1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Stroke. Author manuscript; available in PMC 2024 April 05.

-, HHS Public Access
«

Published in final edited form as:
Stroke. 2023 November ; 54(11): 2886-2894. doi:10.1161/STROKEAHA.123.043799.

Common Mutation in the HFE Gene Modifies Recovery After
Intracerebral Hemorrhage

Timothy B. Helmuth, BA,
Rashmi Kumari, PhD,
Kondaiah Palsa, PhD,
Elizabeth B. Neely, BS,
Becky Slagle-Webb, BS,
Scott D. Simon, MD,
James R. Connor, PhD

Department of Neurosurgery (T.B.H., K.P, E.B.N., B.S.-W., S.D.S., J.R.C.) and Department of
Neural and Behavioral Sciences (R.K.), Penn State College of Medicine, Hershey, PA.

Abstract

BACKGROUND: Intracerebral hemorrhage (ICH) is characterized by bleeding into the brain
parenchyma. During an ICH, iron released from the breakdown of hemoglobin creates a cytotoxic
environment in the brain through increased oxidative stress. Interestingly, the loss of iron
homeostasis is associated with the pathological process of other neurological diseases. However,
we have previously shown that the H63D mutation in the homeostatic iron regulatory (HFE) gene,
prevalent in 28% of the White population in the United States, acts as a disease modifier by
limiting oxidative stress. The following study aims to examine the effects of the murine homolog,
H67D HFE, on ICH.

METHODS: An autologous blood infusion model was utilized to create an ICH in the right
striatum of H67D and wild-type mice. The motor recovery of each animal was assessed by
rotarod. Neurodegeneration was measured using fluorojade-B and mitochondrial damage was
assessed by immunofluorescent numbers of CytC+ (cytochrome C) neurons and CytC+ astrocytes.
Finally, the molecular antioxidant response to ICH was quantified by measuring Nrf2 (nuclear
factor-erythroid 2 related factor), GPX4 (glutathione peroxidase 4), and FTH1 (H-ferritin) levels in
the ICH-affected and nonaffected hemispheres via immunoblotting.

RESULTS: At 3 days post-ICH, H67D mice demonstrated enhanced performance on rotarod
compared with wild-type animals despite no differences in lesion size. Additionally, H67D mice
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displayed higher levels of Nrf2, GPX4, and FTH1 in the ICH-affected hemisphere; however,
these levels were not different in the contralateral, non-ICH-affected hemisphere. Furthermore,
H67D mice showed decreased degenerated neurons, CytC+ Neurons, and CytC+ astrocytes in the
perihematomal area.

CONCLUSIONS: Our data suggest that the H67D mutation induces a robust antioxidant
response 3 days following ICH through Nrf2, GPX4, and FTH1 activation. This activation
could explain the decrease in degenerated neurons, CytC+ neurons, and CytC+ astrocytes in
the perihematomal region, leading to the improved motor recovery. Based on this study, further
investigation into the mechanisms of this neuroprotective response and the effects of the H63D
HFE mutation in a population of patients with ICH is warranted.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Intracerebral hemorrhage (ICH) is characterized by bleeding into the brain parenchyma.
This condition ranks as the second most common cause of stroke behind ischemic stroke;
however, ICH results in a disproportionate cause of morbidity and mortality.! Overall, ICH
is responsible for 2 million out of the 17 million stroke admissions worldwide and has

a 1-year mortality rate of 45.4%.2 Unfortunately, only 20% of survivors gain functional
independence by 6 months.! Despite advances in research and management protocols, there
has been no decrease in ICH mortality over the past decade.3

