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A B S T R A C T   

Diabetic hyperglycemia aggravates the prognosis of intracerebral hemorrhagic stroke (ICH) in the clinic. In 
addition to hematoma expansion and increased inflammation, how diabetic hyperglycemia affects the outcomes 
of ICH is still unclear. We found that streptozotocin-induced diabetic hyperglycemia not only increased 
neutrophil infiltration, but also changed the gene expression profile of neutrophils, including lactoferrin (Ltf) 
encoding gene Ltf. Peroxisome proliferator-activated receptor γ (PPARγ) transcribed Ltf and the lack of 
neutrophilic Ltf transcription and secretion exacerbated neuronal ferroptosis by accumulating intraneuronal 
iron. Furthermore, the administration of recombinant Ltf protected against neuronal ferroptosis and improved 
neurobehavior in hyperglycemic ICH mice, and vice versa. These results indicate that supplementing Ltf or 
inhibiting neuronal ferroptosis are promising potential strategies to improve the acute outcomes of diabetic ICH 
in the clinic.   

1. Introduction 

Spontaneous intracerebral hemorrhagic stroke (ICH) is the most fatal 
stroke subtype worldwide [1]. More than one-third of ICH patients have 
diabetes or hypertension [2]. Diabetes increased the risk of mortality in 
patients and is an independent predictor of poor prognosis after ICH [3, 
4]. However, the molecular basis of diabetes exacerbating ICH injury is 
not fully understood. Previous studies by us and other labs have shown 
that red blood cells and their metabolites, such as Hemoglobin, Hemin, 
and iron, are transported into neurons and increase intracellular iron 
levels after ICH [5–7]. The enhanced iron-induced Fenton reaction leads 
to the accumulation of lipid reactive oxygen species (ROS) and leads to a 
form of neuronal death called ferroptosis [8], which is a regulated 
non-apoptotic cell death form [9]. Neuronal ferroptosis can be rescued 
by chelating iron (treating with Deferoxamine, DFO) [10], scavenging 
lipid ROS (treating with Ferrostatin-1, Fer-1) [11], or restoring neuronal 
glutathione peroxidases 4 (GPx4) activity [6] (treating with selenium) 

after ICH. Although the perihematomal neuronal ferroptosis is positively 
correlated with the severity of acute outcomes after ICH in healthy 
young mice [6,12–14], it is unclear whether diabetes exacerbates ICH 
outcomes by increasing neuronal ferroptosis and its underlying 
mechanisms. 

In the clinic, the number of peripheral neutrophils in patients with 
ICH increases and serves as an independent predictor of poor prognosis 
[15]. In addition, preclinical studies have shown that peripheral circu-
lating neutrophils and other immune cells are attracted by chemokines 
secreted by reactivated glial cells, and infiltrate to hematoma/per-
ihematomal brain region, and affecte prognosis of ICH [16]. Neutrophils 
are the most abundant circulating white blood cells and play an 
important role in the innate immune response [17]. After ICH, neutro-
phils are the first cells to infiltrate the brain to release matrix metal-
loproteinases (MMPs), myeloperoxidase (MPO), neutrophil extracellular 
traps (NETs), and cytokines. Studies show that they aggravate 
blood-brain barrier (BBB) permeability, brain edema, hematoma 
growth, and inflammation [18–21]. However, little is known about 
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whether neutrophils crosstalk with damaged neurons and affect 
neuronal death. 

Lactoferrin (Ltf) is an iron-binding glycoprotein and one of the most 
abundant proteins secreted by neutrophils [22]. The binding affinity of 
Ltf with Fe3+ is much higher than that with iron chelators, such as DFO 
[22–24]. It binds to the lactoferrin receptor (LfR) or other receptors 
(RAGE, TREM-1, CD14, and TLR2/4) [25] and is transported into the 
cells, and shapes functions of immune cells and neural stem cells [22]. 
Nevertheless, the effects of Ltf on neuronal ferroptosis and diabetic ICH 
remain unclear. The goal of this study was to determine the cause of 
aggravated ICH outcomes in diabetic mice and the underlying mecha-
nism. The insights gained from this study will improve our under-
standing of innate immune regulation after diabetic ICH and will be 
crucial for advancing future translational and clinical research on 
neuroprotection. 

2. Materials and methods 

The ARRIVE and RIGOR guidelines [26] were followed (except that 
we do not use mice of both genders): animals that had a neurologic 
deficit score higher than 20 at 24 h after surgery were euthanized under 
deep anesthesia. Sample sizes were excluded the animals which were 
died or euthanized. All experiments were performed with three or more 
independent experiments. A power analysis based on our previous 
studies [6] and pilot data indicated that 8 mice/group would provide at 
least 80% power for detecting a 20% decrease in neurologic deficits at α 
= 0.05 (2-sided). The website www.randomization.com was used for 
randomizing animals and cell cultures group. Treatment, data collec-
tion, and data analyses were blinded by using different investigators or 
by masking sample labels. 

2.1. Animals 

Adult male mice (WT, C57BL/6J mice, 6–12 weeks) which were 
obtained from Vital River (Beijing, China) were used for this study. All 
animals in this study were bred and housed under specific-pathogen-free 
conditions at Capital Medical University. Mice were housed in a regu-
lated environment (22 ± 2 ◦C, 55 ± 5% humidity, and 12:12-h light:dark 
cycle with lights on at 8:00 a.m.) and received a standard diet. Food and 
water were accessible ad libitum. All animal experimental protocols 
were approved by the Institutional Animal Care and Use Committee of 
Beijing Capital Medical University. 

2.2. Hyperglycemia ICH mouse models 

Mice were randomly divided into two groups: Vehicle (Veh-injected 

group), hyperglycemia (STZ-injected group). After 12 h fasting 
(8:00–20:00) but not forbidden water, the STZ-injected group was 
induced by intraperitoneal injection with streptozotocin (STZ; S0130, 
Sigma-Aldrich) at 50 mg/kg body weight dissolved in 0.1 mmoL/L cit-
rate buffer (pH 4.5) for 5 days before operation [27]. Mice in the vehicle 
group were injected with citrate buffer at the same volume as that 
administered to mice in the STZ-injected group. Blood glucose was 
measured by OneTouch Select Test Strips (Yuwell, Beijing, China) with 
the tail venous blood after 12 h fasting (8:00–20:00), and hyperglycemia 
was defined as fasting blood glucose >11.1 mmoL/L [28]. 

2.3. Intracerebral hemorrhage (ICH) mouse model 

Mice were deeply anesthetized with isoflurane (mixture of 70% N2O 
and 30% O2; 3% induction, 1–2% maintenance) using an isoflurane 
vaporizer (RWD, Shenzhen, China) and aseptic experimental ICH sur-
gery was induced in a stereotaxic frame (RWD, Shenzhen, China). A 0.6 
mm burr hole was made in the left striatum, and a 26-gauge needle was 
inserted through the burr hole into the striatum (coordinates: 0.8 mm 
anterior, 3.0 mm ventral, and 2.0 mm lateral to the bregma). For the 
autologous blood injection model, 23 μL whole blood was injected into 
the left striatum at a rate of 0.5 μL/min. Blood removed from the tail 
venous was infused in two-time blocks (3.0 mm ventral: 6 μL followed by 
a 5 min pause and then 3.2 mm ventral 17 μL followed by a 10 min pause 
to prevent backflow). Sham-operated mice received the same head skin 
incision under isoflurane anesthesia and needle insertion. Body tem-
perature was maintained during surgery with a rectal probe and a 
heating blanket. All efforts were made to minimize the number of ani-
mals used and ensure minimal suffering. Bodyweight, rectal tempera-
ture, and survival rate were recorded for each mouse from 
intraperitoneal injection of STZ to the end of the experiment. 

