Nootkatone confers MAOB-dependent neuroprotection against ferroptotic injury via brain-targeted nanoparticle delivery in ischemic stroke
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Supplemental methods
1 In vivo drug administration
NKT, HA-PEG-NKT, the HA-PEG carrier, ML385, and Edaravone were freshly prepared on the day of administration. Each compound was first dissolved in dimethyl sulfoxide (DMSO) and then diluted with sterile saline to ensure a final DMSO concentration of less than 2% in all injections. In the transient middle cerebral artery occlusion model, free NKT was administered through the tail vein at 10, 30, or 90 mg/kg at the onset of reperfusion. HA-PEG-NKT was injected through the tail vein at a NKT equivalent dose of 30 mg per kg, and the HA-PEG carrier was given through the tail vein at a lipid dose matched to the HA-PEG-NKT group. To confirm MAOB isoform selectivity, clorgyline, an irreversible and selective MAOA inhibitor, was dissolved in DMSO and diluted with sterile saline and administered intraperitoneally at 3 mg/kg at the onset of reperfusion1. When pathway inhibition was required, the Nrf2 inhibitor ML385 was administered intraperitoneally at 30 mg/kg at the same time to examine Nrf2 dependence2. Edaravone was administered through the tail vein at 3 mg per kg as a reference neuroprotective treatment3.
2 Stereotaxic lentiviral injection
Lentiviral vectors encoding Nrf2-targeting shRNA (LV-shNrf2, shRNA sequence: 5′-CTTACTCTCCCAGTGAATA-3′) or a non-targeting scramble control shRNA (LV-shNC) were constructed by GenePharma (Shanghai, China). Seven days before MCAO surgery, mice were anesthetized with isoflurane and positioned in a stereotaxic frame. Three cortical injections of concentrated lentiviral suspension (1×10⁹ TU/mL, 1.4 μL per site) were administered ipsilateral to the subsequent ischemic hemisphere at the following coordinates relative to bregma: 0.3 mm anterior, 0.8 mm posterior, and 1.9 mm posterior; all sites were 3.0 mm lateral to the sagittal suture and 2.0 mm deep from the skull surface. Each injection was delivered at a constant rate using an automated microinjection pump, and the needle was retained at each target site for 7 min before slow withdrawal to minimize reflux and ensure optimal lentiviral absorption. Knockdown efficiency was confirmed by western blotting of ipsilateral cortical tissue collected at the experimental endpoint.
3 Open Field Test
The open field test was performed to assess locomotor activity after ischemic injury. Each mouse was gently introduced into one corner of a square arena and allowed to explore freely for five minutes in a quiet environment with uniform illumination. Behavioral sessions were recorded with an overhead camera and analyzed using the ANY-maze tracking system (Stoelting). The software processed the video through automated background subtraction and frame-by-frame object recognition, which enabled reliable detection of the animal and continuous identification of the centroid of the body outline. Positional coordinates obtained across frames were used to reconstruct locomotor trajectories, and the total distance traveled was quantified as the primary measure of motor performance. The arena was cleaned with 75% ethanol between animals to prevent odor-related interference. All behavioral assessments and data analyses were conducted by investigators blinded to group allocation.
4 Neurological severity score (NSS)
Neurological deficits were evaluated at day three using the modified neurological severity score that ranges from 0 to 18, with higher scores indicating more severe impairment4. The battery covered motor tasks, sensory function, balance, and reflexes. One point was assigned for failure on each item, including but not limited to forelimb flexion, hindlimb placing, beam balance, beam walking, startle pinna, corneal responses, and abnormal body posture. Examiners were trained to be consistent and were masked to group identity. Any discrepancies were resolved before the database lock.