In the setting of an ICH, abundant amounts of heme are released from the hemoglobin

of lysed erythrocytes which is then degraded by heme oxygenase into carbon monoxide,
iron, and biliverdin.# Notably, excess iron has been identified as a key component of
stroke-induced neurodegeneration. This occurs as ferrous iron catalyzes the formation of
hydroxide free radicals and reactive oxygen species (ROS) from hydrogen peroxide via the
Fenton reaction.>=8 The buildup of ROS leads to increased oxidative stress, mitochondrial
damage, excitotoxicity, and an iron-dependent form of cell death known as ferroptosis.
However, there exists an innate antioxidant response system to limit oxidative stress and
ROS production. This system is regulated by Nrf2 (nuclear factor-erythroid 2 related
factor), the major transcription factor for the antioxidant response, and GPX4 (glutathione
peroxidase 4), an enzyme that directly reduces lipid peroxides.® Furthermore, Nrf2 also acts
as a major transcription factor for FTH1 (H-ferritin), an important protein for iron storage
and delivery.10

The loss of iron homeostasis has been demonstrated as a crucial part of the pathological
process in several other neurological diseases. For example, loss in iron homeostasis leading
to increased brain iron exacerbates the pathological processes such as neuroinflammation
and oxidative stress. This has led to the investigation of iron regulatory proteins and

their associated genes on iron homeostasis in the context of neurological diseases. HFE
(homeostatic iron regulator) is an iron regulatory protein that modulates iron bioavailability
in all cells. It functions as an MHC (major histocompatibilty complex) class I-like protein
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and binds with the transferrin receptor at the cell membrane to negatively regulate iron
uptake.1l Additionally, the HFE gene has the highest prevalence of polymorphisms among
iron regulatory genes known to alter brain iron and structure.12-14 One such variant, H63D,
is found in 28% of the non-Hispanic white population in the United States.1® This mutation
decreases the affinity of HFE to bind with the transferrin receptor allowing greater uptake
of iron, therefore, leading to a subclinical iron overload in the brain and increased oxidative
stress.16

Studies in our laboratory and others have linked the H63D variant to several neurological
diseases such as Parkinson disease (PD), Alzheimer disease, and amyotrophic lateral
sclerosis as a disease progression modifier.17:18 Initially, it was thought that the H63D
variant posed a risk factor for neurological diseases owing to its prevalence in several
neurological disease patient populations. However, recent discoveries suggest that patients
with the H63D variant have a slower disease progression and are over-represented within
their respective patient population. Moreover, studies with our animal model of this HFE
mutation have shown that the mutation is neuroprotective.18 For example, PD is caused
pathologically by the loss of dopaminergic neurons in the substantia nigra, it can be further
characterized by brain iron accumulation as well as intracellular aggregates containing
a-synuclein called Lewy bodies in the substantia nigra.1%-21 In both animal and cell culture
studies, the expression of the H63D variant protected against the toxicity associated with
a-synuclein.1* Studies in patients with PD indicate that the H63D variant is also associated
with slower disease progression.}4 Additionally, toxin-induced PD models have shown

that astrocytes from the murine homolog equivalent, H67D HFE, are less vulnerable to

the toxic and parkinsonian-inducing effects of paraquat.?2 This may be due to alterations

in the antioxidant defense system as seen by increased levels of Nrf2 expression in
paraquat-treated H67D astrocytes.23 Furthermore, H63D heterozygosity was associated
with decreased neurotoxicity in patients with PD and known paraquat exposures.24 Other
researchers have found increases in NQO1 (NAD(P)H quinone oxidoreductase 1), an
enzyme that prevents the formation of ROS, in cerebrospinal fluid samples of H63D carries
with PD. Studies on the H63D variant and Alzheimer disease have mixed conclusions.
Some reports suggest that H63D carriers have an increased chance to develop early-onset
Alzheimer disease, whereas others refute this claim completely. Others suggest that the
negative impact of the H63D variant on Alzheimer disease is only seen in males or

those with other genetic risk factors for the disease, such as ApoE &4 carriers. Finally,
amyotrophic lateral sclerosis patients carrying the H63D variant were found to have a slower
disease progression.2>

Overall, these studies illustrate that the H67D/H63D variants have fundamental phenotypic
differences that could limit the amount of oxidative stress-induced injury to possibly modify
the degenerative and reparative processes in neurodegenerative disorders. Given this, the
objective of our current study was to observe the effect of the H67D mutation on neuronal
degeneration, motor recovery, and key iron storage and antioxidant protein levels following
ICH induction in a mouse model.
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METHODS

The data for this study are made available on request to the corresponding author
and were obtained under ARRIVE guidelines (Animal Research: Reporting of In Vivo
Experiments).28 Detailed methods can be found in the Supplemental Material.

