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Purpose: Ischemic stroke is a high-incidence disease that threatens human well-being. The potent neuroprotective effects render
reactive oxygen species (ROS) scavengers potential agents for acute ischemic stroke therapy. Challenges such as inadequate
permeability across the blood-brain barrier (BBB), limited half-life, and adverse effects hinder the widespread utilization of small
molecule and inorganic ROS scavengers. Thus, there is an urgent demand for efficacious neuroprotective agents targeting ischemic
stroke. Our study discovered the superoxide dismutase (SOD)-mimetic activity of recombinant human heavy chain ferritin (rtHF)
nanoparticles expressed from Escherichia coli (E. coli). Subsequent investigations delved into the ROS-scavenging proficiency of rHF
within neural cells, its therapeutic efficacy against ischemic stroke, and the elucidation of its neuroprotective mechanisms.
Methods: rHF protein nanoparticles were expressed in E. coli and purified via size-exclusion chromatography. The superoxide anion
(*O,") scavenging SOD-mimetic activity of rHF nanoparticles was measured using a SOD detection kit. The ROS scavenging ability
and protection effects against oxidative damage of rHF nanoparticles were studied in H,O,-induced PC12 cells. Therapeutic effects
and neuroprotective mechanisms of rHF against ischemic stroke were investigated with transient middle cerebral artery occlusion
(MCAO) reperfusion mice model.

Results: rHF nanoparticles can eliminate excessive ROS in nerve cells and alleviate oxidative damage. The results of animal
experiments demonstrated that rHF nanoparticles passed across BBB, reduced infarct areas in brain tissue, and lowered the
neurological deficit score of ischemia-reperfusion model mice. Additionally, rHF nanoparticles mitigated neuronal apoptosis and
ferroptosis, suppressed microglial activation, maintained oxygen homeostasis, and exhibited negligible organ toxicity.

Conclusion: rHF nanoparticle could be developed as a new ROS scavenger for nerve cells and has therapeutic potential as a drug for
cerebral ischemia-reperfusion injury.
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Introduction

Stroke is the second-leading cause of death and the third-leading cause of death and disability globally, and the incidence
has increased continually in the past 30 years.' Ischemic stroke, accounting for almost 80% of all strokes, causes a constant
medical burden to society.” Currently, the methods for ischemic stroke treatment include thrombolysis, thrombectomy, and
neuroprotective therapies to restore cerebral blood flow and protect brain function.** Nonetheless, owing to the constrained
therapeutic time window of 4.5 hours following the onset of stroke, only a minority of patients can avail themselves of
timely and effective thrombolytic therapy.” In addition, the efficacy of these treatments is restricted by secondary damages
mainly caused by oxidative stress, excitotoxicity, apoptosis, and neuroinflammation.®” Reperfusion after thrombolytic
therapy causes excessive production of harmful reactive oxygen species (ROS), such as superoxide anion radicals (O, "),
hydroxyl radicals (*OH), hydrogen peroxide (H,O,), and nitric oxide (NO), leading to increased neuronal death through
protein oxidation, DNA damage, and lipid peroxidation.® Thus, ROS scavenging-based neuroprotective therapy becomes
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and manganese dioxide ™ ~) have been proven as promising approaches for efficient treatments for
stroke. Nevertheless, the clinical utilization of small-molecule ROS scavengers or nano-antioxidants is hampered by their
abbreviated half-life, limited bioavailability, inadequate permeation across the blood-brain barrier (BBB), and potential off-
target side effects.”’ Hence, the imperative need arises for the development of agents possessing robust ROS scavenging
activity and favorable physicochemical properties to address the treatment of ischemic stroke.

Ferritin is a cage-like protein nanoparticle that binds and stores iron in various organisms. Recombinant human heavy
chain ferritin (rHF) can be self-assembled from 24 subunits to form protein cages in vitro with an outer diameter of 12

nm and an inner cavity of 8 nm.?!

rHF can encapsulate many inorganic particles and small molecule drugs, making it
a widely used drug delivery carrier.”*** Furthermore, rHF exhibits the ability to traverse the BBB by binding to mouse
T-cell immunoglobulin mucin receptor 2 (TIM-2) or human transferrin receptor 1 (TfR1), both of which are prominently
expressed in the endothelial cells of the BBB. This characteristic endows rHF with inherent nanocarrier properties for
efficient transport across the BBB.?*2” Moreover, heavy chain ferritin exerts inhibition on tumor necrosis factor (TNF)-
induced apoptosis by mitigating the accumulation of reactive oxygen species (ROS)*® and diminishing iron-dependent
ferroptosis through the chelation of excessive iron ions.””*" These findings suggest that rHF is a potential agent for
treating ROS-related brain diseases, such as ischemic stroke, Alzheimer’s disease (AD), and Parkinson’s disease (PD).