2.4. Neurologic and motor function evaluations 

Neurologic deficit score was assessed post-ICH at indicated time 
points, as previously reported [6]. An investigator blinded to the 
experimental cohort scored all mice on six neurologic tests, including 
body symmetry, gait, climbing, circling behavior, front limb symmetry, 
and compulsory circling. Each test was graded from 0 to 4. The forelimb 
placement test [6] was used to investigate the animals’ responsiveness 
to vibrissae stimulation. Intact animals placed the contralateral forelimb 
quickly on the tabletop. The placing was quantified as the percentage of 
successful responses in 10 trials. The mouse was placed on the edge of a 
tabletop and the contralateral hind limb was pulled down [6]. The test 
was scored as follows: immediate pullback of limb = 0, delayed pull-
back = 1, inability to pull back = 2. The placing was quantified in 10 
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ICH intracerebral hemorrhagic stroke 
Ltf lactoferrin 
PPARγ peroxisome proliferator-activated receptor γ 
ROS reactive oxygen species 
DFO deferoxamine 
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MMPs matrix metalloproteinases 
MPO myeloperoxidase 
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BBB blood-brain barrier 
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successful trials; trials were excluded when the animal attempted to turn 
around or walk away. Results are shown as a total score for each mouse. 
For the wire hanging test [29], the experimental apparatus was a 
stainless steel bar as described previously. Mice were placed on the bar 
midway between the supports and were observed for 30 s in each of four 
trials. The amount of time spent hanging was recorded and scored ac-
cording to the following criteria: 0, fell off; 1, hung onto the bar with two 
forepaws; 2, hung onto the bar with an added attempt to climb onto the 
bar; 3, hung onto the bar with two forepaws and one or both hind paws; 
4, hung onto the bar with all four paws and with tail wrapped around the 
bar; 5, escaped to one of the supports. The rotarod test was conducted to 
evaluate motor coordination and balance. Mice were trained for 3 days 
before ICH induction. At indicated time points after ICH, mice were 
placed on a rotarod apparatus. Each mouse was placed on the rod at a 
speed of 4 rotations per minute (rpm) which accelerated over the course 
of 300 s to 70 rpm. The duration of each mouse on the rod was recorded 
automatically. Each mouse was tested in four consecutive trials with an 
interval of 5 min. The results were calculated as the average of the last 
three trials. 

2.5. Animal perfusion and tissue collection 

Animals were anesthetized with chloral hydrate (0.5 g/kg, i. p.) and 
intracardially perfused with ice-cold PBS. The hematoma-affected 
striatum was stored at − 80 ◦C before RNA isolation or protein extrac-
tion. For immunofluorescence and histochemistry analyses, 4% para-
formaldehyde (PFA) was used for fixed following ice-cold PBS. The 
whole brain was dipped in 20%, 30%, 30% sucrose for 24 h respectively, 
then embedded with OCT for preparation of frozen sections. 

2.6. Hemorrhagic injury analysis 

Frozen coronal brain sections were stained with Cresyl violet (CV, 
stains neurons, C5042, Sigma-Aldrich) and Luxol fast blue (stains 
myelin, S3382, Sigma-Aldrich) at 16 rostral-caudal levels that were 
spaced 96 μm apart as reported previously [6]. Sections were digitized 
and analyzed with a 1 × objective and ImageJ software. The injury 
volume in cubic millimeters was computed by summation of the 
damaged areas multiplied by the interslice distance (96 μm). 

2.7. Cell preparation and flow cytometry analysis 

At 1 day following ICH, single-cell suspensions were prepared from 
fresh spleen or fresh brain tissue after cardiac perfusion and stained with 
fluorochrome-conjugated antibodies [30,31]. Briefly, ipsilateral hemi-
spheres were sheared in DNase 1 (D8071, Solarbio), then brain tissue 
was incubated at 37 ◦C after adding papain working solution (Daspase II 
1.2 U/mL + papain 1 mg/mL) (Daspase II 04942078001, Roche; papain 
P4762, Sigma-Aldrich). After centrifuged, the supernatant was dis-
carded and re-suspended and filtered through a 70 μm cell strainer. Cells 
were centrifuged and re-suspended by the addition of 30% and 70% 
percoll (P8370, Solarbio), and then were washed by PBS. In each group, 
1 × 106 cells were re-suspended in flow cytometry stationary buffer 
(00-4222-57, eBioscience) system. We distinguished live and dead cells 
by adding 7-aminoactinomycin D (7-AAD, 00-6993-50, eBioscience). 
The following antibodies were used for surface receptor detection: 
CD45-EFLUOR 455 (48-0451-82, eBioscience), CD11b-FITC (557396, 
BD), Ly6G-PE (551461, BD), CD3e-APC-EFLUOR 780 (47-0031-82, 
eBioscience). Unstained cells were used as a negative control to establish 
the flow cytometer voltage settings, and single-color positive controls 
were used to adjust compensation. Cells were washed and re-suspended 
in 0.01 M PBS and analyzed with a LSRFortessa SORP cytometer (BD 
Biosciences), then analyzed using FlowJo software V10. A single viable 
cell was obtained from all cells, and then the number of microglia, 
neutrophils, monocyte/macrophage, lymphocytes, and T cells was ob-
tained according to the prescribed gate strategy: microglia 

(7AAD− CD11b+CD45int) and infiltrating neutrophils (7AAD− CD11b+

Ly6G+), monocytes/macrophages (7AAD− CD11b+CD45hi), lympho-
cytes (7AAD− CD45+), T cells (7AAD− CD3e+CD45+). 

2.8. RT2 profiler PCR arrays of hemorrhagic brain tissue 

Cytokines, chemokines, and growth factors in the brain were 
analyzed by RT2 Profiler PCR Arrays according to the manufacturer’s 
instructions on day 1 after ICH. Total RNA was extracted and purified 
from hemorrhagic brain tissue by standard Trizol extraction procedure. 
Then reverse transcription using the RT2 first strand kit (330401, QIA-
GEN). Realtime-PCR was implemented according to the manufacturer’s 
instructions of RT2 profiler QC array-Plate D 1 array (330291, QIAGEN) 
on Biosystems models 7500 fast PCR instrument. 

2.9. Intracerebroventricular (i.c.v.) injection of Ltf-siRNA 

Lactoferrin siRNA (100 μm, sc-41372, Santa Cruz) is a pool of 3 
target-specific 19–25 nt siRNAs designed to knock down gene expres-
sion. Intracerebroventricular administration was performed as previ-
ously described [32,33]. Briefly, the 26-gauge needle of a 5 μL Hamilton 
syringe was inserted into the left lateral ventricle through a cranial burr 
hole at the following coordinates (0.5 mm anterior and 0.9 mm left 
lateral to the bregma, 2.5 mm deep under dura). A microinfusion pump 
was used for intracerebroventricular injection at a rate of 0.1 μL/min. 
Control scramble siRNA (Scr-siRNA, sc-44238, Santa Cruz) or Ltf-siRNA 
were injected by 0.5 μL/mice. The needle was left in place for an addi-
tional 10 min at the end of infusion and was removed over a 3 min 
period. The surgical wound was sealed with Super Glue. 

