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Accumulation of reactive oxygen species (ROS), especially on lipids, induces massive cell death in neurons and
oligodendrocyte progenitor cells (OPCs) and causes severe neurologic deficits post stroke. While small com-
pounds, such as deferoxamine, lipostatin-1, and ferrostatin-1, have been shown to be effective in reducing lipid
ROS, the mechanisms by which endogenously protective molecules act against lipid ROS accumulation and
subsequent cell death are still unclear, especially in OPCs, which are critical for maintaining white matter
integrity and improving long-term outcomes after stroke. Here, using mouse primary OPC cultures, we
demonstrate that interleukin-10 (IL-10), a cytokine playing roles in reducing neuroinflammation and promoting
hematoma clearance, significantly reduced hemorrhage-induced lipid ROS accumulation and subsequent fer-
roptosis in OPCs. Mechanistically, IL-10 activated the IL-10R/STAT3 signaling pathway and upregulated the
DLK1/AMPK/ACC axis. Subsequently, IL-10 reprogrammed lipid metabolism and reduced lipid ROS accumu-
lation. In addition, in an autologous blood injection intracerebral hemorrhagic stroke (ICH) mouse model,
deficiency of the endogenous II-10, specific knocking out I110r or Dik1 in OPCs, or administration of ACC in-
hibitor was associated with increased OPC cell death, demyelination, axonal sprouting, and the cognitive deficits
during the chronic phase of ICH and vice versa. These data suggest that IL-10 protects against OPC loss and white
matter injury by reducing lipid ROS, supporting further development of potential clinical applications to benefit
patients with stroke and related disorders.

1. Introduction total human brain volume [8], and loss of WM integrity is responsible for

long-term functional and cognitive deficits in ICH [9]. Therefore,

Lipid metabolism reprogramming and reactive oxygen species (ROS)
accumulation induce ferroptotic cell death in neurons, oligodendrocyte
progenitor cells (OPCs), and cancer cells [1-3]. Among central nervous
system diseases, intracerebral hemorrhagic stroke (ICH), caused by
vascular rupture in the brain parenchyma, is a well-established disease
model to study the regulatory mechanisms of lipid ROS in neural cells
[2,4]. ICH accounts for 10% of all stroke types, but has a strikingly high
rate of mortality and morbidity [5-7]. White matter (WM), consisting of
axons connecting different brain regions, constitutes about half of the

reducing WM damage and promoting WM repair may contribute to the
ICH prognosis. However, current research mainly focuses on neuro-
protective strategies, and largely neglects the protection of WM [10].
WM is comprised of axons, containing oligodendrocyte linages (mye-
lin-producing mature oligodendrocytes and OPCs) and other glial cells
[8]. As central players in myelination and remyelination, the protection
of oligodendrocytes and OPCs against cell death is essential for central
nervous system activity [11]. Literature shows that autophagy is a key
regulator of OPC survival during development [12], and OPC apoptosis
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is one of the most-studied etiologic mechanisms in WM injury
(WMI)-related disorders such as multiple sclerosis (MS) [13,14]. Fer-
roptosis is a form of cell death caused by iron overload and abnormal
cellular lipid metabolism [15]. Recent studies by our group and others
have shown that OPCs undergo ferroptosis during hemorrhagic stroke,
which accounts for a significant fraction of OPC loss in rodents [3,16].
Overwhelming oxidative stress due to intracellular iron overload and
reduced activity of glutathione peroxidase 4 results in lipid peroxide
accumulation and cell death [3,16]. In a mouse model of lateral ven-
tricular hemorrhagic stroke, inhibition of OPC ferroptosis markedly
improved axonal remyelination and neurobehavioral function [3].
However, our understanding of the underlying mechanisms of ferrop-
tosis regulation in OPCs is still limited.