24.27 its inherent

Nonetheless, while rHF has previously been employed solely as a carrier for brain-targeted drug delivery,
neuroprotective properties and therapeutic effects on ischemic stroke remain unexplored.

The current study showcased the superoxide dismutase (SOD) mimetic activity of rHF nanoparticles purified from
Escherichia coli (E. coli). Subsequently, we investigated the in vitro ROS-scavenging capacity of rHF and its therapeutic
effectiveness in mitigating ischemic stroke using an ischemia-reperfusion mice model. The results showed that rHF
nanoparticles exhibit effective ROS scavenging ability and protect PC12 neuronal cells from free radical-induced
oxidative damage. Furthermore, rHF nanoparticles demonstrate the ability to traverse the BBB, leading to reduced
infarct areas, inhibition of neuronal apoptosis and ferroptosis within brain tissue, and suppression of microglial
activation. These findings collectively underscore the promising efficacy of rHF nanoparticles in neuroprotective therapy
for ischemic stroke. Taken together, rHF nanoparticles offer a novel therapeutic strategy for neuroprotection and prevent

the injury induced by reperfusion in ischemic stroke.
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Materials and Methods

Materials

2-6 nm cerium oxide (CeO,) nanoparticles were purchased from Nanjing XFNANO Materials Tech Co., Ltd (Nanjing,
China). PD-10 Sephadex™ G-25 columns were from Cytiva (Buckinghamshire, UK). Anti-B-cell lymphoma-2 (Bcl-2)
rabbit polyclonal antibody, anti-ionized calcium-binding adaptor molecule-1 (Iba-1) rabbit polyclonal antibody, anti-
glutathione peroxidase 4 (GPX4) rabbit polyclonal antibody, and fluorescein isothiocyanate (FITC) TUNEL Cell
Apoptosis Detection Kit were from Servicebio (Wuhan, China). Anti-hypoxia-inducible factor 1la (HIF-l1a) rabbit
polyclonal antibody was bought from XY-Bioscience (Shanghai, China). SOD Assay Kit was from Dojindo
Laboratories (Kumamoto, Japan). H2ZDCFDA (DCFH-DA) was purchased from UElandy Inc. (Suzhou, China).
PC12 cell line was obtained from iCell (Shanghai, China) and bEnd.3 cell line was from the BeNa Culture Collection
(Beijing, China). RPMI-1640 medium, Dulbecco’s modified Eagle’s medium (DMEM), and fetal bovine serum (FBS)
were procured from Gibco/Life Technologies (New York, USA).

Expression and Purification of rHF Protein

The construction of rHF expression vector and protein purification was conducted according to the previously reported
method.?' In summary, the sequence encoding rHF (Gene ID: 2495) was inserted into the plasmid pET28a using the Ndel
and Xhol restriction enzyme sites. This configuration ensured that the 6xHis tag present in the plasmid would be fused to
the amino terminus of the expressed rHF protein. The recombinant plasmid (pET28a-rHF) was transformed into E. coli
cells of the Rosetta (DE3) strain and positive clones were cultured in Luria-Bertani (LB) medium with 50 pg/mL
kanamycin and 34 pg/mL chloromycetin at 37 °C until the ODg( reached approximately 0.5. Then, rHF protein expression
was induced with 1 mM isopropyl-B-D-thiogalactoside (IPTG), and cells were cultured at 20 °C for an additional 18 h under
constant shaking. After incubation, the cells were collected by centrifugation (5000 g, 10 min), and cell pellets were
resuspended in assembly buffer (20 mM Tris-HCI, 50 mM NaCl, pH 8.0) for sonication on ice for 40 min. The lysate was
heated at 70 °C for 20 min, followed by centrifugation at 10,000 g at 4 °C for 40 min to precipitate the proteins. The
supernatant was filtered using a 0.22-um filter and subjected to size-exclusion chromatography (GE Healthcare, Uppsala,
Sweden) on a Superose 6 column to purify the rHF protein. The endotoxin in purified protein was removed using an
EtEraser ™ endotoxin removal kit (BIOENDO, Xiamen, China). Subsequently, the protein was concentrated by ultrafiltra-
tion (MW cutoff 100 kDa, Merck Millipore, Germany). The concentration of purified protein was determined using a BCA
protein assay kit (Beyotime, Shanghai, China), according to the manufacturer’s instructions.