Animal Model

An autologous blood infusion model was utilized to create a moderate-sized hemorrhage

in the right caudate of 6-month-old C57BL/6Jx129 mice carrying the H67D HFE (n=25,
male=11, female=14) and wild-type (WT) HFE (n=25, male=13, female=12) by previously
published methods.2” Additional sham surgeries were performed on both WT and mutant
mice.2” The experiments performed followed the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health and the protocol was approved by the Penn
State Institutional Animal Care and Use Committee (Protocol: 20190115). Tissue was
harvested, as previously described.12

Motor Coordination and Impairment

Each animal had their motor function assessed by rotarod testing according to a previously
published ramp-up paradigm.28 Mice were trained 3 days before ICH surgery and tested
each day following until euthanization.

Hematoxylin and Eosin Staining and Lesion Volume Analysis

Thirty-micrometer serial, coronal sections were taken through the entirety of the hematoma
of H67D (n=3, male=2, female=1) and WT (n=3 male=2, female=1) mice. Each section

was washed and stained with Hematoxylin & Eosin according to manufacturer’s instructions
(ab245880; Abcam). A blinded researcher then calculated the cross-sectional area of each
section using ImageJ.

Blood Iron and Hematocrit Analysis

Whole blood iron levels and hematocrit were measured in H67D (n=4, male=2, female=2)
and WT (n=4, male=2, female=2) mice using inductively coupled plasma mass spectrometry
and a Heska HT5 Veterinary Hematology Analyzer, respectively, as previously published.2°

Fluorojade-B Staining

Fluorojade-B staining was conducted according to the manufacturer’s instructions (VWR
76459-462) in 3 consecutive 15 pm coronal sections within 100 um of the needle

track of H67D (n=7, male=3, female=4) and WT (n=7, male=4, female=3) mice. Total
perihematomal fluorojade-B—positive cells within the striatum were quantified blindly using
ImageJ software.

Immunofluorescence and Cytochrome C Analysis

Three consecutive 15 pm coronal sections within 100 um of the needle track of H67D
(n=7 male=3, female=4) and WT (n=7 male=3, female=4) mice were immunostained, as
previously described.30 Blocking of each section used 0.3% triton/10% normal goat serum;
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primary antibodies included of NeuN (rabbit polyclonal, ABN78; 1:500; Millipore) or GFAP
([glial fibrillary acidic protein]; rabbit polyclonal, ab68428; 1:500) and CytC (cytochrome
C; mouse monoclonal, ab13575; 1:100); secondary antibodies included goat anti-rabbit
1:500, conjugated with Alexa Flour-546 (red), (Life Technologies A11010) and goat anti-
mouse 1:500, conjugated for Alexa Flour-488 (green; Life Technologies A11029).

Immunoblotting

Statistics

RESULTS

Immunoblotting followed previously published methods using a standard polyvinylidene
difluoride membrane that was probed for FTH1 (1:1000, 4393S; Cell Signaling
Technology), Nrf2 (1:1000, ab92946; Abcam), GPX4 (1:1000, 125066; Abcam), or beta-
actin (1:1000, ab115777; Abcam) in tissue collected from H67D (n=8 male=3, female=5)
and WT (n=8 male=4, female=4) mice.3!

Statistical analysis was conducted using GraphPad Prism 9. Unpaired #tests were used to
detect statistical significance between the 2 groups while 1-way ANOVA and Tukey post
hoc test were used to compare multiple groups. All data are expressed as means and SDs. A
FP<0.05 was considered significant.