Interleukin-10 (IL-10) is an anti-inflammatory cytokine mainly pro-
duced by microglia and astrocytes in the brain, and the IL-10 receptor
(mainly IL-10Ra) is widely expressed on various cell surfaces, including
OPCs [17]. IL-10 is increased in serum, peripheral blood, and hematoma
drainage fluid in patients with ICH, and IL-10 content is positively
associated with the favorable outcomes [18]. Our previous work and
others have shown that microglial IL-10 protects the brains of ICH mice
by accelerating hematoma clearance [19,20]. These data suggest that
IL-10 plays a beneficial role in the acute phase of ICH. Nevertheless,
whether IL-10 affects chronic outcomes after ICH, which are strongly
correlated with WMI severity and cognitive deficits, is largely unknown.

In animal disease models with critical demyelination, such as MS and
premature brain injury, I-10~/~ mice exhibit more severe demyelin-
ation [21,22], and IL-10 administration increases the thickness of the
myelin sheath and reduces WMI [22,23]. However, the underlying
mechanism has not been identified and it remains unclear whether IL-10
affects the survival and differentiation of OPCs after ICH. The goal of this
study was to better understand the role of the non-classical role of IL-10
in lipid ROS-induced WMI and its effect on the death and differentiation
of OPCs during the chronic phase of ICH.

2. Materials and methods
2.1. Experimental design

All experiments were performed independently three or more times.
The website (www.randomization.com) was applied to randomly assign
animals or cell cultures to each group. Treatment, data collection, and
data analyses were blinded by using different investigators or by
masking sample labels. Experiments in animals were performed and
reported according to the ARRIVE and ICLAS guidelines [24]. All pro-
cedures were approved by the Experimental Animal Ethics Committee of
Capital Medical University. Anesthesia and euthanasia of animals were
carried out based on American Veterinary Medical Association (AVMA)
Guidelines for the Euthanasia of Animals (2020).

2.2. Animals

C57BL/6 mice (male, 6-8 weeks, 18-24 g) and neonatal mouse pups
(P0-2, mixed genders) were purchased from Charles River Laboratories
(Beijing, China). II-1 0/~ mice (C57BL/6J background, #112663) were
generated from Biocytogen (Beijing, China). PDGFRa Cre mice (C57BL/
6J background, 018280) were purchased from Model Organisms Center,
Inc. (Shanghai, China). Animals were housed under specific-pathogen-
free conditions equipped with regulated temperature and illumination
(room temperature [RT] 20 + 2 °C and 12-h light/dark cycle with lights
on at 8:00 a.m.). Food (standard rodent laboratory chow, SPF-F02-001,
SiPeiFu, China) and water were available ad libitum. All procedures and
treatments were approved by the Animal Care and Use Committee of
Capital Medical University.
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2.3. ICH mouse model

Briefly [25], mice were anesthetized, and a burr hole was drilled
(coordinate relative to bregma: x = 0.8 mm, y = 2.0 mm). Autologous
blood (23 pL) obtained from the mouse tail was infused in two-time
blocks (z; = 2.9 mm, z; = 3.2 mm). Sham-operated mice received the
same needle insertions.

2.4. Adeno-associated virus injection into striatum

The II-10ra or DIkl knockdown was using a pAAV-EFla-DIO-
mCherry plasmid (Obio Tech, Shanghai, China). The titers of virus
particles were more than 1.0 x 10'2 v.g./mL. The total of 4 x 10° v.g./
mL virus in 2 pL was injected into 4 locations of striatum (Coordinates: x
=0.6 mm, y =2.2mm, z; = 3.05mm/z; = 3.25mm; x = 1.0 mm, y =
1.8 mm, z; = 3.05 mm/z; = 3.25 mm). 75 mg/kg tamoxifen dissolved in
corn oil (T5648, Sigma, USA) was injected daily (i.p.) from 14 to 18
d after virus injection.