2.10. Immunofluorescence staining and analysis 

At 1- and 3-days following ICH, the immunofluorescence was per-
formed as previously prescribed [6]. Briefly, the frozen coronal slices 
were put into antigen repair solution and permeabilized with 1% Triton 
X-100 for 15min. Brain sections were blocked in 5% goat serum and 
incubated with anti-rabbit MPO (1:500, ab45977, Abcam), anti-rabbit 
NeuN (1:500, CST), anti-MDA [11E3] (1:200, ab243066, Abcam), 
anti-rabbit Iba1 (019–19741, Wako), anti-mouse Ly6G (551459, BD 
Biosciences), anti-mouse CD11b-FITC (Clone:M1/70, 1:200, 4306305, 
eBioscience), anti-rabbit Ltf (1:200, bs-5810R, Bioss) primary antibody 
at 4 ◦C overnight. Slices then incubated with goat anti-rabbit 594 
(A11012, Invitrogen), goat anti-rabbit 488 (A11034, Invitrogen), goat 
anti-mouse 594 (A11005, Invitrogen), goat anti-mouse 488 (A11001, 
Invitrogen). Nuclei were visualized via a mounting medium containing 
DAPI (ZG1202, Vectarshield). Images were analyzed with a confocal 
microscope (TCS SP8 STED, Leica) and fluorescence microscope 
(ECLIPSE Ti–U, NIKON). Mean fluorescence intensity (MFI) was 
analyzed with ImageJ software. 

2.11. Isolation of peripheral blood neutrophils for RNA-seq 

Extraction of neutrophils from peripheral blood by percoll gradient 
centrifugation. Single-cell suspensions were prepared from pooled 
mouse blood 1 day after ICH induced by autologous blood injection or 
sham operations (Veh-injected or STZ-injected). Blood was centrifuged 
to remove serum, and dextran T-500 was added to precipitate red blood 
cells. Cells were suspended softly over 2.5 mL 78%, 2 mL 66%, and 2 mL 
54% percoll layer reagent (from bottom to top) and centrifuged to 
separate peripheral blood neutrophils. Neutrophils between 78% and 
66% were then washed twice with D-hanks buffer. Then 500 μL Trizol 
was added into neutrophils and store at − 80 ◦C. Neutrophils were 
collected for RNA-seq analysis (provided by Beijing igeneCode Biotech 
Co., Ltd, Beijing, China). After filtering, the “clean reads” were aligned 
to the reference sequences with Bowtie2 (Version: v2.2.5) and then 
calculated gene expression level with RSEM (Version: v1.2.12). 
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2.12. Isolating neutrophils from blood and culturing in vitro 

In the same protocol as mentioned above, the neutrophils were iso-
lated from C57BL/6J mice and re-suspended with normal-glucose RPMI 
1640 (normal glucose, NG) or high-glucose RPMI 1640 (high glucose, 
HG). The NG medium contained 11.1 mM D-glucose, while HG medium 
contained 25 mM D-glucose. After incubated at 37 ◦C for 12 h, the me-
dium was collected and centrifuged. The supernatant was placed in a 
new 1.5 mL EP and labeled as normal-glucose conditional medium (NG- 
CM) and high-glucose conditional medium (HG-CM) respectively for co- 
culture with neurons. Trizol or RIPA were added into cells for Realtime 
RT-PCR and Western blot. Sorted neutrophils were analyzed by Wright- 
Giemsa staining according to the manufacturer’s instructions. 

2.13. ChIP assay 

Primary neutrophils were obtained from peripheral blood of C57BL/ 
6J mice used the same protocol as mentioned above. Then, 5 × 106 

neutrophils were fixed by 1% formalin (prepared with PBS preheated at 
37 ◦C). After washing and centrifugating, cells were lysed in lysis buffer 
(50 mM Tris-HCl, pH 8.0; 5 mM EDTA; 1% SDS) supplemented with 
protease inhibitors. Chromatin was sheared by sonication (VCX150, 
Sonics) for 4 times, centrifuged. Then, 80 μL dilution buffer (1% Triton 
X-100; 2 mM EDTA; 150 mM NaCl; 20 mM Tris-HCl, pH 8.0) into 20 μL 
supernatant as input group. Meanwhile, dilution buffer and 2 μL IgG 
(AP132, Thermo Scientific) or PPAR-γ rabbit polyclonal antibody 
(16643-1-AP, Proteintech) were added to supernatant. Immune com-
plexes were rotated overnight and Protein A/G was added to the com-
plexes for 2 h. The complexes were centrifugated, washed, and eluted. 
DNA was extracted by Animal tissue/cell Genomic DNA Extraction Kit 
(D1700, Solarbio). Gene-specific primers were designed using Oligo 7 
and Primer 5 software and are listed in Supplemental Table 3. Three 
replicates for each group were performed. Input group used as the in-
ternal control and the relative expression enrichment of samples was 
calculated from (2− ΔΔCT). 

2.14. Primary mouse cortical neuronal cultures 

The mouse pups (postnatal 0–1) were sterilized with 75% ethanol 
(ANNJET, China) and then sacrificed. The brain was placed in pre- 
cooling Hanks’ solution (H1045-500, Solarbio, China) with an ice bag 
pre-cooling to remove the meninges and blood vessels. Cortex was cut 
into 1 mm pieces in 0.5 mL DNase 1 (200 μg/mL, D8071, Solarbio), and 
digested by papain working solution (Daspase II 1.2 U/mL + papain 1 
mg/mL; Daspase II 04942078001, Roche; papain P4762, Sigma- 
Aldrich). Supernatant cells were filtered through a 70 μm mesh filter 
(352350, Falcon), and seeded in a poly-D-lysine (P0899, Sigma- 
Aldrich)–coated plates. Cytarabine (PHR1787, Sigma-Aldrich) was 
added 24 h later to remove astrocytes, and the Neurobasal medium 
(containing B27 supplement) was changed every 3 days. The cortico-
striatal cultures contained mostly neurons and <2% glia cells, as 
determined by immunofluorescence staining. Cells were used at 7–10 
days. 

2.15. Co-culture of neurons and neutrophils, drug administration, and 
siRNA transfection of neutrophils 

A half-changing medium was used to co-culture the neurons: half 
medium was used the old neurobasal (NB) medium, the other half used 
NG, HG, NG-CM, HG-CM, or new neurobasal (25 mM D-glucose). In the 
half-changing medium, we adjusted the D-glucose concentration: NB, 
NG, and NG-CM group to 25 mM, HG and HG-CM group to 37.1 mM. For 
mouse primary cortical neurons, we added 50 μM Hemin, 50 μM DFO for 
8, 16, 24 h for PI staining, lipid ROS examination. 

To knock down the expression of Ltf in 2 × 106 neutrophils, 
scramble-siRNA (sc-44238, Santa cruz) or Ltf-siRNA (sc-41372, Santa 

cruz) were incubated with Lipofectamine 3000 Transfection Reagent 
(11668027, Invitrogen) according to the instructions of the manufac-
turer. After incubating for 6 h, the medium was changed, and culture 
was continued. After 48 h of transfection, the transfection efficiency was 
confirmed by Western blot. 