Striatal Lesion Volume and Blood Iron Levels Are Not Different Between H67D and WT

Animals

Serial coronal sections through the striatum of both WT and H67D animals were obtained
to determine fundamental genotypic differences in the lesion volume. Overall, the ICH in
each animal was created in the right striatum as intended (Figure 1A). These volumes were
not found to be significantly different between WT and H67D animals (~P=0.602; Figure
1B). Additionally, because serum iron could contribute to the stroke damage, whole blood
iron and hematocrit levels were measured. Neither whole blood iron (H67D: mean, 517.3,
SD=97.82; WT: mean, 488.4, SD=22.51; P=0.585; Figure 1C) nor hematocrit levels (H67D:
mean, 45.38, SD=1.60; WT: mean, 43.40, SD=1.94; P=0.167; Figure 1D) were significantly
different between groups.

H67D Mice Show Enhanced Functional Motor Recovery 3 Days After ICH Induction
Compared With WT

To investigate genotypic differences in functional recovery following ICH, motor
coordination was assessed by latency to fall from the rotarod. Initially, H67D and WT mice
displayed no differences in functional recovery on day-1 post-ICH induction. However, at
day-2 and day-3 post-ICH induction, H67D mice are significantly less likely to fall from the
rotarod when compared with WT animals (Figure 2). WT mice generally showed no changes
in performance over the course of this study. No differences were observed between sham
H67D and sham WT mice (Figure S1).
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H67D Mice Display Fewer Degenerated Neurons in the Perihematomal Area Compared

With WT

The effects of ICH on the neuronal population were assessed through fluorojade-B staining
to determine differences in the number of degenerated neurons in the perihematomal region
in WT mice and H67D mice at 3 days following ICH (Figure 3A). This staining revealed
that H67D mice had significantly fewer degenerated neurons (mean, 166.1, SD=44.02) in
the striatal perinematomal region when compared with WT animals (mean, 277, SD=109.9;
P=0.0291; Figure 3B). No differences were observed between sham H67D and sham WT
mice (Figure S2).

H67D Mice Show Reduced Numbers of CytC+ Neurons and Astrocytes in the
Perihematomal Region

The leakage of CytC from mitochondrial membranes into the cytosol has been linked to
mitochondrial dysfunction as well as increases in oxidative stress that are seen in ICH
(Figure 3C through 3E).32 Therefore, to understand the extent of oxidative stress, we
measured the number of CytC+ Neurons and astrocytes in the perihematomal region. We
found that H67D mice demonstrate significantly fewer CytC+ neurons (n=7, mean, 69.86,
SD=11.87) than WT animals (n=6, mean, 93.67, SD=16.81; £=0.0124). Similarly, H67D
mice demonstrated significantly fewer CytC+ astrocytes (n=6, mean, 48.33, SD=12.83) than
WT animals (n=5, mean, 85.40, SD=24.38).

H67D Mice Display Higher Levels of Nrf2, GPX4, and FTHL1 in the Stroke-Affected

Hemisphere

Given that blood breakdown following ICH leads to increased oxidative stress and excess
iron release in the surrounding tissue, we next evaluated relative levels of iron storage and
antioxidant response proteins in FTH1, Nrf2, and GPX4. We found that FTH1, Nrf2, and
GPX4 levels in the ipsilateral, ICH-affected hemisphere were significantly higher than those
of WT animals (Figures 4 through 6). Furthermore, we found that the levels of FTH1,

Nrf2, and GPX4 were not significantly different in the contralateral, non-ICH-affected
hemisphere. Thus, indicating a more robust antioxidant response to ICH in H67D animals
at 3 days post-ICH. No differences were observed between sham H67D and sham WT mice
(Figure S3).

DISCUSSION

Our current study sought to determine the effects of the H67D HFE mutation on ICH.

