Glycolipoprotein extract (G-90) from earthworm Eisenia foetida exerts some antioxidative activity. Compar 
Biochem Physiol Part A Mol Int Physiol. 2001;128(4):821–825. doi:10.1016/s1095-6433(00)00323-8

123. Prabhune NM, Ameen B, Prabhu S. Therapeutic potential of synthetic and natural iron chelators against ferroptosis. Naunyn-Schmiedeberg’s 
Arch Pharmacol. 2024;398:3527–3555. doi:10.1007/s00210-024-03640-4

124. Li L, Lu J, Sun Y, Jin X. Acupuncture protects from 6-OHDA-induced neuronal damage by balancing the ratio of DMT1/Fpn1. Saudi J Biol Sci. 
2019;26(8):1948–1955. doi:10.1016/j.sjbs.2019.07.003

125. Guan R, Li Z, Dai X, et al. Electroacupuncture at GV20-GB7 regulates mitophagy to protect against neurological deficits following 
intracerebral hemorrhage via inhibition of apoptosis. Mol Med Rep. 2021;24(1). doi:10.3892/mmr.2021.12131

126. Zhu Y, Deng L, Tang H, et al. Electroacupuncture improves neurobehavioral function and brain injury in rat model of intracerebral hemorrhage. 
Brain Res Bull. 2017;131:123–132. doi:10.1016/j.brainresbull.2017.04.003

127. Li G, Li X, Dong J, Han Y. Electroacupuncture Ameliorates Cerebral Ischemic Injury by Inhibiting Ferroptosis. Front Neurol. 2021;12:619043. 
doi:10.3389/fneur.2021.619043

128. Liang R, Tang Q, Song W, et al. Electroacupuncture preconditioning reduces oxidative stress in the acute phase of cerebral ischemia-reperfusion 
in rats by regulating iron metabolism pathways. Evidence-Based Complement Alternative Med. 2021;2021:3056963. doi:10.1155/2021/3056963

129. der Loo LE V, Aquarius R, Teernstra O, et al. Iron chelators for acute stroke. Cochrane Database Syst Rev. 2020;11(11):Cd009280. doi:10.1002/ 
14651858.CD009280.pub3

130. Zhao K, Li J, Zhang Q, Yang M. Efficacy of desferrioxamine mesylate in intracerebral hematoma: a systemic review and meta-analysis. Neurol 
Sci. 2022;43(12):6771–6782. doi:10.1007/s10072-022-06324-0

131. Abudurexiti M, Xue J, Li X, et al. Curcumin/TGF-β1 siRNA loaded solid lipid nanoparticles alleviate cerebral injury after intracerebral 
hemorrhage by transnasal brain targeting. Colloids Surf B Biointerfaces. 2024;237:113857. doi:10.1016/j.colsurfb.2024.113857

132. Holbein BE, Lehmann C. Dysregulated Iron Homeostasis as Common Disease Etiology and Promising Therapeutic Target. Antioxidants. 
2023;12(3):671. doi:10.3390/antiox12030671

133. Yang J, Tang Q, Zeng Y. Melatonin: potential avenue for treating iron overload disorders. Ageing Res Rev. 2022;81:101717. doi:10.1016/j. 
arr.2022.101717

134. Wu Y, Yang L, You J, Tian C, Yang S, Li L. Discovery of phenazine derivatives as a new class of non-classical ferroptosis inhibitors and 
efficacy evaluation on a mouse model of liver injury. Eur J Med Chem. 2025;282:117042. doi:10.1016/j.ejmech.2024.117042

135. Zhang D, Jia X, Lin D, Ma J. Melatonin and ferroptosis: mechanisms and therapeutic implications. Biochem Pharmacol. 2023;218:115909. 
doi:10.1016/j.bcp.2023.115909

136. Premawardhena A, Perera C, Wijethilaka MN, et al. Efficacy and safety of deferoxamine, deferasirox and deferiprone triple iron chelator 
combination therapy for transfusion-dependent β-thalassaemia with very high iron overload: a protocol for randomised controlled clinical trial. 
BMJ open. 2024;14(2):e077342. doi:10.1136/bmjopen-2023-077342

137. Jadhav SB, Vondrackova M, Potomova P, et al. NDRG1 acts as an oncogene in triple-negative breast cancer and its loss sensitizes cells to 
mitochondrial iron chelation. Front Pharmacol. 2024;15:1422369. doi:10.3389/fphar.2024.1422369

138. Carota G, Distefano A, Spampinato M, et al. Neuroprotective role of α-lipoic acid in iron-overload-mediated toxicity and inflammation in 
in vitro and in vivo models. Antioxidants. 2022;11(8):1596. doi:10.3390/antiox11081596