Primary neutrophils were obtained from peripheral blood of C57BL/ 
6J mice using Percoll. Purified neutrophils were incubated for 12 h in 
RPMI 1640 medium supplemented with 10% FBS and were respectively 
treated with the 10 μM PPAR-γ antagonist rosiglitazone (ROSI, S2556, 
Selleck) or the 10 μM PPAR-γ antagonist T0070907 (S2871, Selleck) 
diluted in dimethylsulfoxide (DMSO, D8418, Sigma-Aldrich). Then 
protein from neutrophils was used for Western blot. 

2.16. Cell death assessments 

For in vivo experiments, Fluoro-Jade C (FJC) staining was used to 
assess cell death at perihematomal region as reported previously [34, 
35]. Briefly, mice were anesthesia and cardiac perfusion, and coronal 
brain sections were stained with FJC (AG325, Millipore). Treated brain 
sections were observed and photographed under a fluorescence micro-
scope (ECLIPSE Ti–U, NIKON) at an excitation wavelength of 450–490 
nm. 

To assess cell death in vitro, Propidium iodide (PI) was used. Briefly, 
2 × 104 cells suspension was added to the 96-well plate. After the 
maturation, the cells were treated according to the experimental design, 
and the PI dye (P4170, Sigma-Aldrich) was added for 0.5 h, and the 
staining was observed under a microscope (ECLIPSE Ti–U, NIKON). 

2.17. Lipid ROS measurement 

After treating the cells according to the experimental design, the 
medium was discarded. Add diluted BODIPY 581/591C11 reagent 
(D3861, Invitrogen) to each well for 0.5 h. After the removal, the cells 
were washed and images were taken under a fluorescence microscope 
and the ratio of green fluorescence intensity to red fluorescence intensity 
was calculated using ImageJ. 

2.18. MDA measurement 

At day 1 following ICH, 10 mg brain tissue or 2 × 106 neurons were 
homogenized on ice in 300 μL of Malondialdehyde (MDA) Lysis Buffer 
(with 3 μL of BHT) (K739-100, Biovision), then centrifuged (13,000 g, 
10 min). Add 600 μL of thiobarbituric acid (TBA) reagent into each vial 
containing standards and sample. Pipette 200 μL (from each 800 μL 
reaction mixture) into a 96-well microplate for analysis. Read the 
absorbance at 532 nm using a spectrophotometer (SpectraMax iD5, 
Molecular DEVICES). 

2.19. Iron measurement 

Briefly, 2 × 106 primary neurons were cultured to the 7th day in 6- 
well plates. According to the design, the drug was mixed into 1 mL 
neurobasal, and blank control well, positive control well, and solvent 
control well were set at the same time. After 4 h of treatment time, the 
cells were washed and papain was added into each well. The cell sus-
pension was collected and centrifuged as well. Add 25 μL iron assay 
buffer into the cell precipitation and centrifuged to remove insoluble 
substances. Divide each sample into Fe2+ sample (10 μL/well) and Fe3+

sample (10 μL/well). The determination of intracellular Fe2+ and Fe3+

was measured using an Iron colorimetric assay kit according to the 
manufacturer’s instructions. OD value was measured at 593 nm using a 
spectrophotometer (SpectraMax iD5, Molecular DEVICES). Taking the 
concentration as the abscissa and the OD value as the ordinate, the 
standard curve was made, and Sa was obtained from the standard curve. 
Sv was the sample volume added into 96 well plates. For extracellular 
iron in the medium, 100 μL medium was used as Sv. The formula for 

Z. Xiao et al.                                                                                                                                                                                                                                     



Redox Biology 50 (2022) 102256

5

calculating the concentration of Fe2+, total iron, and Fe3+ in the sample: 
C = Sa/Sv (nmoL/μL or mM). 

2.20. Ltf administration in vivo and in vitro 

In STZ-injected mice, human recombinant-Ltf (rLtf, L4040, Sigma- 
Aldrich, 0.05–0.10% iron saturated) was injected i. p. at 1 mg/kg, 4 
mg/kg, 10 mg/kg in sterilized water, pH 7.2 (or sterilized water alone 
for vehicle control), immediately after ICH. For cell culture study, the 
rLtf (10 μg/mL, 100 μg/mL, 200 μg/mL) was added to the culture me-
dium at the same time as treatment by Hemin. 

2.21. Realtime RT-PCR analysis 

Total mRNA was extracted from cells or the left striatum brain tissues 
(1 or 3 days after ICH) using Trizol reagent (15596026, Life technolo-
gies). The cDNA was synthesized using a reverse transcription kit (R223- 
01, Vazyme), and Realtime RT-PCR experiments (Applied Biosystem) 
were performed according to the instructions. The relative expression 
amount of each pair of samples was calculated from (2− ΔΔCT). The 
primers used were shown in Table S1. 

2.22. Western blot 

Total protein from cells or tissues was extracted with RIPA (C1053, 
Applygen). Total protein was quantified by BCA protein assay (23228, 
Thermo Scientific). All samples were electrophoresed on 10% SDS-PAGE 
gels before being transferred to a polyvinylidene fluoride membrane 
(Millipore). Membranes were blocked in 5% skim milk and then incu-
bated with primary antibody overnight at 4 ◦C. The primary antibodies 
used in this study were as follows: Ltf (1:250, bs-5810R, Bioss), α-tubulin 
(B1052, Biodragon, Beijing), β-actin (sc-47778, Santa Cruz). After being 
treated with the secondary antibodies for 1 h, the protein bands were 
observed with ECL chemiluminescence solution. The relative intensity 
of protein signals was normalized to the corresponding loading control 
intensity and quantified by densitometric analysis with ImageJ software 
(https://imagej.nih.gov/ij/). 

2.23. Cell counts 

The cell counts were performed on days 1, 3 after ICH. For quanti-
fication of the MPO+ cells, Ly6G+Ltf+ cells and FJC+ cells in the peri-
hematomal area consecutive slices were made, and 4 random fields 
around hematoma on six brain sections at 3 slides (1.2, 0.2, − 0.8 mm 
anterior or posterior to bregma) 24 high-power images (40 × agnififi-
cation) per animal were used for cell counts. The average immunoflu-
orescence intensity (MFI) was quantified using 4 random fields around 
hematoma on 2 slides (0.8, − 0.8 mm anterior or posterior to bregma), 
and a total of 16 high-power images (40 × agnifification) per animal 
were used. For quantification of PI+ cells，three fields (20 × agnififi-
cation) were counted and averaged. Cell counts were performed by two 
researchers in a blinded manner. All measurements were repeated three 
times, and the mean value was used. 

2.24. Statistical analysis 

Data are presented as mean ± SD, dot plot, or box-and-whisker plots 
(95% confidence intervals). Mean value is the average data obtained 
from all animals (in vivo experiments) or from three or more indepen-
dent experiments (in vitro experiments). All data analysis was performed 
using GraphPad Prism 7.0 Software and was conducted by an experi-
menter blinded to the experimental conditions. We made 2-group 
comparisons with unpaired two-tailed Student’s t-test. Compare the 
mean values of multiple groups, One-way ANOVA followed by Tukey’s 
multiple comparisons test, Two-way ANOVA followed by Sidak’s mul-
tiple comparisons test, or Tukey’s multiple comparisons tests were used 

to determine where those differences occurred. The criterion for statis-
tical significance was p < 0.05. 