5 Infarct volume quantification
At day three after MCAO, mice were deeply anesthetized, and their brains were rapidly removed and sliced into 2-mm-thick coronal sections. Sections were incubated in 1.5% 2,3,5-triphenyltetrazolium chloride (TTC, Solarbio, G3005) dissolved in phosphate-buffered saline (PBS, Procell, PB180327) at 37 °C for 15 min in the dark. After staining, slices were fixed in 4% paraformaldehyde (PFA, Servicebio, G1101) overnight at 4 °C and imaged under identical settings. The infarcted (unstained) and viable (red-stained) areas in each section were measured using ImageJ software by an investigator blinded to treatment allocation. Total infarct volume was calculated by integrating the infarct area across all slices and multiplying by section thickness, as described in our previous studies5, 6.
6 Hematoxylin and eosin (H&E) staining and histological injury scoring
At day 3 after MCAO, mice were anesthetized and transcardially perfused with cold saline. Brains and major organs (heart, liver, spleen, lung, and kidney) were harvested, fixed in 4% PFA, paraffin-embedded, and sectioned at 5 μm. Sections were deparaffinized in xylene, rehydrated through graded ethanol, stained with hematoxylin and eosin, dehydrated, cleared, and mounted. Brain sections and organ sections were examined under a light microscope for tissue injury and inflammatory/pathological alterations. 
7 Brain tissue and HT22 cells biochemical assays
On day three after MCAO, the penumbra was dissected on ice, homogenized in cold PBS, and clarified by centrifugation. In parallel, HT22 cells subjected to the indicated OGD/R treatments were collected, washed twice with ice-cold PBS, and lysed by sonication. Supernatants from both tissue and cell samples were used for biochemical analyses. For LDH release, culture supernatants were collected prior to lysis and measured using the LDH Cytotoxicity Assay Kit (Beyotime, C0016) according to the manufacturer’s instructions. Reduced glutathione (GSH, Solarbio, BC1175) content, malondialdehyde (MDA, Solarbio, BC6415) levels, and ferrous iron (Fe²⁺, Solarbio, BC5415) concentration were measured according to the manufacturer's protocols. Each experiment included independent biological replicates and predefined technical replicates performed under blinded conditions.
8 Cell viability assay
Cell viability was assessed using a CCK-8 kit (Sigma, 96992) according to the manufacturer’s protocol. After treatments, cells were incubated with CCK-8 solution for two hours at 37 °C, and absorbance was measured at 450 nm using a microplate reader. Independent biological replicates were performed with predefined technical replicates, and all measurements were conducted under blinded conditions.
9 Live/Dead cell staining assay
After treatments, the culture medium was removed, and cells were washed twice with PBS. Calcein-AM and propidium iodide reagents (Calcein-AM/PI, Beyotime, C2015M) were added, and the cells were incubated at 37 °C in the dark for thirty minutes. Live cells emitted green fluorescence from Calcein-AM, whereas dead cells exhibited red fluorescence from propidium iodide. Images were captured under identical exposure conditions using a fluorescence microscope, and quantification was performed with ImageJ software by investigators blinded to group allocation.
10 Lipid peroxidation staining
Lipid peroxidation in HT22 cells was assessed using the Lipid Peroxidation Assay Kit with BDPY 581/591 C11 (Beyotime, S0043M). After the indicated OGD/R treatments, cells were incubated with BDPY 581/591 C11 working solution at 37 °C in the dark, washed with PBS, and immediately imaged by fluorescence microscopy. Green (oxidized) and red (reduced) signals were acquired using identical settings across groups, and lipid peroxidation was quantified as the green-to-red fluorescence ratio from multiple nonoverlapping fields per sample.
11 Detection of intracellular reactive oxygen species
Intracellular reactive oxygen species (ROS) were detected using the CM-H2DCFDA reagent (Beyotime, S0036S). After treatments, cells were incubated with CM-H2DCFDA at the validated working concentration for 30 minutes at 37 °C in the dark. Fluorescence images were captured using identical exposure settings under a fluorescence microscope, and ROS fluorescence intensity was quantified within defined regions of interest using ImageJ software by blinded investigators.
12 MAOB enzymatic activity and pull-down assay
The inhibitory effect of nootkatone on recombinant human and mouse MAOB was measured using the Amplex Red monoamine oxidase assay according to the manufacturer’s instructions. Enzymes were preincubated with nootkatone for 15 min, reactions were initiated by substrate addition, and fluorescence was recorded to calculate relative activity.