Characterization of rHF Nanoparticles

The purified rHF protein was verified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The
hydrodynamic size of rHF nanoparticles in the assembly buffer was determined based on dynamic light scattering (DLS),
and zeta potential was measured based on phase analysis light scattering (PALS) on NanoBrook 90Plus PALS
(Brookhaven, USA). DMEM or DMEM with 10% FBS was used to simulate blood plasma in vitro. The rHF
nanoparticles were dissolved in DMEM or DMEM with 10% FBS for 2 or 3 days, and the stability of rHF nanoparticles
was evaluated by testing hydrodynamic size based on DLS. The protein cages were also characterized using transmission
electron microscopy (TEM). Briefly, a drop of rHF nanoparticles containing 0.5 mg/mL protein was placed onto
a carbon-coated copper grid and stained with 2% phosphotungstic acid (pH 7.4). The dried grids were observed using
a 200 kV field-emission transmission electron microscope (JEM-2100F, JEOL Ltd, Japan), and images were further
analyzed using Image J software.

Evaluation of the SOD Mimetic Activity of rHF Nanoparticle

The superoxide anion (O, ) scavenging activity of rHF nanoparticles was assessed based on the SOD inhibition rate with
a commercially available SOD detection kit (Dojindo Laboratories, Japan). The steps were as follows: Step 1, 20 uL rHF
solution of different concentrations (0.03, 0.06, 0.13, 0.25, 0.5, 1, 2, and 4 mg/mL) was added into the sample well of a 96-well
plate, and 20 pL rHF solution of 4 mg/mL was added into blank 2 wells, respectively. Instead, 20 uL of deionized water was
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added into blank 1 and blank 3 wells, respectively. Step 2, 200 uLL WST working solution was added into each well. In step 3, 20
pL of dilution buffer was added into blank 2 and blank 3 wells, while 20 pL of enzyme solution was added into the sample and
blank 1 wells. In step 4, the plate was incubated at 37 °C for 20 min, and ODys, was recorded on a microplate reader (Model
680, Bio-Rad, USA). The inhibition rate of SOD was -calculated according to the following formula:
The Inhibition Rate of SOD (%) = [(Ablanki — Ablank3) — (Aample — Ablank2)]/ (Ablank1 — Ablank3) X 100 (Agample; Ablank1
Abplank2, and Apjanks represent the ODysg of sample, blank1, blank2, and blank3, respectively)

Evaluation of Cytotoxicity and Protection of PC|2 Cells with rHF Against H,O,-Induced

Oxidative Damage
The cytotoxicity of rHF nanoparticles in the PC12 cell line was detected by the cell counting kit-8 (CCK-8) assay. Briefly,
cells in RPMI 1640 with 10% FBS were seeded in 96-well plates at a density of 10* cells/well and incubated for 12 h to
allow cell attachment. Then, the cells were treated with rHF at final concentrations of 3.125, 6.25, 12.5, 25, 50, 100, 200,
and 400 pg/mL, respectively. An equal volume of phosphate-buffered saline (PBS) was used to treat the control group.
After 24 h of incubation, the medium was removed and 110 uL of medium containing 10 pL. of CCK-8 reagent was added
to each well and incubated for an additional 4 h. Subsequently, OD,4s, was measured, and the relative cell viability was
calculated using the following formula: Relative Cell Viability(%)= (Asample —Ablank) / (Acontrol—Ablank ) X 100 (Agample
represents the ODyso of a well with cells, CCK-8 reagent, and sample solution, A.onwo1 represents the ODysq of the control
well with cells and CCK-8 reagent, without substance solution, and Ay, represents the ODysq of the well with medium
and CCK-8 reagent, without cells).

CCK-8 assay was also used to detect the reverse damage of rHF on PC12 cells induced by H,O,. Briefly, PC12 cells
(10* cells/well) were seeded in 96-well plates. After cell adherence, a mixture of H,O, (500 pM) and various concentrations
of rHF was added to each well and incubated for another 24 h before determining the cell viability by CCK-8 assay.