3. Results 

3.1. Diabetic hyperglycemia exacerbates neuronal ferroptosis and 
aggravates acute outcomes after ICH 

To investigate whether diabetic hyperglycemia aggravated acute 
outcomes after ICH by exacerbating neuronal ferroptosis, we intraperi-
toneal injected streptozotocin (STZ) or vehicle to C57BL/6 mouse for 5 
days and intracranially injected autologous blood into the striatum 
(Fig. S1A). STZ injection markedly elevated blood glucose levels 
(Fig. S1B), slowed-down body weight increase (Fig. S1C), and affected 
rectal temperature (Fig. S1D). 

Perihematomal neuronal ferroptosis is the major neuronal death post 
ICH [6,11,36–38], and the severity of ferroptotic neuronal loss posi-
tively correlates with neurobehavior deficits [6,37]. We accessed the 
number of degenerating neurons by Fluoro-Jade C (FJC) staining after 
ICH. STZ-injected ICH mice exhibited an increased profile of FJC+ cells 
in the perihematomal region at both time points (Fig. 1A and B). Of note, 
no differences of FJC+ cells were noticed between vehicle- and 
STZ-injection in sham-operated animals, indicating that hyperglycemia 
could be insufficient to induce neuronal death in vivo. Malondialdehyde 
(MDA) is an end-product of polyunsaturated fatty acid peroxidation and 
the accumulation of MDA is a hallmark of ferroptosis [6,39,40]. We 
immunostained MDA and NeuN (a neuronal marker) in the peri-
hematomal region. The majority of NeuN+ cells were MDA+, suggesting 
that neuronal ferroptosis is a major form of cell death post ICH (Fig. 1C). 
Additionally, MDA fluorescent intensity was increased in hyperglycemic 
ICH mice compared with that in normoglycemic ICH mice (Fig. 1D). We 
verified this result by using a commercial MDA quantification kit 
(Fig. S1E). Cresyl violet and Luxol fast blue double staining showed that 
the lesion volume was also increased in hyperglycemic ICH mice (Fig. 1E 
and F). Since neuronal death contributes to neurologic deficits and 
motor dysfunction greatly, we performed the neurologic deficit score, 
forelimb placing test, hindlimb placing test, and wire hanging test up to 
7 days after ICH (Fig. 1G–J). As expected, compared with normoglyce-
mic ICH mice, hyperglycemic ICH mice exhibited severer neurologic 
deficits, decreased muscle tension, and aggravated motor dysfunction. 
These results suggest that hyperglycemic mice exacerbated neuronal 
ferroptosis and acute outcomes after ICH in vivo. 

We next cultured mouse primary cortical neurons. Hemin was used 
to mimic ICH [41], and different concentrations of glucose incubation 
was used to mimic diabetic hyperglycemia and normoglycemia in vitro. 
The glucose concentration in the striata of hyperglycemic mice is about 
1.5 times higher than that of normoglycemic mice (Fig. S2A). Basing on 
the data we collected and reports in the literatures [42,43], we consid-
ered 37.1 mM as high glucose (HG) and 25 mM as normal glucose (NG) 
for neuronal cultures in vitro (Fig. S2B). Next, we assessed neuronal 
death with Propidium Iodide (PI) staining. We found that Hemin 
induced neuronal death, but the percentage of cell death in high and 
normal glucose media-cultured neurons was similar (Figs. S2C and D). 
This result indicates that hyperglycemia is not sufficient to induce or 
aggravate neuronal ferroptosis after ICH in vitro and in vivo. Of note, we 
did not notice any differences in the profiles of FJC+ cells nor 
MDA+NeuN+ cells between vehicle- and STZ-injection in sham-operated 
animals in vivo as well (Fig. 1A–D). 

3.2. Diabetic hyperglycemic increases neutrophil infiltration post ICH 

Since resident microglia and infiltrated peripheral immune cells 
(such as monocytes/macrophages, neutrophils, and lymphocytes) 
contribute to neurobehavior deficits after ICH [18,19,44], we assessed 
the number and percentage of immune cells in the perihematomal re-
gion after ICH (Fig. 2A). The ratio and absolute cell count of infiltrated 
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Fig. 1. Hyperglycemia increases neuronal ferroptosis and aggravates acute outcomes after ICH. (A–F) Brain slices obtained at day 1 and 3 post ICH were 
stained with FJC (A, B), MDA and NeuN (C, D), or CV/Luxol fast blue (E, F). (A, B) FJC staining represents degenerating neurons. The high power image of FJC+ cell 
was shown in the white box. White arrows indicate FJC+ cells. (C, D) Immunofluorescence of MDA and NeuN was performed. Representative images were shown at 
1-day post-ICH. The high-power image of a NeuN+MDA+ cell was shown in the white box. White arrows indicate double positive cells. The mean fluorescence 
intensity of MDA was quantified (D). (E, F) Lesion volume (black dotted bordered) was calculated by CV/Luxol fast blue staining. (G–J) Acute outcomes were 
examined up to 7 days after ICH. (B, D, F-J) Two-way ANOVA followed Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001 vs corresponding 
Sham; #p < 0.05, ##p < 0.01 vs Veh + ICH. Each group contained 6–7 (B), 6 (F), 4 (D), and 10–30 (G–J) animals. Scale bar: (A) 50 μm, (C) 75 μm, (E) 1 mm. Each 
experiment was repeated at least 3 times independently. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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neutrophils (7AAD− CD11b+Ly6G+) were markedly increased in hyper-
glycemic ICH mice in ipsilateral brain tissue at day 1 post-ICH (Fig. 2B, 
C, and Fig. S3A). No difference of cell count nor ratio was detected in 
resident microglia (7AAD− CD11b+CD45int), monocytes/macrophages 
(7AAD− CD11b+CD45hi), lymphocytes (7AAD− CD45+) or T cells 
(7AAD− CD3e+CD45+) between normoglycemia and hyperglycemic ICH 

mice (Fig. 2D–G, S3B-E). Results gained from flow cytometry were 
further confirmed with immunostaining by using a constituent neutro-
philic granules marker myeloperoxidase (MPO) (Fig. 2H and I) [45]. 