139. Wang Y, Wu S, Li Q, Sun H, Wang H. Pharmacological inhibition of ferroptosis as a therapeutic target for neurodegenerative diseases and 
strokes. Adv Sci. 2023;10(24):e2300325. doi:10.1002/advs.202300325

https://doi.org/10.2147/DDDT.S513343                                                                                                                                                                                                                                                                                                                                                                                                                                       Drug Design, Development and Therapy 2025:19 4806

Xu et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1155/2022/5033135
https://doi.org/10.19540/j.cnki.cjcmm.20240521.401
https://doi.org/10.3389/fphar.2024.1472813
https://doi.org/10.3389/fphys.2018.00933
https://doi.org/10.3389/fphar.2021.629379
https://doi.org/10.3389/fphar.2021.629379
https://doi.org/10.1016/j.biopha.2019.109690
https://doi.org/10.1039/d0fo02761h
https://doi.org/10.1016/j.fct.2021.112790
https://doi.org/10.1016/j.phymed.2024.156149
https://doi.org/10.3969/j.issn.1673-5374.2013.22.003
https://doi.org/10.3969/j.issn.1673-5374.2013.22.003
https://doi.org/10.1093/ecam/neq079
https://doi.org/10.1016/s1095-6433(00)00323-8
https://doi.org/10.1007/s00210-024-03640-4
https://doi.org/10.1016/j.sjbs.2019.07.003
https://doi.org/10.3892/mmr.2021.12131
https://doi.org/10.1016/j.brainresbull.2017.04.003
https://doi.org/10.3389/fneur.2021.619043
https://doi.org/10.1155/2021/3056963
https://doi.org/10.1002/14651858.CD009280.pub3
https://doi.org/10.1002/14651858.CD009280.pub3
https://doi.org/10.1007/s10072-022-06324-0
https://doi.org/10.1016/j.colsurfb.2024.113857
https://doi.org/10.3390/antiox12030671
https://doi.org/10.1016/j.arr.2022.101717
https://doi.org/10.1016/j.arr.2022.101717
https://doi.org/10.1016/j.ejmech.2024.117042
https://doi.org/10.1016/j.bcp.2023.115909
https://doi.org/10.1136/bmjopen-2023-077342
https://doi.org/10.3389/fphar.2024.1422369
https://doi.org/10.3390/antiox11081596
https://doi.org/10.1002/advs.202300325


140. Cheng Y, Zhang Z, Tang H, et al. Mitochondrial inhibitor rotenone triggers and enhances neuronal ferroptosis following intracerebral 
hemorrhage. ACS Chem Neurosci. 2023;14(6):1071–1079. doi:10.1021/acschemneuro.2c00308

141. Lu J, Li H, Yu Z, et al. Cathepsin B as a key regulator of ferroptosis in microglia following intracerebral hemorrhage. Neurobiol Dis. 
2024;194:106468. doi:10.1016/j.nbd.2024.106468

142. Li R, Zhang X, Gu L, et al. CDGSH iron sulfur domain 2 over-expression alleviates neuronal ferroptosis and brain injury by inhibiting lipid 
peroxidation via AKT/mTOR pathway following intracerebral hemorrhage in mice. J Neurochem. 2023;165(3):426–444. doi:10.1111/jnc.15785

143. Long H, Zhu W, Wei L, Zhao J. Iron homeostasis imbalance and ferroptosis in brain diseases. MedComm. 2023;4(4):e298. doi:10.1002/ 
mco2.298

144. Cong T, Luo Y, Fu Y, Liu Y, Li Y, Li X. New perspectives on ferroptosis and its role in hepatocellular carcinoma. Chinese Med J. 2022;135 
(18):2157–2166. doi:10.1097/cm9.0000000000002327

145. Fernández-Acosta R, Iriarte-Mesa C, Alvarez-Alminaque D, et al. Novel iron oxide nanoparticles induce ferroptosis in a panel of cancer cell 
lines. Molecules. 2022;27(13):3970. doi:10.3390/molecules27133970

146. Yang K, Zeng L, Yuan X, et al. The mechanism of ferroptosis regulating oxidative stress in ischemic stroke and the regulation mechanism of 
natural pharmacological active components. Biomed Pharmacothe. 2022;154:113611. doi:10.1016/j.biopha.2022.113611

147. Li M, Zhou H, Pan Z, et al. Synergistic promotion of angiogenesis after intracerebral hemorrhage by ginsenoside Rh2 and chrysophanol in rats. 
Bioorg Chem. 2024;147:107416. doi:10.1016/j.bioorg.2024.107416

148. Li Y, Yu Q, Peng H, et al. Jingfang granules protects against intracerebral hemorrhage by inhibiting neuroinflammation and protecting 
blood-brain barrier damage. Aging. 2024;16(10):9023–9046. doi:10.18632/aging.205854

