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Iron Status and Stroke Outcomes: Evidence for
Increased Complications from Elevated Iron
Levels

Recent research has established a compelling link between elevated iron levels and worsened
outcomes following stroke, with multiple mechanisms contributing to increased neurological
damage and poorer functional recovery. Evidence from genetic studies, clinical trials, and
mechanistic research demonstrates that high iron status significantly exacerbates stroke-related
complications through oxidative stress, inflammation, and novel cell death pathways including
ferroptosis. This relationship appears consistent across both ischemic and hemorrhagic stroke
subtypes, positioning iron regulation as a critical factor in stroke prognosis and a potential
therapeutic target.

Clinical Evidence for Iron's Detrimental Effects on Stroke Outcomes

Ischemic Stroke and Iron Status

Large-scale clinical studies have consistently demonstrated that elevated iron levels predict
worse functional outcomes following ischemic stroke. A comprehensive Mendelian randomization
study examining the causal relationship between iron status and stroke outcomes found that
higher transferrin saturation (TSAT) and serum iron concentrations were causally associated with
poor functional outcomes after ischemic strokelll. Specifically, the study reported odds ratios of
1.36 for TSAT and 1.44 for serum iron per standard deviation increase in genetically determined
iron status, with these associations remaining robust across multiple analytical approachesll.

The relationship between ferritin levels and stroke severity has been particularly well-
documented. A recent study of 323 acute ischemic stroke patients found a statistically
significant correlation (r=0.71) between serum ferritin levels and National Institutes of Health
Stroke Scale (NIHSS) scores, with 77% of patients with high ferritin levels experiencing severe
strokes!2l. This finding aligns with earlier research demonstrating that elevated serum ferritin
levels at admission predict poor outcomes, hemorrhagic transformation, and severe brain edema
in stroke patients treated with tissue plasminogen activator3l.

Prognostic Value of Iron Biomarkers

Iron-related biomarkers have emerged as valuable prognostic indicators for stroke outcomes. A
multicenter study tracking patients over their hospital stay revealed that mean serum ferritin
levels were significantly higher in patients who deteriorated compared to those who remained
stable4l. The study identified serum ferritin at day 6 as a particularly good predictor of adverse
outcomes, with an area under the curve of 0.897, while admission ferritin levels showed fair
predictive value with an AUC of 0.798141 These findings suggest that iron status monitoring
could inform clinical decision-making and risk stratification in acute stroke care.



Paradoxically, iron deficiency has also been associated with poor stroke outcomes. A
prospective multicentric cohort study of 442 acute ischemic stroke patients found that iron
deficiency, present in 65.6 % of patients, independently predicted poor functional outcomes at
90 days with an adjusted odds ratio of 2.328.5. This U-shaped relationship suggests that both
extremes of iron status—deficiency and overload—compromise stroke recovery, emphasizing
the importance of optimal iron homeostasis.

Mechanisms of Iron-Mediated Stroke Damage

Oxidative Stress and Reactive Oxygen Species

The primary mechanism through which elevated iron levels exacerbate stroke outcomes involves
the generation of reactive oxygen species through the Fenton reaction. During cerebral
ischemia, free iron released from intracellular stores catalyzes the conversion of superoxide and
hydrogen peroxide into highly reactive hydroxyl radicals[3l. This process significantly amplifies
oxidative damage to brain tissue, particularly during reperfusion when oxygen availability is
restored. Experimental studies have demonstrated that iron intake is associated with larger
infarct volumes, higher oxidative stress, increased glutamate release, and enhanced
inflammatory responses following cerebral artery occlusion3l.

The transferrin saturation system plays a crucial role in this process. Under normal conditions,
approximately 30% of transferrin is saturated with iron, leaving substantial binding capacity to
sequester potentially toxic free ironll. However, when iron levels become elevated, this
protective mechanism becomes overwhelmed, leading to increased availability of catalytically
active iron that can participate in harmful oxidative reactionsll.