2.5. Cell culture

Mouse primary oligodendrocyte progenitor cells (OPCs) were pre-
pared from neonatal mouse pups and cultured as described previously
[3]. Briefly, brains of neonatal mouse pups (P0-1) were collected into
cold Hank’s buffer (H1045-500, Solarbio, China). The single cells
generated from the cortexes were isolated and processed with CD140
(PDGFRa) MicroBead Kit (130-101-502, Meltenyi, USA). The PDGFRa*
cells were then plated into Poly-bi-ornithine-coated (P0421, Sigma)
culture plates and cultured in growth medium: DMEM/F12
(C11330500BT, Gibco, USA) with 2% B27 (17504044, Invitrogen, USA),
20 ng/mL PDGF-AA (100-13 A, PeproTech, USA), 20 ng/mL bFGF
(100-18B, PeproTech), 1% penicillin-streptomycin (30-002-CI, Corning,
USA) for 3 d before experiments.

To induce OPC differentiation, cells were treated with 50 ng/mL
thyroid hormone (T3, T6397, Sigma) and 10 ng/mL ciliary neurotrophic
factor (CNTF, 450-50, PeproTech). The medium was changed every 2 d.

OLNO3 cells, an immortalized oligodendroglial cell line derived from
neonatal rat brain [26], were cultured in DMEM medium
(C11995500BT, Gibco) supplemented with 10% FBS and 1% pen-
icillin/streptomycin, and passaged every other day.

2.6. Drug administration

Unless indicated specifically, we pretreated OPCs with recombinant
murine IL-10 (2.5, 5, 10, 20, 40 ng/mL, 210-10, PeproTech) for 2 h. 50 pM
hemin (16009-13-5, Frontier Scientific, USA), ND-646 (0.5, 5, 10 nM, HY-
101842, MedChemExpress, USA), 10 pM AG490 (HY-12000, MedChe-
mExpress), 2.5 pM Stattic (87024, Selleck, USA) and 100 pM Deferox-
amine (DFO, Y0001937, Sigma) were administrated on OPCs for 12 h.

To intracerebroventricularly administrate drugs into ICH mice, we
fixed microtube (62001, RWD, China) on the skull (coordinate relative
to bregma: x = 0.8 mm, y = 0.5 mm). 10 pg/kg IL-10 in ddH,0, 10 mM
AG490 in 0.1% DMSO, 1 uM ND-646 (1 pL) in 0.1% DMSO and vehicle
were injected at 0, 2, 4, 6 d after ICH.

2.7. Cell death detection

For in vitro experiments, cells were incubated with 100 ng/mL Pro-
pidium Iodide (PI, P4170, Sigma) for 30 min, and images were taken
using a fluorescence microscope (Nikon ECLIPSE Ti, Japan). At least 3
microscopic fields were captured and evaluated for each well. Three
wells were assigned to one group and served as an independent test. Cell
death was calculated as the percentage of PI" cells.

In vivo, cell death was detected with a TUNEL assay kit (C1088,
C1090, Beyotime, China), according to the manufacturer’s instructions.
Sections were permeabilized by 0.3% (v/v) Triton X-100 and then
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incubated with a TUNEL reaction mixture for 1 h at 37 °C. The treated
slices were incubated with anti-PDGFRa (3174, Cell Signaling Tech-
nology, USA) and then Alexa Fluor 488 goat-anti-rabbit IgG (A-11008,
Invitrogen). Images were obtained by a fluorescence microscope (Nikon
ECLIPSE Ci) or confocal microscope (TCS SP8 STED, Leica, Germany). At
least three microscopic fields surrounding lesion were captured in each
section. Three sections, at the sites of anterior, middle and posterior of
the hematoma, were chosen for each mouse. TUNEL and PDGFRx double
immunopositively cells were counted.

2.8. Lipid peroxidation measurements

BODIPY™ 581/591C11 is a currently major assay used to measure
lipid peroxidation in ferroptosis [27]. Cells were incubated with 10 pM
BODIPY™ 581/591C11 reagent (D3861, Invitrogen) for 30 min at 37 °C
as previously reported [3]. The cellular fluorescence was detected by a
fluorescence microscope (Nikon ECLIPSE Ti) or flow cytometry (LSR
Fortessa SORP, BD, USA) using 590 nm and 510 nm channels. Results
were analyzed by BD FACSDiva™ and FlowJo v10 (BD).