For pull-down, nootkatone was chemically derivatized and immobilized on epoxy-activated Sepharose 4B beads to generate ADH–NKT beads. ADH-coupled beads were used as a negative control. Whole-cell lysates from HT22 and HEK293T cells were prepared in a non-denaturing lysis buffer supplemented with protease inhibitors, then incubated with the indicated beads at 4 °C with gentle rotation. For competition assays, lysates were preincubated with free nootkatone at the indicated excess (10:1 or 20:1) before incubation with ADH–NKT beads. Beads were washed, and bound proteins were eluted under denaturing conditions and analyzed by western blotting using an anti-MAOB antibody.
13 Molecular dynamics simulation and trajectory analysis
13.1 System preparation
Molecular dynamics (MD) simulations were conducted to evaluate the binding stability of NKT to MAOB, with selegiline included as a reference inhibitor. The MAOB structure was obtained from the AlphaFold Protein Structure Database (AF-Q8BW75-F1-v6). Missing residues and atoms were completed in CHARMM-GUI. Protein–ligand complexes were built in CHARMM-GUI Solution Builder and solvated in a cubic TIP3P water box with a minimum 10 Å buffer distance. Na⁺ and Cl⁻ were added to neutralize the system and to reach an ionic strength of 0.15 M. The CHARMM36m force field was used for the protein, and ligand parameters were generated using CGenFF via the CHARMM-GUI Ligand Reader and Modeler. Protonation states were assigned at pH 7.0 using PROPKA.
13.2 Molecular dynamics simulation protocol
MD simulations were performed in OpenMM 8.0. Each system was energy-minimized to remove unfavorable contacts, followed by equilibration using the standard CHARMM-GUI workflow with sequential NVT and NPT phases and gradual release of positional restraints. Production simulations were then run for 50 ns in the NPT ensemble at 310 K and 1 bar. Temperature was maintained using a Langevin thermostat with a friction coefficient of 1.0 ps⁻¹. Pressure was controlled using a Monte Carlo barostat with isotropic coupling. Hydrogen mass repartitioning was applied to enable a 4 fs integration time step. Long-range electrostatics were treated using PME with a 1.2 nm cutoff. Van der Waals interactions used a 1.2 nm cutoff with force switching from 1.0 to 1.2 nm. Trajectories were saved every 50 ps for subsequent analyses.
13.3 Trajectory analysis
Trajectory analyses were performed to characterize ligand stability and protein–ligand interactions. Ligand RMSD relative to the initial binding pose and hydrogen-bond occupancy were calculated using VMD 1.9.4 and MDTraj. Short-range Coulombic and Lennard-Jones interaction energies were computed using the GROMACS 2025.4 rerun module, and per-residue energy decomposition was used to identify energetic hotspots, defined as residues contributing less than −1.0 kcal/mol. To reduce equilibration bias, only frames from the last 20 ns of each trajectory were used for energy averaging. Free energy landscapes were constructed based on PCA using PC1 and PC2 as reaction coordinates, and probability densities were estimated by kernel density estimation. Figures were generated using Matplotlib and Seaborn.
14.Synthesis of HA-PEG-DSPE
To obtain the amphiphilic conjugate HA-PEG-DSPE, hyaluronic acid bearing free carboxyl groups (HA-COOH, 200 kDa; Guangzhou Tanshtech Co., Ltd, Guangzhou, China), PEG-DSPE (2k) (Guangzhou Tanshtech Co., Ltd, Guangzhou, China), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC; Sigma-Aldrich), and N-hydroxysuccinimide (NHS; Sigma-Aldrich) were used. HA-COOH (100 mg) was first dissolved in deionized water under gentle stirring. EDC (1.5 equiv relative to HA carboxyl groups) and NHS (2.0 equiv) were added to activate the carboxyl groups, and the mixture was stirred for 15–30 min at room temperature. PEG-DSPE (2K) (1.1 equiv) was separately dissolved in a minimal volume of anhydrous N,N-dimethylformamide (DMF, bringing the total organic volume to approximately 10 mL) and then added dropwise to the activated HA solution. The resulting water/DMF co-solvent system was stirred gently overnight at room temperature under a nitrogen atmosphere. After completion of the reaction, the crude product was transferred to a dialysis bag (molecular-weight cut-off 3500 Da) and dialyzed against deionized water for 24 h, with the external medium replaced every 6 h to remove unreacted small molecules and organic solvent. The purified solution was then freeze-dried to yield HA-PEG-DSPE which was stored at −20 °C until further use.