Neutrophil infiltration after ICH is usually regulated by certain 
chemokines/cytokines released by reactivated glial cells in the peri-
hematomal region [46]. We next assessed the levels of 

Fig. 2. Neutrophilic infiltration increases in the perihematomal region in hyperglycemic ICH mice. (A–G) Ipsilateral striata were dissected and flow cytometry 
was performed at 1-day post ICH. (A) Gating strategy of identifying resident microglia (7AAD− CD11b+CD45int), neutrophils (7AAD− CD11b+Ly6G+), monocytes/ 
macrophages (7AAD− CD11b+CD45hi), lymphocytes (7AAD− CD45+), and T cells (7AAD− CD3e+CD45+). (B) Representative plots of the infiltrating neutrophils in 
different group are shown. Quantifications of the percentage of neutrophil (C), resident microglia (D), monocyte/macrophage (E), lymphocyte (F) and T cell counts 
(G) are shown. (H, I) Immunostaining using antibodies of MPO was performed at 1 and 3 days after ICH. White arrows indicate MPO+ cells. The representative 
images (H) and quantifications (I) are shown. (J–O) The mRNA was extracted from ipsilateral striata of each group at day 1 after ICH, and real-time RT-PCR was 
performed to verify the gene expression of cytokines/chemokines. GAPDH was served as the internal control. (C-G, J-O) Two-way ANOVA followed by Sidak’s 
multiple comparisons test. (I) Two-way ANOVA followed Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001 vs corresponding Sham. #p < 0.05, 
##p < 0.01 vs Veh + ICH; NS., not significant. Each group contained 5 (C–G), 6 (I), 6 (J–M) and 4 (N, O) animals. Scale bar: (H) 75 μm. Each experiment was 
repeated at least 3 times independently. 
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chemokines/cytokines in ipsilateral brain tissue by RT2 Profiler PCR 
array at 1 day after ICH (Fig. S3F). The mRNA expression level of che-
mokines that mediating neutrophil infiltration (such as Cxcl1, Cxcl5, and 
Csf3 [47,48]) increased in hyperglycemic ICH mice compared with that 
in normoglycemic ICH mice, but not the chemokines mediating mono-
cyte/macrophage infiltration (such as Il2 and CSF2 [49,50]) or T cell 
infiltration (such as Ccl2 and Ccl3 [51,52]) (Figs. S3F and G). We further 
verified the gene expression of chemokines mediating neutrophil infil-
tration using Realtime RT-PCR, and found that except Ppbp, the 
expression of Cxcl1, Cxcl5, Csf3, Icam1, and Il17 were statistically 
increased in hyperglycemic ICH mouse brain (Fig. 2J-O). 

3.3. Hyperglycemic mice exhibit decreased neutrophilic lactoferrin in 
peripheral blood and perihematomal region after ICH 

To assess the changes in the gene expression profile of neutrophils 
affected by hyperglycemia and ICH, we collected neutrophils from pe-
ripheral circulation and performed RNA-seq experiment on day 1 after 
ICH. Gene expression profile was affected by both hyperglycemia and 
ICH greatly (Fig. S4A). Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway analysis showed that plenty of vital pathways changed 
in peripheral neutrophils (Figs. S4B and C). We verified the results of 
RNA-seq by using Realtime RT-PCR (Fig. 3A). Between normoglycemic 
ICH mice and hyperglycemic ICH mice, 142 genes were upregulated, 
and 73 genes were downregulated (Fig. 3B). Among those genes, we 
noticed that Ltf, the gene that encodes iron-binding protein lactoferrin 
(Ltf) was slightly increased in normoglycemic ICH mice and markedly 
decreased in peripheral neutrophils in hyperglycemic ICH mice (Fig. 3B 
and C). The protein level of neutrophilic Ltf was significantly decreased 
in the perihematomal region in STZ-injected ICH mice (Fig. 3D and E). In 
addition, the expression of neutrophilic Ltf also significantly decreased 
in the perihematomal region in STZ-injected ICH mice assessed by im-
munostaining (Fig. 3F and G). 

Dysregulation of peroxisome proliferator-activated receptor γ 
(PPAR-γ) signaling pathway contributes to type 2 diabetes, whether 
activating the PPAR-γ signaling pathway is beneficial to the prognosis of 
ICH associated with type 1 diabetes is still unclear [53,54]. We isolated 
peripheral neutrophils from naïve mice and performed chromatin 
immunoprecipitation (ChIP) assays using PPAR-γ antibodies. As shown 
in Fig. 3H, PPAR-γ directly bound to Ltf gene. ChIP followed by Realtime 
PCR also confirmed this result (Fig. 3I). In addition, the protein level of 
Ltf was increased by treating with PPAR-γ agonist rosiglitazone (ROSI) 
and decreased by treating with PPAR-γ antagonist T0070907 in pe-
ripheral neutrophils (Fig. 3J and K). 

3.4. High glucose-reduced neutrophilic Ltf aggravates neuronal ferroptosis 
by affecting intracellular iron levels in vitro 

We next incubated peripheral neutrophils in HG or NG in vitro. HG 
incubation markedly decreased neutrophilic Ltf mRNA level, intracel-
lular Ltf protein level, and secreted Ltf protein level in conditioned 
media (CM) (Fig. 4A–C). We further collected CM from HG- or NG- 
cultured neutrophils and incubated them with mouse primary cortical 
neurons to assess the neuronal death with PI staining (Fig. 4D). Hemin 
induced neuronal death, further addition of neutrophilic CM collected 
from HG (HG-CM) enhanced neuronal death significantly (Fig. 4E and 
F). To determine whether HG-CM aggravated Hemin-induced neuronal 
death was due to lack of neutrophilic Ltf, we supplemented recombinant 
Ltf (rLtf) to HG-CM and found that the addition of 100 μg/mL rLtf to 
neutrophilic HG-CM was efficiently rescued neuronal death, as did in the 
DFO addition group (Fig. 4G, H and Figs. S5A and B). In addition, we 
transfected neutrophils with Ltf-siRNA or scramble-siRNA (Figs. S5C and 
D), collected CM, and incubated it with mouse primary neurons. 
Neuronal death was increased when co-culturing with CM collected 
from Ltf-siRNA neutrophils (Fig. 4I and J). Furthermore, the addition of 
Ltf neutralizing antibody to neutrophilic NG-CM also enhanced neuronal 

death compared with that in control cells (Fig. 4K and L). 
Intracellular iron overload is the main cause of neuronal ferroptosis 

post-ICH [6,55]. To investigate whether Ltf rescued Hemin-induced 
ferroptosis and its underlying mechanism, we detected iron concentra-
tions in indicated treatment groups in primary neurons. The addition of 
rLtf successfully decreased intracellular Fe2+ (Fig. 5A) and Fe3+ (Fig. 5B) 
concentrations as did DFO in both Hemin- and FeCl2-treated neurons. 
Interestingly, rLtf did not decrease extracellular Fe2+ (Fig. 5C) and Fe3+

(Fig. 5D) concentrations in both Hemin- and FeCl2-treated neurons, 
indicating that Ltf doesn’t bind to iron in the media and doesn’t bring 
extra iron into neurons. 

The increase of lipid ROS, MDA content, and cyclooxygenase-2 
(COX-2) coding gene Ptgs2 overexpression are hallmarks of ferroptosis. 
Treating neurons with rLtf significantly decreased lipid ROS (Fig. 5E and 
F), MDA accumulation (Fig. 5G), and Ptgs2 mRNA level (Fig. 5H) 
compared with Hemin-treated cells. These data further confirmed that 
Ltf rescued neuronal ferroptosis. 

3.5. Administration of rLtf rescues neuronal ferroptosis and protects 
hyperglycemic mouse brain after ICH in vivo 

We intracerebroventricularly injected Ltf-siRNA or scramble-siRNA 
into normoglycemic ICH mice. Western blots and immunostaining re-
sults showed that Ltf protein level was significantly downregulated after 
Ltf-siRNA infusion, especially in Ly6G+ infiltrating neutrophils 
(Figs. S6A–D). We immunostained brain section with MDA and NeuN, 
and knocking down of intracerebral Ltf significantly increased peri-
hematomal neuronal MDA accumulation (Fig. 6A and B). The profile of 
FJC+ degenerating neurons (Fig. 6C and D) and lesion volume (Fig. 6E 
and F) were also increased after Ltf-siRNA infusion compared with that 
in the scramble-siRNA group. More importantly, normoglycemic ICH 
mice infused with Ltf-siRNA displayed significantly greater neuro-
behavioral deficits, lower forelimb placing score, higher hindlimb 
placing score, and decreased latency in wire hanging test and Rotarod 
test (Fig. 6G). 