149. Fan GB, Li Y, Xu GS, et al. Propofol inhibits ferroptotic cell death through the nrf2/gpx4 signaling pathway in the mouse model of cerebral 
ischemia-reperfusion injury. Neurochem Res. 2023;48(3):956–966. doi:10.1007/s11064-022-03822-7

150. Li Y, Wang T, Sun P, et al. Farrerol alleviates hypoxic-ischemic encephalopathy by inhibiting ferroptosis in neonatal rats via the Nrf2 pathway. 
Physiol Res. 2023;72(4):511–520. doi:10.33549/physiolres.935040

151. Wang X, Xing X, Huang P, et al. A Chinese classical prescription Xuefu Zhuyu decoction in the treatment of coronary heart disease: an 
overview. Heliyon. 2024;10(7):e28919. doi:10.1016/j.heliyon.2024.e28919

152. Delgado-Martín S, Martínez-Ruiz A. The role of ferroptosis as a regulator of oxidative stress in the pathogenesis of ischemic stroke. FEBS Lett. 
2024. doi:10.1002/1873-3468.14894

153. Lai L, Tan M, Hu M, et al. Important molecular mechanisms in ferroptosis. Mol Cell Biochem. 2024;480:639–658. doi:10.1007/s11010-024- 
05009-w

154. Wang J, Wang Q, Li L, et al. Phlegm-dampness constitution: genomics, susceptibility, adjustment and treatment with traditional Chinese 
medicine. Am J Chin Med. 2013;41(2):253–262. doi:10.1142/s0192415x13500183

155. Wei B, Sun C, Wan H, et al. Bioactive components and molecular mechanisms of Salvia miltiorrhiza Bunge in promoting blood circulation to 
remove blood stasis. J Ethnopharmacol. 2023;317:116697. doi:10.1016/j.jep.2023.116697

156. Yao MY, Liu T, Zhang L, Wang MJ, Yang Y, Gao J. Role of ferroptosis in neurological diseases. Neurosci lett. 2021;747:135614. doi:10.1016/j. 
neulet.2020.135614

157. Guo J, Chen X, Wu M, et al. Traditional Chinese medicine FYTF-919 (Zhongfeng Xingnao oral prescription) for the treatment of acute 
intracerebral haemorrhage: a multicentre, randomised, placebo-controlled, double-blind, clinical trial. Lancet. 2024;404(10468):2187–2196. 
doi:10.1016/S0140-6736(24)02261-X

158. Xu M, Zhang D, Yan J. Targeting ferroptosis using Chinese herbal compounds to treat respiratory diseases. Phytomedicine. 2024;130:155738. 
doi:10.1016/j.phymed.2024.155738

159. Zhang G, Wang Q, Jiang B, et al. Progress of medicinal plants and their active metabolites in ischemia-reperfusion injury of stroke: a novel 
therapeutic strategy based on regulation of crosstalk between mitophagy and ferroptosis. Front Pharmacol. 2024;15:1374445. doi:10.3389/ 
fphar.2024.1374445

160. Liu H, Zhang B, Li XW, et al. Acupuncture inhibits mammalian target of rapamycin, promotes autophagy and attenuates neurological deficits in 
a rat model of hemorrhagic stroke. Acupunct Med. 2022;40(1):59–67. doi:10.1177/09645284211028873

161. Zhang H, Jin B, You X, et al. Pharmacodynamic advantages and characteristics of traditional Chinese medicine in prevention and treatment of 
ischemic stroke. Chin Herb Med. 2023;15(4):496–508. doi:10.1016/j.chmed.2023.09.003

162. Chen RX, Lv ZM, Chen MR, Yi F, An X, Xie DY. Stroke treatment in rats with tail temperature increase by 40-min moxibustion. Neurosci Lett. 
2011;503(2):131–135. doi:10.1016/j.neulet.2011.08.024

163. Yang C, Han M, Li R, et al. Curcumin nanoparticles inhibiting ferroptosis for the enhanced treatment of intracerebral hemorrhage. 
Int J Nanomed. 2021;16:8049–8065. doi:10.2147/ijn.S334965

164. Ke J, Wei J, Zheng B, et al. Effect of high-frequency repetitive peripheral magnetic stimulation on motor performance in intracerebral 
haemorrhage: a clinical trial. J Stroke Cerebrovasc Dis. 2022;31(7):106446. doi:10.1016/j.jstrokecerebrovasdis.2022.106446

165. Dong SS, Li MY, Yu XP, et al. Baihui-penetrating-qubin acupuncture attenuates neurological deficits through SIRT1/FOXO1 reducing oxidative 
stress and neuronal apoptosis in intracerebral hemorrhage rats. Brain Behav. 2024;14(12):e70095. doi:10.1002/brb3.70095