Ferroptosis and Necroptosis Pathways

Recent breakthrough research has identified ferroptosis—an iron-dependent form of
programmed cell death—as a key mechanism linking iron overload to stroke damage. A 2025
study using RNA sequencing and protein analysis in ischemic mouse models demonstrated that
iron orchestrates the activation of both ferroptosis and necroptosis within hours of
reperfusion!8l. This research revealed that iron plays a central role in amplifying these early
death pathways by destabilizing redox balance, which accelerates oxidative damage and
worsens neurological outcomes1él,

The ferroptosis pathway represents a particularly important target for understanding iron's role
in stroke pathology. During ischemia, neurons face excess extracellular glutamate in the
presence of high extracellular iron levels, causing glutamate receptor overactivation that boosts
neuronal iron uptake and subsequent overproduction of membrane peroxideslll. This
glutamate-driven neuronal death can be attenuated by iron-chelating compounds or free radical
scavenger molecules, highlighting the therapeutic potential of targeting iron-mediated
pathways[Z.



Inflammatory Responses and Blood-Brain Barrier Disruption

Elevated iron levels contribute to stroke complications through enhanced inflammatory
responses and blood-brain barrier disruption. Iron accumulation in brain tissue following
hemorrhagic stroke leads to increased oxidative stress, inflammation, and blood-brain barrier
disruption, contributing to neuronal cell death through multiple pathways including
ferroptosis@l. The inflammatory cascade triggered by iron overload creates a self-perpetuating
cycle of tissue damage that extends beyond the initial ischemic insult.

Studies using iron-enhanced MRI have revealed distinct temporal patterns of iron accumulation
following stroke. Early iron accumulation (within hours) primarily results from intravascular
trapping of iron particles within developing thrombi, while later accumulation (within days)
reflects macrophage infiltration and inflammatory cell activity[gl. This temporal progression
demonstrates how iron contributes to both acute and subacute phases of stroke pathology.

Iron's Role Across Stroke Subtypes

Hemorrhagic Stroke Complications

In hemorrhagic stroke, iron's deleterious effects are particularly pronounced due to the massive
release of iron from lysed red blood cells. When blood vessels rupture, iron-rich red blood cells
accumulate in brain parenchyma and subsequently lyse, releasing hemoglobin and heme iron
into the extracellular environment!Zl. This iron burden contributes significantly to secondary
brain injury through lipid peroxidation and direct cellular toxicity [ZI.

The distribution patterns of hemorrhagic stroke subtypes influence the extent of iron-mediated
damage. Subarachnoid hemorrhage has the greatest surface area of brain exposed to blood
due to its diffuse nature, potentially explaining the poor outcomes associated with this condition
through iron-induced diffuse cerebral injury8l. Intraventricular hemorrhage not only increases
the overall iron burden but also exposes new brain surfaces to iron-induced damage, likely
contributing to its status as an independent risk factor for 30-day mortality (81,

Cardioembolic Stroke and Iron Status

Mendelian randomization studies have identified a specific association between elevated iron
status and cardioembolic stroke risk. Research examining the relationship between genetically
determined iron status and stroke subtypes found that higher iron levels were particularly
associated with increased cardioembolic stroke risk 1. This finding suggests that iron's effects
on stroke may be mediated through cardiovascular mechanisms in addition to direct cerebral
toxicity.

Genetic Factors and Iron-Related Stroke Risk



Hemochromatosis Gene Mutations

Genetic variations affecting iron metabolism provide additional evidence for iron's role in stroke
pathogenesis. Studies of hemochromatosis gene (HFE) mutations have revealed significant
associations with stroke risk. Research following over 9,000 individuals for 24 years found that
people with H63D homozygosity had a two- to threefold increased risk of ischemic
cerebrovascular disease and stroke!Xl. The cumulative incidences of both cerebrovascular
disease and ischemic stroke were significantly increased for H63D/H63D carriers compared to
wild-type individuals.

The mechanisms underlying this genetic association remain incompletely understood, as the
increased stroke risk does not appear to be mediated solely through arterial plaque formation.
Studies examining the relationship between HFE mutations and carotid atherosclerosis found no
consistent association with symptomatic carotid diseasel4, suggesting that iron's effects on
stroke risk operate through alternative pathways beyond traditional atherosclerotic mechanisms.

Gene-Environment Interactions

Research has identified important interactions between genetic iron metabolism variants and
environmental risk factors. Studies examining the relationship between HFE mutations,
hypertension, and smoking found synergistic effects on stroke risk [12l. Hypertensive patients
who were also HFE mutation carriers showed a significant relationship with stroke (adjusted OR,
3.0), while the combination of smoking and HFE carrier status produced an odds ratio of 2.6 for
strokel12l. These findings highlight the complex interplay between genetic iron metabolism,
lifestyle factors, and stroke risk.