The structure of HA-PEG-DSPE was analyzed by proton nuclear magnetic resonance (^1H NMR, Bruker 600 MHz, solvent D₂O) and Fourier-transform infrared spectroscopy (FTIR, Thermo Nicolet 6700, KBr pellet method, 4000–400 cm⁻¹). Characteristic ^1H NMR and FTIR spectra of all related compounds are provided in Figures S4–S10.
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Nootkatone: 1H NMR (600 MHz, Chloroform-d) δ 5.77 – 5.75 (m, 1H), 4.74 (t, J = 1.6 Hz, 1H), 4.72 – 4.71 (m, 1H), 2.51 (dddd, J = 15.7, 13.8, 5.2, 2.0 Hz, 1H), 2.38 – 2.22 (m, 4H), 6.12 – 0.72 (m, 1H), 2.02 – 1.89 (m, 3H), 1.74 – 1.72 (m, 3H), 1.38 – 1.31 (m, 1H), 1.12 (d, J = 8.8 Hz, 4H), 0.96 (d, J = 6.8 Hz, 3H).
DSPE-PEG2000:1H NMR (600 MHz, Chloroform-d) δ 6.23 (s, 1H), 5.20 (s, 1H), 4.17 (s, 6H), 3.96 (d, J = 6.2 Hz, 4H), 3.63 (s, 168H), 3.07 (dd, J = 7.5, 3.9 Hz, 2H), 2.27 (q, J = 8.2 Hz, 4H), 1.25 (d, J = 11.5 Hz, 56H), 0.86 (t, J = 7.0 Hz, 6H).
HA-DSPE-PEG2000:1H NMR (600 MHz, Deuterium Oxide) δ 4.60 – 4.29 (m, 20H), 3.97 (s, 4H), 3.62 (s, 168H), 3.49 – 3.20 (m, 32H), 3.13 (d, J = 6.5 Hz, 12H), 1.92 (d, J = 7.3 Hz, 32H), 1.10 (s, 58H), 1.01 – 0.96 (m, 6H).
15 Biocompatibility and hemolysis assay
Biocompatibility of HA-PEG-NKT nanoparticles was evaluated by performing hemolysis tests and histological examinations. Fresh mouse red blood cells were washed with PBS, adjusted to a 2% suspension, and incubated with different formulations at 37 °C for two hours. After centrifugation, hemolysis was determined by measuring the absorbance of the supernatant at 541 nm. For the in vivo evaluation, mice received tail vein injections of vehicle, HA-PEG, free NKT, or HA-PEG-NKT at the same doses used in efficacy studies. After treatment, the heart, liver, spleen, lung, and kidney were collected after treatment, fixed with 4% paraformaldehyde, and stained with hematoxylin and eosin for morphological assessments under a light microscopy.

Reference
1.	Garcia-Miralles, M.;  Ooi, J.;  Ferrari Bardile, C.;  Tan, L. J.;  George, M.;  Drum, C. L.;  Lin, R. Y.;  Hayden, M. R.; Pouladi, M. A., Treatment with the MAO-A inhibitor clorgyline elevates monoamine neurotransmitter levels and improves affective phenotypes in a mouse model of Huntington disease. Exp Neurol 2016, 278, 4-10.