ROS Scavenging Ability of rHF Nanoparticles in PC12 Cell Line

PC12 cells were seeded in 96-well plates at a density of 2x10* cells/well and incubated for 12 h to allow cell adhesion.
Then, the cells were pre-stained with 10 uM of ROS probe DCFH-DA for 30 min and incubated with H,O, (500 uM) and
different concentrations of rHF nanoparticles (0, 12.5, 25, 50, 100, 200, and 400 pg/mL) for 2 h. Additionally, the blank
control group was devoid of both H,O, and drugs, while all other experimental conditions remained consistent with those
of the experimental group. The cells were analyzed for ROS generation after 2 h on a cell imaging multimode reader at
excitation and emission wavelengths of 488 and 528 nm, respectively. The ROS was calculated using the following
formula: % of Control = Egmple/Econtrol X 100. Subsequently, the cells were fixed with 4% paraformaldehyde and
photographed by light microscopy.

Labeling rHF Nanoparticles with Cy5.5

For fluorescence imaging, Cy5.5 was used to label rHF protein nanoparticles. Cy5.5 N-hydroxysuccinimide (NHS) ester
(Cy5.5 NHS ester, GE Healthcare, USA) was incubated with rHF nanoparticles in sodium bicarbonate (0.1 M, pH 8.5) at
the molar ratio of 10 Cy5.5 per rHF nanoparticle for 12 h. Subsequently, the mixture was purified on PD-10
Sephadex™ G-25 columns in PBS at pH 7.4 to remove free Cy5.5 dye and concentrated by ultrafiltration (MW cutoff
100 kDa, Millipore, Germany).

In vitro Endocytosis Assay
PC12 or bEnd.3 cells (10° cells/well) were seeded in confocal dishes and incubated for 12 h. After cell adherence, 25 pg/
mL of Cy5.5-rHF nanoparticles were added, while the negative control group was treated with an equal volume of PBS.
After incubation for 2 h, the cells were fixed with 4% paraformaldehyde and stained with 4’,6-diamidino-2-phenylindole
(DAPI). The cell fluorescence of Cy5.5 (Ex 673 nm/Em 707 nm) and DAPI (Ex 358 nm/Em 461 nm) was analyzed by
Zeiss LSM 880 confocal microscopy.
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In vitro BBB Transcytosis Assay

Mouse brain microvascular endothelial bEnd.3 cell line was used to establish an in vitro BBB model by transwell
assay. Briefly, 5x10* bEnd.3 cells were seeded in the upper chambers (3 um, Corning, USA) and incubated for
several days until the trans-endothelial electrical resistance reached 200 ohm-cm?. Then, the PC12 cells were
cultured in the lower chambers at a density of 5x10* cells/well. After cell adherence, different concentrations of
Cy5.5-1abeled rHF nanoparticles (25, 50, and 100 pg/mL) were added in the upper chambers for 24-h incubation.
Subsequently, PC12 cells were fixed with 4% paraformaldehyde and stained with DAPI. Finally, the internaliza-
tion of Cy5.5-rHF in PCI12 cells was observed by fluorescence microscopy using excitation at 673 nm and

emission at 707 nm.

In vivo Animal Experiments

Male C57BL/6 mice (4—6-weeks-old) were purchased from Zhuhai BesTest Bio-Tech Co., Ltd (Zhuhai, China). All
animal experiments were performed in Shenzhen TOP Biotech Co., Ltd (Shenzhen, China) in compliance with the
guidelines established by the Chinese Institutional Animal Care and Use Committee with the approval of the Animal
Ethics Committee in the Eighth Affiliated Hospital of Sun Yat-sen University (2023-029-01). The transient middle
cerebral artery occlusion (MCAO) mice model was established to evaluate the protective effects of rHF treatment
against ischemia-reperfusion after stroke. In brief, the MCAO mice model was induced by inserting a filament with
a silicone tip into the carotid bifurcation along the internal carotid artery, up to the origin of the middle cerebral
artery, for 30 minutes. Subsequently, the filament was withdrawn to allow reperfusion. Conversely, the sham
operation group underwent a procedure akin to the MCAO model, excluding silicone filament embolization. The
MCAO model mice were randomly divided into saline and rHF (10, 20, and 30 mg/kg) treatment groups. After
reperfusion, the samples were dispersed in 200 pL saline and immediately injected at the caudal vein. The
neurological scores of MCAO mice after treatment were determined within 2 days using a Zea-Longa scoring
system. Subsequently, the brain tissues were separated and washed with saline before slicing into six 2-mm sections.
These brain slices were stained with 2% of 2,3,5-triphenyltetrazole chloride (TTC), followed by fixing in 4%
paraformaldehyde for imaging and quantification. Then, brain sections were embedded in paraffin, sectioned, and
processed for hematoxylin and eosin (H&E) staining, Nissl staining, and deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick-end labeling (TUNEL) Hoechst costaining. The expression levels of Bcl-2, GPX4,
HIF-1a, and Iba-1 (a marker of microglia) in brain sections were examined by immunofluorescence (IF) staining.
The internalization of rHF in the brain tissue of MCAO model mice was additionally assessed through immuno-
fluorescence staining (IF) utilizing an Alexa Fluor 488 anti-6xHis tag monoclonal antibody (Abcam, UK), known
for its specific binding to 6xHis tag labeled rHF.