2.9. MDA measurement

As previously reported [25], cells were prepared in Malondialdehyde
(MDA) Lysis Buffer with BHT (K739-100, Biovision, USA), and then
centrifuged at 13000 g for 10 min. Thiobarbituric acid reagent was
added into each vial including standards and samples. Pipette 200 pL
from each reaction mixture into a 96-well microplate for analysis. The
absorbance at 532 nm was recorded and calculated according to the
manufacturer’s instructions.

2.10. Reverse transcription-quantitative PCR (RT-qPCR) and RNA-seq

The mRNA was extracted with TRIzol (15596018, Invitrogen) and
cDNA was obtained by performing reverse transcription with Reverse
Transcriptase kit (R323-01, Vazyme, China). qPCR was performed with
the PowerUpTM SYBRTM Green Master Mix (A25742, Applied Bio-
systems, USA) by 7500 Fast Real-Time PCR System (Ap-plied Biosystems
7500). Primers were as follows: GAPDH (Forward 5-TGGATTTGGAC
GCATTGGTC-3/, Reverse 5-TTTGCACTGGTACGTGTTGAT-3"); Hmox1
(Forward 5-AAGCCGAGAATGCTGAGTTCA-3', Reverse 5-GCCGTGTA-
GATATGGTACAAGGA-3); Hampl (Forward 5-CTTGCCAGCCTGAG-
CAGCACCACCTAT-3, Reverse 5-AGAGAGGTCAGGATGTGGCTCTAGG
CTATG-3Y); Slc7al1 (Forward 5-GGCACCGTCATCGGATCAG-3/, Reverse
5'-CTCCACAGGCAGACCAGAAAA-3); Acsl4 (Forward 5-CTCACCAT-
TATATTGCTGCCTGT-3, Reverse 5-TCTCTTTGCCATAGCGTTTTTCT-
3"); MnSOD (Forward 5'-CAGACCTGCCTTACGACTATGG-3/, Reverse 5'-
CTCGGTGGCGTTGAGATTGTT-3"); I-10 (Forward 5-GCTCTTACT-
GACTGGCATGAG-3, Reverse 5-CGCAGCTCTAGGAGCATGTG-3"); Dik1
(Forward 5'-CTGGCTTCTCAGGCAACTTCTGT-3/, Reverse 5-CAGCTCC
TCGCCGCTGTTAT-3); Sox10 (Forward 5-ACACCTTGGGACACGGT
TTTC-3, Reverse 5-TAGGTCTTGTTCCTCGGCCAT-3"); Nkx2.2 (Forward
5'-CCGGGCGGAGAAAGGTATG-3, Reverse 5-CTGTAGGCGGAAAAGGG
GA-3"; Olig2 (Forward 5-TCCCCAGAACCCGATGATCTT-3', Reverse 5'-
CGTGGACGAGGACACAGTC-3); Ascll (Forward 5-GCAACCGGGT-
CAAGTTGGT-3, Reverse 5-GTCGTTGGAGTAGTTGGGGG-3"); Bmp2
(Forward 5-GGGACCCGCTGTCTTCTAGT-3, Reverse 5-TCAACTCAAAT
TCGCTGAGGAC-3"); Myrf (Forward 5-GCATGGGCACCGCCCCTAAG-3,
Reverse 5-GGGGCGAGTCTGGCAGTGTG-3"); Bmp6 (Forward 5-AGAA
GCGGGAGATGCAAAAGG-3, Reverse 5-GACAGGGCGTTGTAGAGATC
C-3); DIk1 (-1390 to -1174 bp) (Forward 5-GGCTGCAAGCACCTTTACC-
3, Reverse 5-GCTTAGAGGATGGGAGTGGG-3); Il-10ra (Forward 5'-
CCCATTCCTCGTCACGATCTC-3', Reverse 5-TCAGACTGGTTTGGGA-
TAGGTTT-3).