Therapeutic Implications and Iron Chelation

Clinical Trials of Iron Chelation

The recognition of iron's detrimental role in stroke has prompted investigation of iron chelation
therapy as a potential treatment. Clinical trials examining deferoxamine, an iron chelator, have
shown mixed but promising results. While primary endpoints have not always been met, subset
analyses have consistently indicated potential benefits for specific patient populations@l. A trial
in intracerebral hemorrhage patients showed that while the overall primary outcome was not
achieved, patients with clot volumes between 10-30 mL had a significantly higher likelihood of
favorable outcomes with iron chelation therapym.

Similar promising signals have emerged from surgical intervention studies. The MISTIE lll trial of
minimally invasive surgery for intracerebral hemorrhage evacuation found that patients
achieving the predefined goal of less than 15 mL of residual clot had significantly improved
functional outcomes8l. These findings suggest that reducing iron burden through either surgical
evacuation or chemical chelation may improve stroke outcomes in appropriately selected
patients.



Combination Therapeutic Approaches

Recent research has identified potential synergies between different approaches to iron
reduction. Studies demonstrate that ferroptosis inhibitors like liproxstatin-1 not only halt
ferroptosis but also reduce necroptosis, while necroptosis inhibitors such as necrostatin-1 show
reciprocal effectst®l. Iron chelation therapy with deferoxamine has emerged as particularly
effective, mitigating both pathways by addressing the root cause of iron overload8l. These
findings suggest that combination therapies targeting multiple iron-mediated pathways may
offer superior therapeutic benefits.

The presence of external ventricular drains in many patients with intraventricular hemorrhage
and subarachnoid hemorrhage may facilitate direct administration of iron chelators into the
cerebrospinal fluid system, potentially enhancing the effectiveness of iron chelation therapy@l.
This approach could allow for more targeted delivery of therapeutic agents while minimizing
systemic side effects.

Future Directions and Clinical Considerations

Imaging-Based Iron Assessment

Advanced neuroimaging techniques are emerging as valuable tools for assessing brain iron
content and predicting stroke outcomes. Magnetic resonance imaging-based quantification of
cellular and interstitial iron following intracerebral hemorrhage shows promise as an objective
imaging surrogate for iron-mediated toxicity [8l. These imaging biomarkers could facilitate
personalized treatment approaches by identifying patients most likely to benefit from iron-
targeted interventions.

Noninvasive imaging modalities capable of identifying brain iron overload have already
demonstrated relationships with both short-term consequences like cerebral edema and
hydrocephalus formation, as well as long-term clinical outcomes following hemorrhagic strokel8l.
The development of more sophisticated imaging protocols could enable real-time monitoring of
iron accumulation and treatment response.

Personalized Medicine Approaches

The recognition of genetic factors influencing iron metabolism and stroke risk suggests
opportunities for personalized medicine approaches. Genetic testing for HFE mutations and
other iron metabolism variants could identify high-risk individuals who might benefit from
enhanced monitoring or prophylactic interventions. However, the clinical utility of such
approaches requires validation in larger, more diverse populations, as current genetic studies
have primarily focused on European populationsm.

The complex relationship between iron status and stroke outcomes, including the detrimental
effects of both iron deficiency and iron overload, emphasizes the need for individualized
assessment and management strategies. Future research should focus on defining optimal iron
ranges for stroke prevention and recovery, taking into account patient-specific factors such as
age, comorbidities, and genetic background.



Conclusion

The accumulating evidence clearly demonstrates that elevated iron levels significantly increase
problems resulting from stroke across multiple domains. Through mechanisms including
oxidative stress generation, ferroptosis activation, inflammatory cascade amplification, and
blood-brain barrier disruption, high iron status consistently predicts worse functional outcomes,
increased hemorrhagic transformation risk, and greater neurological deterioration following both
ischemic and hemorrhagic stroke. The causal nature of this relationship has been established
through Mendelian randomization studies, while clinical investigations have validated iron
biomarkers as valuable prognostic indicators. Although iron chelation therapy and surgical iron
reduction approaches have shown promise in subset analyses, definitive therapeutic benefits
remain to be established through larger clinical trials. The identification of iron as a modifiable
risk factor for stroke complications represents an important advance in stroke medicine, offering
new avenues for both prevention and treatment. Future research should focus on optimizing iron
management strategies, developing more effective iron-targeted therapies, and establishing
personalized approaches based on individual iron metabolism profiles and genetic risk factors.
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