Furthermore, to detect whether rLtf supplementation had a thera-
peutic effect in hyperglycemic ICH mice, we intraperitoneally injected 
rLtf (1, 4, or 10 mg/kg) into hyperglycemic mice challenged with ICH 
and measured neurologic deficits at different time points. Among the 
different dosages, 4 mg/kg of rLtf provided the most robust behavior 
improvement in hyperglycemic ICH mice (Fig. S6E). We found that 
administration of rLtf (4 mg/kg) markedly decreased neuronal MDA 
accumulation (Fig. 6H and I), the profile of FJC+ degenerative neurons 
(Fig. 6J and K), and lesion volume (Fig. 6L and M) in hyperglycemic ICH 
mice. Neurologic deficits and motor dysfunction were also efficiently 
rescued by administering rLtf compared with that in the vehicle group in 
hyperglycemic ICH mice (Fig. 6N). 

4. Discussion 

Spontaneous intracerebral hemorrhage (ICH) is the most lethal type 
of stroke. Currently, most preclinical studies have focused on ICH using 
young and healthy mice. However, clinically, between 2% and 27% of 
ICH patients aged 35–74 years have chronic underlying conditions, such 
as hypertension and diabetes [56]. Among those, diabetes is considered 
to be an independent predictor of poor outcomes after ICH and increases 
mortality in patients with ICH [56]. Diabetic hyperglycemia increases 
blood-brain barrier (BBB) permeability [57,58] and subsequently ex-
pands hematoma volume [59–61], increases inflammation [62,63], and 
aggravates white matter damage [64]. However, little is known about 
how diabetic hyperglycemia affects the process of neuronal death and 
nerve repair after ICH, which is the most direct cause of neurobehavior 
and motor dysfunction. 

In the current study, we verified that diabetic hyperglycemia exac-
erbated neurologic deficits and motor dysfunction after ICH in the acute 
stage, which is consistent with clinical observations [65]. We also 
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Fig. 3. Neutrophilic Ltf is downregulated in hyperglycemic ICH mice. (A) RNA-seq experiment was performed using peripheral neutrophils obtained at 1 day 
after ICH from each group. (B) A volcano plot showed the upregulated (red) and downregulated (blue) genes between STZ-injected mice and Vehicle-injected mice 
detected using RNA-seq. Ltf was showed by the blue spot. (C) Real-time RT-PCR was performed using peripheral neutrophils at 1 day after ICH. GAPDH was served as 
the internal control. (D, E) The protein level of Ltf was detected from ipsilateral striata using Western blot. The representative images (D) and quantifications (E) are 
shown. α-Tubulin was served as the internal control. (F, G) Immunostaining was performed using Ly6G and Ltf antibodies at 1-day post ICH. White arrows indicate 
double positive cells. The representative images (F) and quantifications (G) are shown. The high-power image of Ly6G+Ltf+ cell is shown in the white box. (H, I) 
Mouse primary neutrophils were cultured, and ChIP assays was performed using PPAR-γ antibodies. The location of two pairs of primers is shown. Agarose gel 
electrophoresis (H) and real-time PCR (I) were used following ChIP assays. (J, K) Mouse primary neutrophils were treated as indicated for 12 h. The expression of Ltf 
were measured by Western blot. α-Tubulin was served as the internal control. (A, I) Student’s t-test followed by Welch’s correction. (C, E, G) Two-way ANOVA 
followed by Sidak’s multiple comparisons test. (K) One-way ANOVA followed Tukey’s multiple comparisons test. *p < 0.05, ***p < 0.001 vs corresponding Veh (A, 
K), corresponding Sham (C, E, J), or IgG (I); #p < 0.05, ##p < 0.01, ###p < 0.001 vs Veh + ICH (C, E, G) or ROSI (K). Each group contained 3 (B), 5 (A, G), 4 (C), 6 
(E) animals and 3 (I, K) independent experiments. Scale bar: (F) 75 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 
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Fig. 4. High glucose reduced neutrophilic Ltf aggravates neuronal ferroptosis in vitro. Mouse primary peripheral neutrophils were extracted and cultured in 
normal-glucose (NG), high-glucose (HG) medium, or transfected with siRNA before use. (A) The mRNA level of Ltf was detected by real-time RT-PCR. GAPDH was 
served as the internal control. (B, C) The protein levels of Ltf in neutrophils (cell lysates-Ltf) and in conditional medium (CM-Ltf) were detect using Western blot. The 
representative images (B) and quantifications (C) are shown. α-Tubulin was served as the internal control. (D) Schematic of co-culturing mouse primary neurons and 
neutrophils. (E–L) Primary mouse neurons were treated as indicated for 8 h before performing PI staining. The representative images (E, G, I, K) and quantifications 
(F, H, J, L) are shown. (A, C) Student’s t-test followed by Welch’s correction. (F, H, J, L) One-way ANOVA followed Tukey’s multiple comparisons test. *p < 0.05, **p 
< 0.01, ***p < 0.001 vs NG (A, C), Control (F, H, J), or NG-CM + Veh (L); ##p < 0.01, ###p < 0.001 vs Hemin + Veh (F, J), HG-CM + Hemin (H), or NG-CM +
Hemin + IgG (L); ††p < 0.01 vs Hemin + NG-CM (F) or Hemin + Scr-siRNA (J). Each experiment was repeated 3–4 (C), 4 (A), 6 (F, J), or 3 (H, L) times independently. 
Scale bar: (E, G, I, K) 100 μm. 
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observed that diabetic hyperglycemia increased neuronal ferroptosis in 
ipsilateral striatal neurons after ICH in mice. This is in keeping with our 
previous findings that poor outcomes of ICH were directly related to the 
severity of neuronal ferroptosis in the perihematomal region in vivo [6]. 