For DNA electrophoresis experiment, the end products of RT-qPCR
were separated with agarose gel electrophoresis and visualized by gel
imaging system (Gel Doc XR System, Bio-Rad, USA).
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RNA-Seq analysis was performed with the [llumina HiSeq platform to
identify the differential expression genes [3]. Briefly, mRNAs were
enriched with Oligo-d(T) beads and reverse transcribed into cDNA. After
the construction of the library, the libraries were sequenced by Illumina
HiSeq sequencer (PE 150, USA). FASTQ reads were trimmed and
required a minimum length of 20 bp. After filtering, the clean reads were
aligned to the reference genome using Hierarchical Indexing, after
which gene expression levels were quantified. The screened differen-
tially expressed genes were analyzed by Gene Ontology (GO) function
analysis (http://metascape.org), Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway function analysis, hierarchical clustering anal-
ysis, and volcano plot analysis. The primary sequencing data have been
deposited in the NCBI Gene Expression Omnibus (GEO, https://www.nc
bi.nlm.nih.gov/geo/) under accession number GSE222049.

2.11. Lipidomic analysis

OLNO3 cells were treated with vehicle, 50 pM hemin, 50 pM hemin +
10 ng/mL IL-10, 50 pM hemin + 5 nM ND-646 for 12 h. Cells were
digested and collected in 60% methyl alcohol (diluted with water,
containing 8.5 g/L ammonium bicarbonate). The suspensions were
centrifuge to remove supernatant. Cells were then frozen in liquid ni-
trogen and stored at -80 °C. The subsequent operations were provided by
Shanghai Biotree Biotech. Briefly, LC-MS/MS analyses were performed
using an UHPLC system (Vanquish, Thermo Fisher Scientifics), equipped
with a Kinetex C18 column (2.1 x 100 mm, 1.7 pm, Phenomen). The QE
mass spectrometer was used for its ability to acquire MS/MS spectra on
data dependent acquisition (DDA) mode in the control of the acquisition
software (Xcalibur 4.0.27, Thermo).

2.12. ChIP assay

Briefly [25], OLN93 cells (5 x 10%) were fixed with 1% (w/v)
formaldehyde solution at 37 °C for 10 min, followed by treated with
ultrasonic and incubated with p-STAT3 (9145T, Cell Signaling Tech-
nology) or IgG (C1755, Applygen, China) antibodies at 4 °C overnight.
The antibody-protein-DNA complex was immunoprecipitated with
protein A/G (sc-2003, Santa Cruz, USA), washed and eluted sequen-
tially. After decrosslinking, DNA was extracted with PCR Purification Kit
(28106, QIAquick, Germany). qPCR and DNA electrophoresis experi-
ments were subsequently performed.

2.13. Western blotting

The protein was extracted with RIPA Lysis buffer (AR0101, Boster,
China) mixed with protease inhibitor cocktail (04693132001, Roche,
USA). Cell culture medium was collected, and the protein in cell su-
pernatant was concentrated with centrifugal filter devices for 30 min at
7500 g (UFC201024, Millipore, USA). Samples were separated by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis and then
transferred onto polyvinylidene fluoride membrane (1620177, Bio-rad).
Membranes were blocked with 5% (w/v) nonfat milk and incubated
with antibodies listed as follows: IL-10 (1:1000, ab9969, Abcam, USA),
p-STAT3 (1:1000, 9145T, Cell Signaling Technology), STAT3 (1:1000,
ET1607-38, Huabio, China), p-STAT1 (1:1000, 7649, Cell Signaling
Technology), STAT1 (1:1000, 14994, Cell Signaling Technology), p-
STAT5 (1:1000, 4322, Cell Signaling Technology), STAT5 (1:1000,
94205, Cell Signaling Technology), p-ACC (1:1000, 3661S, Cell
Signaling Technology), ACC (1:1000, 21923-1-AP, Proteintech, USA),
DLK1 (1:1000, ab210471, Abcam), AMPK (1:1000, 5832S, Cell
Signaling Technology; 1:1000, ab32047, Abcam), p-AMPK (1:1000,
25358, Cell Signaling Technology), p-actin (1:2000, sc-47778, Santa
Cruz), anti-rat IgG, HRP-linked Antibody (7077S), anti-rabbit IgG, HRP-
linked Antibody (70718S), anti-mouse IgG, HRP-linked Antibody (7076S)
(1:1000, Cell Signaling Technology). Protein bands were visualized after
incubating chemiluminescent HRP substrate (90719, Millipore) with the
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Fusion system (Odyssey SA, Vilber, France). The relative intensity was
quantified with ImageJ software (NIH, USA).