2.	Singh, A.;  Venkannagari, S.;  Oh, K. H.;  Zhang, Y. Q.;  Rohde, J. M.;  Liu, L.;  Nimmagadda, S.;  Sudini, K.;  Brimacombe, K. R.;  Gajghate, S.;  Ma, J.;  Wang, A.;  Xu, X.;  Shahane, S. A.;  Xia, M.;  Woo, J.;  Mensah, G. A.;  Wang, Z.;  Ferrer, M.;  Gabrielson, E.;  Li, Z.;  Rastinejad, F.;  Shen, M.;  Boxer, M. B.; Biswal, S., Small Molecule Inhibitor of NRF2 Selectively Intervenes Therapeutic Resistance in KEAP1-Deficient NSCLC Tumors. ACS Chem Biol 2016, 11 (11), 3214-3225.
3.	Watanabe, K.;  Tanaka, M.;  Yuki, S.;  Hirai, M.; Yamamoto, Y., How is edaravone effective against acute ischemic stroke and amyotrophic lateral sclerosis? J Clin Biochem Nutr 2018, 62 (1), 20-38.
4.	Balkaya, M.; Cho, S., Optimizing functional outcome endpoints for stroke recovery studies. J Cereb Blood Flow Metab 2019, 39 (12), 2323-2342.
5.	Xiong, X.;  Xu, L.;  Wei, L.;  White, R. E.;  Ouyang, Y. B.; Giffard, R. G., IL-4 Is Required for Sex Differences in Vulnerability to Focal Ischemia in Mice. Stroke 2015, 46 (8), 2271-6.
6.	Gu, L.;  Xiong, X.;  Zhang, H.;  Xu, B.;  Steinberg, G. K.; Zhao, H., Distinctive effects of T cell subsets in neuronal injury induced by cocultured splenocytes in vitro and by in vivo stroke in mice. Stroke 2012, 43 (7), 1941-6.



Supplemental Tables
Supplemental Table 1. Primary antibodies used in this study
Supplemental Table 2. Effect sizes and confidence intervals for key behavioral and infarct outcomes






Supplemental Figures
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Figure S1. Laser speckle contrast imaging of cortical perfusion during MCAO.
(A, B) The cerebral blood flow of mice. ROIs regions of interest. BFI blood flow index.
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Figure S2. Experimental designs of the study.
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Figure S3. Molecular docking and biochemical validation of nootkatone targets.
(A–F) Predicted docking poses of nootkatone with representative human proteins (hMAOA, hCYP2C19, hCYP17A1, hDRD2, hESR1, and hMAPK3), with key interacting residues indicated. (G) hMAOB enzymatic activity measured after incubation with nootkatone at the indicated concentrations, n = 3. (H) Affinity pull-down using an ADH control matrix and an ADH–nootkatone–conjugated matrix followed by immunoblotting for hMAOB, n = 3. Data are presented as mean ± SD. n indicates the number of independent biological replicates. Statistical significance was assessed by one-way ANOVA with Tukey’s multiple-comparisons test. ns, not significant; **P < 0.01, ***P < 0.001.
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Figure S4. Comparative molecular docking and molecular dynamics analyses of nootkatone and selegiline in the MAO-B binding pocket.
(A) Predicted docking poses of selegiline with mouse MAOB, with key interacting residues indicated. (B) Protein–ligand hydrogen-bond number over the 50-ns molecular dynamics trajectories for nootkatone and selegiline. (C) Ligand RMSD over the 50-ns molecular dynamics trajectories for nootkatone and selegiline. (D–E) Free energy landscapes derived from the molecular dynamics trajectories for nootkatone (D) and selegiline (E).
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Figure S5. MAOB modulation influences Nrf2/HO-1 antioxidant signaling under OGD/R conditions
(A) Immunoblotting of Nrf2 and HO-1 in HT22 cells transfected with si-NC or si-MAOB-3 under normoxic or OGD/R conditions. (B) Quantification of Nrf2 and HO-1 protein levels normalized to GAPDH in the indicated groups, n = 3. (C) Immunoblotting of Nrf2 and HO-1 in OGD/R-challenged HT22 cells transduced with scramble control or murine MAOB overexpression vector (mMAOB-OE) and treated with vehicle or NKT. (D) Quantification of Nrf2 and HO-1 protein levels normalized to GAPDH in the indicated groups, n = 3. Data are presented as mean ± SD. n indicates the number of independent biological replicates. Statistical significance was assessed by one-way ANOVA with Tukey’s multiple-comparisons test. ns, not significant; *P < 0.05, **P < 0.01.