Toxicity Evaluation of rHF in vivo

Two days post-treatment, hearts, livers, spleens, lungs, and kidneys were collected from both Sham and MCAO mice and
fixed in 4% paraformaldehyde. Subsequently, the organs were embedded in paraffin, sectioned, and subjected to H&E
staining. Images of the H&E-stained sections were captured using a Nikon Ni-E camera (Nikon, Minato, Japan).
Additionally, blood indicators of organ dysfunction, including blood urea, creatinine, alanine aminotransferase (ALT),
and aspartate aminotransferase (AST), were assessed.

Statistical Analysis

Data are presented as the mean + standard deviation (SD). Multiple groups were compared using one-way analysis of
variance (ANOVA), followed by Bonferroni’s multiple comparisons. The results between the two groups were compared
by unpaired #-test using GraphPad Prism. Differences of *P < 0.05, **P < 0.01, and ***P < 0.001 were considered
statistically significant.
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Results and Discussion

Purification and characterization of rHF protein nanoparticles

The rHF protein was expressed in E. coli, purified via size-exclusion chromatography, and concentrated by ultrafiltration.
SDS-PAGE displayed a major band of purified rHF with a molecular mass of approximately 20 kDa (Figure 1a), which is in
accordance with the reported molecular mass of 21 kDa.>' The TEM images verified homogenous spherical cage-like
structures of rHF nanoparticles (Figure 1b). The DLS results indicate a single distribution of rHF nanoparticles with an
average diameter of 10.87 + 0.8 nm (Figure 1c). The zeta potential of rHF nanoparticles in the assembly buffer was —11.73 +
1.05 mV (Figure S1). The stability of tHF nanoparticles in vitro was assessed in DMEM or DMEM supplemented with 10%
fetal bovine serum (FBS), which simulates blood plasma. As depicted in Figure S2, following incubation of rtHF nanoparticles
with DMEM or DMEM supplemented with 10% FBS for 2 or 3 days, there was no significant alteration in the hydrodynamic
size of rHF. This observation suggests that rHF nanoparticles may maintain stability in blood plasma.

rHF Nanoparticles Have SOD Mimetic Activity in vitro

The superoxide anion (*O, ) scavenging SOD-mimetic activity of rHF nanoparticles was measured using a SOD
detection kit. Figure 1d demonstrates that rHF nanoparticles exhibit inhibition of WST-1 in a manner comparable to
the activity of the SOD enzyme, with a 50% inhibitory concentration (ICso) of 0.82 mg/mL. The response of rHF to
scavenging *O, is shown in Figure le. The SOD enzyme functions by scavenging ROS and mitigating oxidative damage
within cells.”" It has been reported that the ferritin heavy chain displays ferroxidase activity and attenuates the induction
of ROS and apoptosis through the sequestration of iron.”®** Additionally, ferritin heavy chain-mediated iron depletion
facilitates the disposal of H,O, catalases and peroxidases, thereby impeding the formation of highly reactive hydroxyl
radicals (+*OH).>* The combined SOD-mimetic activity and ferroxidase activity of rHF may render it suitable for
effectively removing excessive ROS within cells.
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Figure | Purification and characterization of rHF nanoparticles. (a) SDS-PAGE analysis of the purified rHF monomer protein. The molecular mass of rHF is 21 kDa. (b) TEM

images of rHF nanoparticles. Scale bar = 20 nm. (c) Size distribution of rHF nanoparticles analyzed via DLS. (d) Evaluation of superoxide anion (*O, ) scavenging activity of
rHF nanoparticles via SOD inhibition rate, ICsq: 0.82 mg/mL. (e) Schematic illustration of SOD mimetic rHF for scavenging *O, .
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Cytotoxicity and ROS Scavenging Effects of rHF Nanoparticles in PCI12 Cells