We discovered that H67D mice have elevated levels of Nrf2 and GPX4 in the ICH-
affected hemisphere when compared with WT mice. Physiologically, Nrf2 is constitutively
expressed, but once translated, is quickly degraded by Keapl (Kelch-like ECH-associated
protein 1)-mediated ubiquitination.33 In the event of an ICH, excess ferrous iron from
hemoglobin breakdown catalyzes the formation of ROS through the Fenton Reaction.
These ROS react with the polyunsaturated fatty acids in cell membranes leading to lipid
peroxidation, mitochondria dysfunction, and subsequent oxidative damage. Under these
conditions seen in ICH, the interaction between Nrf2 and Keap1 is disrupted allowing
Nrf2 to function as a transcription factor by binding to DNA sequences called antioxidant
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response elements. In addition, GPX4 is a downstream target of Nrf2 and plays a pivotal role
in preventing the buildup of lipid peroxides by directly reducing them to lipid alcohols.34
Depletions in GPX4 are associated with higher levels of ferroptosis, an iron-dependent form
of cell death characterized by membrane dysfunction and lipid peroxidation.3> Importantly,
we did not observe significant differences in lesion volume, whole blood iron levels, or
hematocrit levels between H67D and WT mice, suggesting that both groups received similar
injuries and iron loads. Another downstream target of Nrf2, FTH1 is also elevated in the
H67D mice. FTH1 is 1 of 2 subunits that compose ferritin, a multimeric nanocage that
stores iron intracellularly. Importantly, FTH1 contains a ferroxidase residue that oxidizes
ferrous iron into its catalytically inactive ferric state where it is then sequestered within the
ferritin core. In addition to iron storage, FTH1 has also been implicated in iron delivery and
transport to other tissues and cells.36:37 Overall, the increase in Nrf2, GPX4, and FTH1,
combine to provide a compelling argument that our study demonstrates that H67D mice
have a more robust antioxidant response than the WT mice. This response could contribute
to decreased neuronal degeneration and glial mitochondrial damage which could in turn
contribute to improved functional recovery in H67D animals.

The seemingly neuroprotective milieu developed within H67D animals can perhaps be
explained as an adaptive response to stress. This concept in toxicology, known as hormesis,
refers to a biphasic dose response in which a stressor at a low dose confers long-term
protection against similar stresses at a moderate to high dose.38 In the setting of the H67D
HFE mutation, reduced negative inhibition of the HFE protein to the transferrin receptor
results in higher subclinical levels of intracellular iron and increased oxidative stress in the
brain.12 It is possible that this low-dose stressor primes the neurons and glial cells of H67D
animals through the Nrf2 and antioxidant system to better handle the high doses of iron and
oxidative stress seen following ICH. However, it is difficult to determine from our current
study if this potential hormetic phenomenon is innate to neurons or if it enables astrocytes,
in which most of the Nrf2 in brain is found, to more broadly provide support to susceptible
neighboring cells.3® Immunofluorescent staining within the ICH-affected hemisphere of
these animals demonstrates colocalization of Nrf2 with neurons and astrocytes, GPX4 with
astrocytes, and FTH1 with astrocytes and oligodendrocytes (Figure S4). This suggests that
the HFE mutation activates specific pathways in astrocytes for them to offer a central and
broad supportive role to the other cell types.

Our findings are consistent with numerous animal studies that have demonstrated that Nrf2
plays a critical role in limiting oxidative damage in the perihematomal region. For example,
Nrf2 knockout mice display greater neurological deficits and larger hematoma volumes
when compared with WT mice. The Nrf2 knock-outs also demonstrate extensive cellular
damage related to ROS production such as DNA damage, CytC release, and increased
neuronal death.32 Molecular studies indicate that Nrf2 expression significantly increases

in the perihematomal region within 2-hours of an ICH and remains elevated for up to 10
days.“0 Furthermore, Nrf2 activation has been shown to decrease mitochondrial dysfunction
by downregulating mitochondrial ROS formation.4142 These studies suggest that Nrf2