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Figure S6. Quantitative analysis of oxidative stress and cell death assays in OGD/R HT22 cells after MAOB knockdown.
(A–C) Quantification of DCFH-DA fluorescence intensity, mitochondrial redox ratio, and PI-positive cell rate under OGD/R with MAOB silencing, n = 3. Data are presented as mean ± SD. n indicates the number of independent biological replicates. Statistical significance was assessed by one-way ANOVA with Tukey’s multiple-comparisons test. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure S7. Pharmacological inhibition of MAOA fails to improve ischemic injury after MCAO.
(A) Representative TTC-stained coronal brain sections after MCAO. (B) Quantification of infarct volume, n = 5. (C) NSS, n = 10. (D) Representative open-field trajectories, HE staining, NeuN/DAPI and immunofluorescence images of cortical tissue. (E) Total distance in the open-field test, n = 10. (F) HE injury score, n = 10. (G) Quantification of NeuN-positive cells, n = 10. (H) Immunoblotting and quantification of Bcl-2 and Bax in MCAO cortex, n = 5. Data are presented as mean ± SD. n indicates the number of independent biological replicates. Statistical significance was assessed by one-way ANOVA with Tukey’s multiple-comparisons test. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure S8. Quantitative analysis of oxidative stress and cell death assays in OGD/R HT22 cells after NKT treatment.
(A–C) Quantification of DCFH-DA fluorescence intensity, mitochondrial redox ratio, and PI-positive cell rate under OGD/R after treatment at the indicated concentration, n = 3. (D–F) Quantification of DCFH-DA fluorescence intensity, mitochondrial redox ratio, and PI-positive cell rate under OGD/R in scramble and mMAOB-OE neurons with or without treatment, n = 3. Data are presented as mean ± SD. n indicates the number of independent biological replicates. Statistical significance was assessed by one-way ANOVA with Tukey’s multiple-comparisons test. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure S9. Nrf2 is required for NKT mediated protection in vivo
(A) Representative TTC-stained coronal brain sections after MCAO. (B) Quantification of infarct volume, n = 5. (C) NSS, n = 10. (D) Total distance in the open-field test, n = 10. (E) Representative open-field trajectories, HE staining, NeuN/DAPI and immunofluorescence images of cortical tissue. (F) HE injury score, n = 10. (G) Quantification of NeuN-positive cells, n = 10. (H-J) Cortical GSH, MDA, and Fe²⁺ measurements, n = 5. (K) Immunoblotting and quantification of Nrf2, HO-1, Bcl-2, Bax, xCT, and GPX4 in MCAO cortex, n = 5. Data are presented as mean ± SD. n indicates the number of independent biological replicates. Statistical significance was assessed by one-way ANOVA with Tukey’s multiple-comparisons test. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure S10. Immunoblot validation of Nrf2 knockdown.
(A-B) Immunoblot and quantification of Nrf2 after transfection with siRNA, with α-tubulin as the loading control, n = 4. Data are presented as mean ± SD. ***P < 0.001.
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Figure S11. Nrf2 is required for nootkatone mediated protection in vitro.
(A) Cell viability under the indicated conditions, n = 3. (B-D) Intracellular GSH, MDA, and Fe²⁺ levels under the indicated conditions, n = 3. (E, F) Immunoblotting and quantification of Nrf2, HO-1, Bcl-2, Bax, xCT, and GPX4 in OGD/R HT22 cells, n = 3. Data are presented as mean ± SD. n indicates the number of independent biological replicates. Statistical significance was assessed by one-way ANOVA with Tukey’s multiple-comparisons test. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure S12. Quantitative analysis of oxidative stress and cell death assays in OGD/R HT22 cells after ML385 treatment.