The rat adrenal medulla pheochromocytoma PC12 cell line possesses general characteristics of neuroendocrine cells,
making it a widely utilized model in the fields of neuropharmacology and neurophysiology research.'® Therefore, PC12
cells damaged by ROS oxidation comprised the cell model for ischemic injury in stroke to evaluate the protective effect
of rHF on PC12 cells against H,O,-induced oxidative damage. Initially, the cytotoxicity of rHF nanoparticles in PC12
cells was evaluated following a 24-hour co-incubation period. As shown in Figure 2a, different concentrations of rHF
exhibited no cytotoxicity to PC12 cells. Also, the ability of rHF nanoparticles to enter PC12 cells was evaluated.
Fluorescent images showed that Cy5.5-labeled rHF enter PC12 cells and are presented in the cytoplasm (Figure 2b).
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Figure 2 Cytotoxicity and ROS scavenging effects of rHF nanoparticles in PCI2 cells. (a) Relative cell viability of PCI2 cells following treatment with different
concentrations of rHF nanoparticles for 24 h (n = 4). (b) Representative fluorescent image of Cy5.5-labeled rHF in PCI2 cells, Scale bar = 20 um. (c) Relative ROS in
PCI2 cells after treatment with H,O, (500 tM) and various concentrations of rHF for 2 h (n = 4). (d) Relative cell viability of PCI2 cells post-treatment with H,O, (500 uM)
and different concentrations of rHF for 24 h (n = 4). (e) Representative images of PC12 cells post-treatment with H,O, (500 pM) and various concentrations of rHF for 2 h,
Scale bar = 100 um. **P < 0.0, ***P < 0.001, and ns indicates no significant difference.
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Exposure to 500 uM of H,0O, induced a substantial increase in ROS levels in PC12 cells, leading to significant inhibition
of cell viability and alteration of cell morphology from polygonal to round. Nevertheless, tHF effectively scavenged
intracellular ROS, thereby reducing oxidative damage and inhibiting H,O,-induced cell morphological changes in
a dose-dependent manner (Figure 2c—e). In addition, we compared the ROS scavenging ability and protection against
oxidative damage of rHF with the CeO, ROS scavenger. The results demonstrated that 20 pg/mL of CeO, cannot reverse
the ROS increase and 500 pM H,0,-induced cell damage, while an equivalent dose of rHF exhibited superior

performance (Figure S3).

Penetrative Capacity of rHF Nanoparticle Across BBB

The BBB serves as a barrier that restricts the exchange of molecules between the central nervous system and peripheral
blood circulation. Consequently, traversing the BBB is imperative for effective drug delivery aimed at treating cerebral
ischemic stroke. In this study, cellular uptake of Cy5.5-labeled rHF by brain microvascular endothelial bEnd.3 cell line,
the main component of BBB, was investigated by confocal microscopy. Fluorescence images revealed that Cy5.5-labeled
rHF penetrates bEnd.3 cells and exists in the cytoplasm (Figure 3a). We also performed a transwell assay for the
coculture of bEnd.3 and PC12 cells to simulate the BBB model and evaluated the permeability of Cy5.5-labeled rHF
(Figure 3b). As shown in Figure 3c, rHF is transported across the bEnd.3 cells after 24-h incubation and was taken up by
PCI12 cells in the lower chamber. After cerebral ischemia-reperfusion, BBB is disrupted and opens transiently.** Only
a limited proportion of nanoparticles gain access to the brain lesion through the compromised BBB area. rHF can traverse
the BBB via mouse TIM-2 or human TfR1 receptor-mediated transcytosis.”® Hence, the permeability of rHF across the
BBB will augment its accumulation in the brain lesion for stroke therapy. The internalization of rHF in the brain tissue of
MCAO mice models following intravenous injection was investigated via immunofluorescence (IF) staining. Fluorescent
images revealed the entry of rHF into the brain tissue, where it was taken up by nerve cells (Figure S4).