is rapidly activated in response to excess iron and thus demonstrate a compensatory
mechanism to battle the perturbed iron homeostasis and oxidative stress and limit
ferroptosis seen in the setting of ICH.324344 Additionally, an extensive body of literature
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exists showing favorable outcomes in ICH mouse models treated with Nrf2 analogs and
activators.#>-48 These improvements have been attributed to the reduction in iron-dependent
oxidative stress and are considered well-tolerated. In parallel, Deferoxamine, a hydrophobic
iron chelator, has been found to improve functional recovery and attenuate neuronal death in
additional ICH animal models.#9-51 Although promising, neither the effects of iron chelators
nor Nrf2 analogs have been translated with success into clinical studies.?2:53 It is important
to note that the majority of these pharmacological treatments, such as sulforaphane,
dimethyl fumarate, tert-butyl hydroquinone, and others, boost Nrf2 by targeting Nrf2-Keapl
dissociation.>*° The animal model data, including ours in this study, continue to support
that activation of Nrf2 is an appropriate target; however, clinical studies should identify
alternative pathways for Nrf2 activation. For example, GSK3p (Glycogen Synthase Kinase
3 Beta) directly phosphorylates Nrf2 to initiate its export out of the nucleus for subsequent
degradation.>® Previous work in our laboratory also indicates that inactivating GSK3p

using CHIR9902, an aminopyrimidine derivative, increases Nrf2 nuclear accumulation and
successfully rescues astrocytes from cell death after exposure to compounds that increase
ROS and oxidative stress.>” Inhibition of the GSK3p pathway is emerging as a potential
therapeutic for neurodegenerative diseases such as PD and ischemic stroke but has yet to be
studied in ICH.58:59

Despite the difficulties in the translation of bench-to-bedside therapies, our model shows
evidence of an innate, genotype-specific neuroprotective milieu associated with the HFE
mutation. In practice, this model can be lever-aged to further study the disease course of
ICH and identify alternative Nrf2 activating pathways and events that lead to improved
outcomes. Furthermore, our model is translational in nature in that the H67D HFE mutation
is the mouse homolog to the commonly occurring H63D mutation in the human population.
To our knowledge, ICH outcomes in patients carrying the H63D mutation and other HFE
mutations have not been studied but our study argues that outcomes studies in the population
of patients with ICH should be stratified according to HFE genotype.

CONCLUSIONS

In summary, we observed the effect of the H67D mutation on neurodegeneration and
functional recovery in a mouse model. We identified key changes in levels of iron storage
and antioxidant proteins that potentially contribute to the neuroprotective milieu that limits
neurodegeneration, oxidative stress, and improves functional recovery in mice. These results
continue to support previous studies that recognize the antioxidant and neurodegenerative
disease-modifying capabilities of the H67D gene mutation and extend the findings to ICH.
In general, these findings continue to support the proposition that HFE genotype will impact
disease progression and clinical outcome studies should take into consideration the common
H63D mutation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms

CytC cytochrome C

FTH1 H-ferritin

GPX4 glutathione peroxidase 4

HFE homeostatic iron regulator

ICH intracerebral hemorrhage

Nrf2 nuclear factor-erythroid 2 related factor

PD Parkinson disease

ROS reactive oxygen species
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Figure 1.

Representation of intracerebral hemorrhage (ICH) volume and blood iron levels.

A, Representation of ICH developed at 3 d postinfusion of 30 uL of autologous blood

into the right striatum of wild-type (WT) C57BL/6J mouse. Animals were euthanized 3 d
poststroke. The brains were harvested and cut into 30 uM sections through the entirety of
the hematoma. Each cross-sectional area was calculated using ImageJ and multiplied by the
thickness of the section. Each section was summed to determine to total hematoma size. B,
No differences in hematoma were appreciated at 3 d poststroke in WT and H67D mice. C,
Whole blood iron levels measured using inductively coupled plasma mass spectrometry of
WT vs H67D mice. D, Hematocrit levels in WT vs H67D mice. Error bars reported as SD.
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H67D mice perform better on rotarod 3 d after intracerebral hemorrhage (ICH) compared
with wild-type (WT).

Functional motor recovery was measured by latency to fall from rotarod. H67D mice (n=24,
mean, 48.8, SD=23.81) initially display no differences in functional recovery at day 1
poststroke when compared with WT (n=24, mean, 58.00, SD=18.63; P=0.134). However,

at day 2 (H67D: mean, 73.04, SD=21.53; WT: mean, 55.16, SD=21.08; £=0.0047) and

3 poststroke (H67D: mean, 82.96, SD=32.16; WT: mean, 58.8, SD=24.88; P=0.0046),
H67D mice are significantly less vulnerable to falling when compared with WT. Error bars
reported as SD, */<0.05, **P<0.001.
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Figure 3.
The neuroprotective effects of the H67D mice following intracerebral hemorrhage (ICH).