(A–C) Quantification of DCFH-DA fluorescence intensity, mitochondrial redox ratio, and PI-positive cell rate under OGD/R with treatment in the presence or absence of ML385, n = 3. Data are presented as mean ± SD. n indicates the number of independent biological replicates. Statistical significance was assessed by one-way ANOVA with Tukey’s multiple-comparisons test. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure S13. 1H NMR of Nootkatone
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Figure S14. 13C NMR of Nootkatone
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Figure S15. 1H NMR of PEG-DSPE
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Figure S16. 13C NMR of PEG-DSPE
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Figure S17. 1H NMR of HA-PEG-DSPE
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Figure S18. 13C NMR of HA-PEG-DSPE
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Figure S19. 1H NMR of PEG-DSPE and HA-PEG-DSPE
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Figure S20. Post-ischemic treatments do not alter cortical perfusion after reperfusion in MCAO mice.
[bookmark: OLE_LINK1](A) Representative laser speckle contrast images acquired after reperfusion. Boxes indicate the regions of interest (ROIs) used for quantification. (B) Relative cerebral blood flow (rCBF) change within the ROIs. Data are presented as mean ± SD. n indicates the number of independent biological replicates. Statistical significance was assessed by one-way ANOVA with Tukey’s multiple-comparisons test. ns, not significant; ***P < 0.001.
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Figure S21. Biocompatibility and biosafety evaluation of HA-PEG-NKT nanoparticles.
(A) Representative images and quantitative analysis of the hemolysis assay after incubation of red blood cells with PBS, Triton-100, vehicle, HA-PEG, NKT, and HA-PEG-NKT. (B) Representative HE-stained sections of heart, liver, spleen, lung, and kidney collected from mice after intravenous administration of the indicated formulations. Scale bars, 100 μm.
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Figure S22. HA-PEG NKT nanoformulation enhances neuroprotection in young female mice and aged mixed-sex mice after MCAO
(A) Representative TTC-stained coronal brain sections in young female mice after MCAO. (B) Quantification of infarct volume, n = 5. (C) NSS, n = 10. (D) Total distance in the open-field test, n = 10. (E) Representative open-field trajectories, HE staining, NeuN/DAPI and immunofluorescence images of cortical tissue. (F) HE injury score, n = 5. (G) Quantification of NeuN-positive cells, n = 5. (H-J) Cortical GSH, MDA, and Fe²⁺ measurements, n = 5. (K) Immunoblotting and quantification of Nrf2, HO-1, Bcl-2, Bax, xCT, and GPX4 in ischemic cortex of young female mice, n = 5. (L) Representative TTC-stained coronal brain sections in aged male and female mice after MCAO. (M) Quantification of infarct volume, n = 5. (N) NSS, n = 10. (O) Total distance in the open-field test, n = 10. (P) Representative open-field trajectories, HE staining, NeuN/DAPI and immunofluorescence images of cortical tissue. (Q) HE injury score, n = 5. (R) Quantification of NeuN-positive cells, n = 5. (S-U) Cortical GSH, MDA, and Fe²⁺ measurements, n = 5. (V) Immunoblotting and quantification of Nrf2, HO-1, Bcl-2, Bax, xCT, and GPX4 in ischemic cortex of aged male and female mice, n = 5. Data are presented as mean ± SD. n indicates the number of independent biological replicates. Statistical significance was assessed by one-way ANOVA with Tukey’s multiple-comparisons test. ns, not significant; ***P < 0.001.
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Figure S23. Quantitative analysis of oxidative stress and cell death assays in OGD/R HT22 cells after HA-PEG-NKT treatment.
(A–C) Quantification of DCFH-DA fluorescence intensity, mitochondrial redox ratio, and PI-positive cell rate under OGD/R after vehicle, HA-PEG, treatment, or HA-PEG-NKT, n = 3. Data are presented as mean ± SD. n indicates the number of independent biological replicates. Statistical significance was assessed by one-way ANOVA with Tukey’s multiple-comparisons test. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001.
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