2.14. Immunofluorescence staining

Animals were euthanized and perfused with PBS and 4% (w/v)
paraformaldehyde (158127, Sigma). Coronal sections (16 pm) of brains
blocked by 5% (v/v) goat serum were incubated with primary antibodies
and corresponding secondary antibodies. Antibodies used were as fol-
lows: anti-MBP (sc271524, Santa Cruz), anti-NF200 (N0142, Sigma),
anti-p-APP (51-2700, Invitrogen), anti-Caspr (MABN69, Millipore), anti-
Navl.6 (ASC-009, Alomone, Jerusalem), anti-PDGFRa (3174, Cell
Signaling Technology), anti-Olig2 (ab9610, Millipore), Alexa Fluor 594
goat-anti-rabbit IgG (A-11012, Invitrogen), Alexa Fluor 594 goat-anti-
mouse IgG (A-11005, Invitrogen), Alexa Fluor 488 goat-anti-rabbit IgG
(A-11008, Invitrogen) and Alexa Fluor 488 goat-anti-mouse IgG (A-
11001, Invitrogen). Images were obtained by fluorescence microscope
(Nikon ECLIPSE Ci) or confocal microscope (TCS SP8 STED, Leica). At
least three microscopic fields around the lesion were captured in each
section. Three sections, at the sites of anterior, middle and posterior of
the hematoma, were chosen for each mouse. Data were analyzed by an
investigator who was blinded to the experimental setup.

2.15. Injection and staining of BrdU

As previously reported [28], mice were intraperitoneally injected
with the thymidine analogue BrdU (50 mg/kg, B9285, Sigma) twice a
day for 4 d, beginning at 3 d after ICH. Brain slices were treated with 2 N
HCI for 60 min at RT to partially denaturalize the double-stranded DNA,
and followed with 0.1 M boric acid (pH 8.5) for 15 min. The sections
were incubated with anti-BrdU (ab6326, Abcam) and anti-APC (OP80,
Millipore) overnight at 4 °C, then with Alexa Fluor 594 goat anti-Rat IgG
(A-11007, Invitrogen) and Alexa Fluor 488 goat-anti-mouse IgG
(A-11001, Invitrogen). Images were obtained by a fluorescence micro-
scope (Nikon ECLIPSE Ci). At least three microscopic fields surrounding
the lesion were captured in each section. Three sections, at the sites of
anterior, middle and posterior of the hematoma, were selected for each
mouse. BrdU and APC double immunopositive cells were counted by an
investigator blinded to the experimental setup.

2.16. Anterograde axonal tracing

At 21 d after ICH, 2 pL of BDA (10%, w/v, dissolved in PBS, D1956,
Thermo Fisher Scientific) were injected into the contralateral cortex at
two sites (x; = 0.6 mm, y; = 1.2 mm, z; = 1.5 mm; x5 = 0.0 mm, y; =
1.8 mm, z; = 1.7 mm). 14 d later, slices were collected at the levels of
facial nucleus (FN) and 7th segment of cervical spinal cord (C7) (35 pm
thick), and incubated with Streptavidin-FITC (S3762, Sigma) to label
BDA™ axons. Images were obtained by a fluorescence microscope (Nikon
ECLIPSE Ci). Three sections at each level were selected for each mouse.
The number of midline-crossing BDA™ fibers was quantified [29,30].