Interestingly, although hyperglycemia induces ferroptosis of osteoblast 
in type 2 diabetic osteoporosis [66], hyperglycemia was not the direct 
cause of neuronal ferroptosis, nor did it aggravate Hemin-induced 
neuronal ferroptosis. Therefore, neuronal ferroptosis aggravated by 

Fig. 5. Ltf rescues Hemin-induced ferroptosis by reducing intracellular iron concentrations in neurons. (A–D) Mouse primary neurons were treated as 
indicated for 4 h. The iron concentrations were measured by the Iron Assay Kit. The quantifications of intracellular Fe2+ (A) and Fe3+ (B) concentrations in neurons, 
and extracellular Fe2+ (C) and Fe3+ (D) concentrations in the medium are shown. (E–H) Mouse primary neurons were treated as indicated for 8 h. The lipid ROS were 
analyzed by fluorescence probe. The representative images (E) and quantifications (F) are shown. Malondialdehyde (MDA) content was measured using a commercial 
kit (G). The mRNA level of Ptgs2 gene in primary neuron was detected by real-time RT-PCR (H), and GAPDH was served as the internal control. (A-D, F–H) One-way 
ANOVA followed Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001 vs Control; #p < 0.05, ##p < 0.01, ###p < 0.001 vs corresponding Veh. 
Each experiment was repeated 4 (A-C, F, G), 3 (D), or 5 (H) times independently. Scale bar: (E) 100 μm. 
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Fig. 6. Ltf rescues neuronal ferroptosis and improved acute outcomes in hyperglycemic ICH mice. (A–G) Ltf-siRNA or Scr-siRNA was injected intraven-
tricularly to normoglycemic ICH mice. (A, B) Immunofluorescent staining using antibodies of MDA and NeuN. White arrows indicate the MDA+NeuN+ cells (A). The 
MFI of MDA was quantified (B). (C, D) FJC staining was performed and the FJC+ cells were quantified. White arrows indicate FJC+ cells. (E, F) CV/Luxol fast blue 
staining were performed to quantify the lesion volume (black dotted bordered). (G) Neurological function and motor function were examined following ICH blindly. 
(H–N) Four mg/kg of rLtf was administered (i.p.) to hyperglycemic ICH mice. Immunofluorescent staining using antibodies of MDA and NeuN (H, I), FJC staining (J, 
K), and CV/Luxol fast blue staining (L, M) were performed. The representative images (H, J, L) and quantifications (I, K, M) are shown. Neurological function and 
motor function were examined following ICH blindly (N). (B, D, F, I, K, M) Student’s t-test followed by Welch’s correction. (G, N) Two-way ANOVA followed by 
Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001 vs corresponding Scr-siRNA (B, D, F, G) or corresponding Veh (I, K, M, N). Each group 
contained 6 (B, D, F, I, K, M) or 8 (G, N) animals. Scale bar: (A, H) 75 μm, (C, J) 50 μm, (E, L) 1 mm. Each experiment was repeated at least 3 times independently. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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diabetic hyperglycemia after ICH was more likely to be influenced by 
other cells. 

Neutrophils, on the other hand, are one of the most important pe-
ripheral cells in diabetes. Dysfunction of neutrophils has been consid-
ered as one of the main causes of impaired peripheral wound healing in 
diabetes [67]. However, it was unclear that whether peripheral neu-
trophils affect the central nerve system in conditions of hyperglycemic 
ICH. We found that peroxisome proliferator-activated receptor γ 
(PPARγ) transcribed Ltf in neutrophils, and the decreased expression/-
secretion of neutrophilic Ltf in diabetic hyperglycemia was due to 
impaired PPAR-γ signaling pathway and can be reversed by adding 
PPAR-γ agonists rosiglitazone (ROSI). In line with our findings, ROSI is 
widely used in the treatment of type 2 diabetes in the clinic [68], and has 
been shown to reduce neurological dysfunction in ICH animal [69,70]. 
Thus, upregulating neutrophilic Ltf could be one of its beneficial ther-
apeutic effects of activating PPARγ. 

Although we are the first to discover the role of Ltf in rescuing 
neuronal ferroptosis after ICH, it has long been believed that Ltf plays 
important roles in the regulation of iron metabolism, immune regula-
tion, antioxidation, anti-cancer, and anti-infection (including anti- 
COVID-19 virus infection [71]) and other aspects [25,72]. Although 
one study reported that silencing Ltf with shRNA or through upregula-
tion of its E3 ligase NEDD4L deceased intracellular iron accumulation 
and subsequent ferroptosis in pancreatic cancer cells [73]. More recent 
research shows that apo-Ltf (an iron-free form of Ltf, which is used in our 
study) upregulated the expression of SLC7A11 (a subunit of cys-
teine/glutamate antiporter), and consequent in increasing glutathione 
(GSH) generation and inhibiting ferroptosis in breast cancer cells [74]. 
These data suggest the role of Ltf in ferroptosis is complicated: it may 
depend on iron saturation statues (apo or holo form) of Ltf, and it may 
also have cell-specificity. Importantly, Ltf accesses the blood bran bar-
rier (BBB) via receptor-mediated transcytosis, because Ltf receptors are 
highly expressed on the surface of the brain endothelial cells [75,76]. 
Additionally, research shows that orally and intravenously administered 
recombinant human Ltf had similarities in the up-regulation of specific 
genes involved in oxidative stress and inflammatory responses for both 
routes of treatments [77]. These findings provide evidence of intraper-
itoneally administration of Ltf can cross the BBB and treat brain cells 
efficiently. 

Our study had some limitations. First, we only used the STZ-injected 
type 1 diabetes mouse model, and only the acute impact of hypergly-
cemia was investigated. Since the distinctive pathophysiological 
changes induced by diabetes mellitus (DM) do not occur during the first 
2 weeks after STZ injection, a long-term study is necessary to investigate 
the chronic consequences of DM on ICH injury in the future. Clinical 
study shows that the incidence of ICH is higher in type 1 diabetes than in 
patients with type 2 diabetes [4]. However, to investigate whether the 
decrease of neutrophilic Ltf is also the main cause of aggravated 
neuronal ferroptosis and neurologic impairment after ICH in mice with 
type 2 diabetes would also be interested. Second, since activated 
microglia also secret Ltf [78], we immunostained Ltf with micro-
glia/macrophage marker Iba1 or neutrophil marker Ly6G and found that 
the majority Ltf+ cells were Ly6G+, and the majority Ly6G+ neutrophils 
expressed Ltf in normoglycemic mice post-ICH (Fig. S6F). These data 
indicate that neutrophils are the main cell source of producing Ltf, but 
not Iba1+ cells (since the Ltf+Iba1+ cells were located in the hematoma 
core and the morphology of these cells was round and branchless, these 
cells could be infiltrated macrophages). In the future, transgenic mouse 
strains with knocking out or knocking in Ltf in neutrophils should be 
used in the future to further distinguish the role of Ltf in neutrophils and 
microglia/macrophage. Finally, sex differences have also been reported 
in post-ICH injury [79], and estrogen is a vital mediator of brain pro-
tection in diabetic female mice [80]. Since the female mice have shown 
significant resistance to the diabetogenic effect of STZ, the impact of DM 
was studied only in male animals [81]. Whether neutrophilic Ltf protects 
against neuronal ferroptosis in female ICH mice should be investigated 

in other DM animal models, such as autoimmune or genetically induced 
models. 

In conclusion, we found that diabetic hyperglycemia aggravated 
neuronal ferroptosis and neurologic deficits after ICH. The cause was 
hyperglycemia-impaired PPAR-γ activity in peripheral neutrophils and 
decreased the transcription of Ltf. Silencing Ltf in the ipsilateral brain 
aggravated neuronal ferroptosis and neurologic deficits, while admin-
istering recombinant Ltf inhibited neuronal loss and improved ICH 
outcomes in vivo. Additionally, neutrophilic Ltf rescued Hemin-induced 
neuronal ferroptosis by reducing intracellular iron concentration, and 
the lack of neutrophilic Ltf aggravated neuronal ferroptosis. These novel 
findings fill a gap in knowledge regarding the role of peripheral neu-
trophils in neuronal ferroptosis after ICH with diabetes and provide a 
vital foundation to develop neutrophil-based cell therapy or iron- 
binding protein-based therapy for treating ICH. 
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