Therapeutic and Neuroprotective Effects of rHF Against Ischemia-Reperfusion in vivo
To investigate the therapeutic efficacy of rHF nanoparticles in vivo, the MCAO mice model was employed to simulate
ischemia-reperfusion injury following stroke. Subsequently, MCAO mice were administered rHF via tail vein injection
after the reperfusion procedure. The neurological deficit scores of the MCAO mice were evaluated for 2 days following
the treatment. 48 h post-reperfusion, the brain tissues were sliced, and cerebral infarct volumes were measured by TTC
staining, showing red in the stained normal regions and white in the infarction areas. The entire schedule of the mouse
experiments is presented in Figure 4a. The results showed that the infarct volume in the saline group was approximately
32.9 £ 12.8%, while the brain infarct area of rHF-treated mice significantly decreased in a dose-dependent manner. The
infarct volumes decreased to ~8.4 + 3.1% at an optimal concentration of 30 mg/kg of rHF (Figures 4b, ¢ and S5). The
neurological deficit scores of MCAO mice after rHF (30 mg/kg) treatment also decreased significantly from 2.3 to 1.0
(Figure 4d).

Additionally, the neuroprotective effect of rHF was further investigated through pathological analysis of the brain
tissue. Firstly, H&E staining of the brain sections in MCAO mice treated with saline displayed massive necrosis at the
infarction site. In contrast, tHF (30 mg/kg) treatment decreased the area of necrosis (Figure 5a, top panel). Then,
neuronal damage in the infarcted area of MCAO mice was examined by Nissl staining. The results revealed a significant
decrease in the number of intact neurons within the infarcted area of MCAO mice treated with saline, as compared to the
sham-operated control group. Moreover, the intact neurons exhibited irregular morphology and disordered arrangement.
However, after treatment with rHF (30 mg/kg) for 2 days, the neuron damage in brain tissue decreased apparently
(Figure 5a, middle panel).

Moreover, a TUNEL-Hoechst costaining assay was performed to investigate neuronal apoptosis within the infarcted
area. The results revealed typical apoptotic features in the infarcted area of MCAO mice in the saline-treated group,
whereas the rHF (30 mg/kg)-treated group showed reduced apoptosis of neurons (Figure 5a, bottom panel). The
expression levels of Bcl-2, suppressing apoptosis in infarcted areas, were examined by IF staining. Compared to the
saline group, the expression levels of Bcl-2 were much higher in the rHF group and were similar to those in the sham
group (Figures 5b, d and S6).
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Figure 3 Permeability of rHF nanoparticles across BBB model. (a) Intracellular trafficking of Cy5.5-labeled rHF nanoparticles in bEnd.3 cells, Scale bar = 20 pum. (b)
Schematic illustration of the transwell assay for constructing the BBB model in vitro. (c) Internalization of penetrative rHF nanoparticles in the lower chamber of the system
with PC12 cells after transporting across BBB for 24 h, Scale bar = 100 um.

Ferroptosis is a form of regulated cell death initiated by oxidative stress, characterized by iron-dependent accumulation of
lipid peroxidation. It has been implicated in ischemia-reperfusion injury.>> >’ Neurons respond to ferroptotic stimuli by inducing
selenoproteins, such as the antioxidant GPX4.> It has been reported that ferritin protects against iron-mediated neurotoxicity and
ferroptosis through mechanisms involving iron chelation.*® Ferritin is also documented to inhibit hippocampal neuronal
ferroptosis induced by cerebral ischemia, achieved through the downregulation of ferroptosis inducers such as p53 and
SLC7A11.* To investigate the anti-ferroptosis effect of rHF, we examined the GPX4 expression in brain tissue of MCAO
mice by IF. As shown in the results, ischemia-reperfusion induced the expression of GPX4 in the saline-treated group compared

to the sham-operated control group. However, no increase was observed in the expression of GPX4 in the rHF-treated group
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Figure 4 Therapeutic effects of rHF against ischemia-reperfusion after stroke. (a) The schedule of in vivo animal experiments. (b) Representative images of TTC-stained brain
slices after treatment with rHF (30 mg/kg) for 2 days in the MCAO mice model. (c) Corresponding infarct areas of different groups were analyzed by Image ProPlus (n = 4-5). (d)
Zea-Longa neurological scores of mice after different treatments for 2 days (n = 4). **P < 0.0l and ***P < 0.001.

(Figures 5c, e and S7). These findings suggest that the alleviation of cerebral ischemia-reperfusion injury by rHF may involve the
inhibition of ferroptosis as one of its mechanisms.