Fluorojade-B (FJB) staining determined differences in the number of degenerated neurons
in the perihematomal region in (A) wild-type (WT) mice (top) and H67D mice (bottom)
at 3 d following ICH; arrows point to FJB-positive cells. B, Quantification of FJB-positive
cells done using ImageJ. The H67D showed significantly decreased FJB-positive cells (n=7,
mean, 166.1, SD=44.02) in the perihematomal region at 3 d post-ICH compared with WT
mice (n=7, mean, 277, SD=109.9; P=0.0291). CytC (cytochrome C; green) and NeuN
([neuronal nuclear protein]; red) colocalization in the perihematomal area of (C) WT mice
(top) and H67D mice (bottom) at 3 d following ICH; CytC (green) and GFAP ([glial
fibrillary acidic protein]; red) colocalization in the perihematomal area in (D) WT mice
(top) and H67D mice (bottom); (E) Quantification of CytC+ NeuN cells and CytC+ GFAP
cells. H67D showed significantly fewer CytC+ NeuN cells (n=7, mean, 71, SD=12.26) in
the perihematomal region at 3 d post-ICH compared with WT mice (n=6, mean, 93.67,
SD=16.81; P=0.0210). H67D also showed significantly fewer CytC+ GFAP cells (n=6,
mean, 48.33, SD=12.83) in the perihematomal region at 3 d post-ICH compared with WT
mice (n=5, mean, 85.40, SD=24.38; P=0.0216). Respective negative immunofluorescent
staining is displayed in upper left corner. Error bars reported as SD, */<0.05.
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Figure 4.

H67D mice show increased levels of FTH1 (H-ferritin) in response to intracerebral
hemorrhage (ICH).

FTH1 levels in ipsilateral (ICH-induced hemisphere) of H67D mice (n=8, mean, 1.546,
SD=0.706) are significantly higher when compared with wild-type (WT) mice (n=8, mean,
0.669, SD=0.128; P=0.0039). Error reported as SD, **F<0.01. FTH1 levels in contralateral
(non-ICH—-induced hemisphere) of H67D mice (n=8, mean, 1.950, SD=1.390) are not
significantly difference when compared with WT mice (n=8, mean, 1.022, SD=0.204;
P=0.082). Error reported as SD.
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H67D mice show increased levels of antioxidant response regulation protein, Nrf2 (nuclear
factor-erythroid 2 related factor), in response to intracerebral hemorrhage (ICH).

Nrf2 Levels in ipsilateral (ICH-induced hemisphere) of H67D mice (n=8, mean, 1.28,
SD=0.38) are significantly higher when compared with wild-type (WT) mice (n=8, mean,
0.862, SD=0.327; P=0.0339). Error reported as SD, */<0.05. Nrf2 Levels in contralateral
(non-1CH-induced hemisphere) of H67D mice (n=8, mean, 0.916, SD=0.273) are not
significantly different when compared with WT mice (n=8, mean, 0.836, SD=0.567;
P=0.724). Error reported as SD, */<0.05.
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Figure®6.
H67D mice show increased levels of antioxidant protein, GPX4 (glutathione peroxidase 4),

in response to intracerebral hemorrhage (ICH).

GPX4 levels in ipsilateral (ICH-induced hemisphere) of H67D mice (n=8, mean, 1.349,
SD=0.662) are significantly higher when compared with wild-type (WT) mice (n=8, mean,
0.772, SD=0.300; P=0.0413). Error reported as SD, *P<0.05. GPX4 levels in contralateral
(non-1CH—-induced hemisphere) of H67D mice (n=8, mean, 1.172, SD=0.564) are not
significantly different when compared with WT mice (n=8, mean, 1.030, SD=0.116;
P=0.495). Error reported as SD.
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