166. Cho NH, Lee JD, Cheong BS, et al. Acupuncture suppresses intrastriatal hemorrhage-induced apoptotic neuronal cell death in rats. Neurosci 
Lett. 2004;362(2):141–145. doi:10.1016/j.neulet.2004.03.027

167. Chen Q, Song W, Tang Y, Tang Y, Kang Y, Zhu L. Electroacupuncture reduces cerebral hemorrhage injury in rats by improving cerebral iron 
metabolism. Mediators Infl. 2022;2022:6943438. doi:10.1155/2022/6943438

168. Lang J, Luo J, Wang L, et al. Electroacupuncture suppresses oxidative stress and ferroptosis by activating the mTOR/SREBP1 pathway in 
ischemic stroke. Crit Rev Immunol. 2024;44(6):99–110. doi:10.1615/CritRevImmunol.2024051934

Drug Design, Development and Therapy 2025:19                                                                             https://doi.org/10.2147/DDDT.S513343                                                                                                                                                                                                                                                                                                                                                                                                   4807

Xu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1021/acschemneuro.2c00308
https://doi.org/10.1016/j.nbd.2024.106468
https://doi.org/10.1111/jnc.15785
https://doi.org/10.1002/mco2.298
https://doi.org/10.1002/mco2.298
https://doi.org/10.1097/cm9.0000000000002327
https://doi.org/10.3390/molecules27133970
https://doi.org/10.1016/j.biopha.2022.113611
https://doi.org/10.1016/j.bioorg.2024.107416
https://doi.org/10.18632/aging.205854
https://doi.org/10.1007/s11064-022-03822-7
https://doi.org/10.33549/physiolres.935040
https://doi.org/10.1016/j.heliyon.2024.e28919
https://doi.org/10.1002/1873-3468.14894
https://doi.org/10.1007/s11010-024-05009-w
https://doi.org/10.1007/s11010-024-05009-w
https://doi.org/10.1142/s0192415x13500183
https://doi.org/10.1016/j.jep.2023.116697
https://doi.org/10.1016/j.neulet.2020.135614
https://doi.org/10.1016/j.neulet.2020.135614
https://doi.org/10.1016/S0140-6736(24)02261-X
https://doi.org/10.1016/j.phymed.2024.155738
https://doi.org/10.3389/fphar.2024.1374445
https://doi.org/10.3389/fphar.2024.1374445
https://doi.org/10.1177/09645284211028873
https://doi.org/10.1016/j.chmed.2023.09.003
https://doi.org/10.1016/j.neulet.2011.08.024
https://doi.org/10.2147/ijn.S334965
https://doi.org/10.1016/j.jstrokecerebrovasdis.2022.106446
https://doi.org/10.1002/brb3.70095
https://doi.org/10.1016/j.neulet.2004.03.027
https://doi.org/10.1155/2022/6943438
https://doi.org/10.1615/CritRevImmunol.2024051934


Drug Design, Development and Therapy                                                                                     

Publish your work in this journal 
Drug Design, Development and Therapy is an international, peer-reviewed open-access journal that spans the spectrum of drug design and development 
through to clinical applications. Clinical outcomes, patient safety, and programs for the development and effective, safe, and sustained use of medicines 
are a feature of the journal, which has also been accepted for indexing on PubMed Central. The manuscript management system is completely online 
and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real quotes 
from published authors.  

Submit your manuscript here: https://www.dovepress.com/drug-design-development-and-therapy-journal

Drug Design, Development and Therapy 2025:19 4808

Xu et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Overview of Ferroptosis: Characteristics and Regulatory Mechanisms
	Ferroptosis: AUnique Mode of Cell Death
	Essential Processes: Iron Deposition and Lipid Peroxidation in ICH
	The Pivotal Role of Ferroptosis in ICH Pathophysiology
	The Trigger for Ferroptosis: Iron Deposition After ICH
	Mediators of Ferroptosis: ROS Generation After ICH
	Mechanistic Contributors to Ferroptosis in ICH
	Role of Iron in Ferroptosis
	Cellular Iron Metabolism and Regulation
	Iron Catalyzes ROS Production and Lipid Peroxidation
	Non-Enzymatic Lipid Peroxidation
	Enzyme-Mediated Lipid Peroxidation
	Major Pathways Regulating Ferroptosis


	Traditional Chinese Medicine and Ferroptosis in ICH Treatment
	Explaining Ferroptosis After ICH from the Perspective of TCM Theory
	Active Ingredients of Chinese Herbs
	Preparations of TCM
	Acupuncture in TCM

	Discussion
	Conclusion
	Abbreviations
	Funding
	Disclosure