Collectively, these results indicate that rHF effectively reduces infarct volume and mitigates neuronal damage,
thereby exerting a protective effect against injuries induced by ischemia-reperfusion in stroke.
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Figure 5 Evaluation of damages in the brain of MCAO mice post-treatment. (a) Representative photomicrographs of H&E staining, Nissl staining, and TUNEL-Hoechst
costaining (Green: TUNEL; Blue: Hoechst) of brain tissues from different treatment groups, Scale bar = 1000 um. Bcl-2 (b) and GPX4 (c) expression in brain sections from
different treatment groups examined by IF staining (n = 3), Scale bar = 50 um. The percentage of Bcl-2" cell area (d) and GPX4" cell area (e) in IF images analyzed with Image
J (n = 15); #*P < 0.001.

rHF Suppresses Microglial Activation and HIF-1o Expression in Ischemic Stroke

Neuroinflammation is initiated during ischemia-reperfusion injury, typically characterized by microglial activation as
a hallmark feature.***' Therefore, we evaluated microglial activation based on the expression level of Iba-1 (a marker of
microglia) in the brain sections of MCAO mice by IF. Compared to the sham group, the expression level of Iba-1 in
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microglial cells was significantly elevated in brain sections of MCAO mice treated with saline, indicating activation of
microglia in response to ischemia-reperfusion injury. After treatment with tHF (30 mg/kg) for 2 days, the expression of
Iba-1 in microglia was decreased markedly (Figures 6a, ¢ and S8). This result suggests that rHF treatment mitigates
microglial activation.

HIF-1a serves as a crucial regulator of oxygen homeostasis, with its expression rapidly upregulated following
cerebral hypoxia/ischemia. HIF-1a plays multifaceted roles in the pathophysiology of cerebral ischemia, encompassing
heightened inflammation, augmented apoptosis, and compromised integrity of the BBB.**** Next, we measured the
expression level of HIF-1a in the brain sections of MCAO mice 48 h post-reperfusion via IF. The expression of HIF-1a
was significantly higher in the saline-treated group, while rHF (30 mg/kg) treatment suppressed HIF-la expression
(Figures 6b, d and S9). These findings indicate that rHF mitigates neuroinflammation and preserves oxygen homeostasis

in ischemic stroke.

Toxicity of rHF in vivo

To explore the biotoxicity of rHF in vivo, the vital organs of different treatment groups were used for histopathological
analysis by H&E staining. The images of major organs (heart, liver, spleen, lung, and kidney) showed no significant
pathological toxicity between the sham and treatment groups (Figure 7a). Furthermore, the concentrations of ALT, AST,
urea, and creatinine in the blood of rHF-treated MCAO mice exhibited no significant alterations compared to saline-
treated mice(Figure 7b—e). These results suggest that rHF did not exhibit observable in vivo toxicity.
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Figure 6 Microglia activation and oxygen homeostasis-related protein expression in the brain of MCAO mice after different treatments. Iba-1 (a) and HIF-1a (b) expression
in brain sections from different treatment groups examined by IF staining (n = 3), Scale bar = 50 um. The mean fluorescence intensity (MFI) of Iba-1" cells (c) and HIF-la"
cells (d) in IF images analyzed with Image | (n = I5); ***P < 0.001.
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Figure 7 Biotoxicity of rHF in vivo. (a) H&E-stained tissue sections (heart, liver, spleen, lung, and kidney) from sham or MCAQ mice after intravenous injections of saline or
rHF (30 mg/kg), scale bar = 50 pm.(b) The concentrations of ALT in the blood of sham or MCAO mice. (c) The concentrations of AST in the blood of sham or MCAO mice.
(d) The concentrations of urea in the blood of sham or MCAO mice. (e) The concentrations of creatinine in the blood of sham or MCAO mice.

Conclusion

In summary, our findings demonstrate that rHF nanoparticles possess SOD mimetic activity, effectively eliminating
excessive ROS in nerve cells and mitigating oxidative damage. Upon systemic administration, rHF nanoparticles traverse
the BBB, thereby reducing oxidative damage, apoptosis, and ferroptosis of neurons while also suppressing inflammation-
induced injury by inhibiting microglia activation and HIF-1a expression in the brain tissue of MCAO model mice. These
results highlight the therapeutic potential of rHF as a treatment for cerebral ischemia-reperfusion injury. Additionally,
given that rHF nanoparticles serve as widely utilized drug carriers, they could be combined with other small-molecule
medicines to enhance the treatment of ischemic stroke.
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