2.17. Luxol fast blue staining

The integrity of myelin sheath is detected by Luxol fast blue staining
as previously reported [2]. Slices were pretreated with 70% ethanol
overnight at RT and then incubated with prewarmed Luxol fast blue
solution (L0294, Sigma) overnight at 37 °C. Brain sections were dehy-
drated, fixed with xylene and then sealed with sealing agent. Three
sections, at the sites of anterior, middle and posterior of the hematoma,
were selected for each mouse and the intensity of fast blue in the
striatum was quantified using ImageJ software. Data were analyzed by
an investigator who was blinded to the experimental setup.
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2.18. MRI

As previously reported [3], mice were anesthetized with isoflurane,
and maintained at ~50 breaths per minute. Magnetic resonance imaging
(MRI) was performed by Brucker Biospin 11.7 T MR scanner (Germany).
Diffusion tensor imaging (DTI) was performed by using a three-segments
diffusion-weighted echo-planer imaging sequence. The following pa-
rameters were used: echo time = 19 ms, repetition time = 1500 ms,
averages = 1, b value = 1500 s/mmz, the field of view was 15 x 15 mm,
slice thickness = 0.5 mm. The FA value was measured with MATLAB
software (MathWorks, USA) by a blinded investigator.

2.19. TEM assay

As previously reported [3], mice were intracardially perfused with
PBS, 4% PFA and 2.5% glutaraldehyde (Top0394, Biotopped, China).
Tissue blocks (1 mm®) were microdissected from corpus callosum and
striatum, and fixed in 2.5% glutaraldehyde for 24 h. Furthermore,
samples were fixed in 1% osmium tetroxide (00308, TCI, Japan) for 2 h
and then dehydrated in ethanol and acetone. Samples embedded in
epoxy resin were cut into ultrathin sections, stained with uranyl acetate
(SP1-02624, HEAD BIO, China) and lead citrate (HD17800, HEAD BIO).
Fields randomly selected in corpus callosum and striatum were obtained
with TEM (JEM-1400plus). The G-ratio, a parameter of myelination, was
calculated and analyzed with the ImageJ software.

2.20. Gait analysis assay

The CatWalk XT® assay is used to sensitively and unbiasedly assess
small changes in motor function, and the CatWalk XT apparatus (Noldus
Information Technology, The Netherlands) was used as previously
described [31]. During the training period, the mice were allowed to
traverse the plate to their home cages 3 times over 3 d. Data recorded on
the last day was used as a baseline before surgery. At 35 d after ICH, the
mice were allowed to complete 3 trials. Investigator blinded to the
groups analyzed the parameters of contralateral paws by CatWalk XT
10.6 software.

2.21. Novel object recognition test

Novel object recognition test reflects cognitive function [32]. Mice
were allowed to acclimate for 30 min and then placed into the chamber
with 2 identical cube objects (5 cm in size) for 5 min. Afterwards, the
cube object was replaced by a new rectangular pyramid. In the novel
object testing phase, the mice were allowed to explore for 10 min. Object
investigations consisted of all exploratory tries, including sniffing and
biting, but not sitting on the object, or casually touching the object in
passing. Animals that spent less than 20 s exploring novel objects were
excluded from the analysis. The percentage of novel object recognition
time to total exploration time was counted [33].

2.22. Forced swimming test

Mice were allowed to acclimate for 30 min and then placed into
plastic cylinders (height, 30 cm; diameter, 20 cm) containing water (25
+ 1 °C; depth, 15 cm) for 5 min [34]. The immobility time during forced
swimming was scored by an investigator who was blinded to the groups.

2.23. Tail suspension test

After acclimating for 30 min, mice were suspended using adhesive
tape (approximately 1 cm from the tip of the tail), and the tape was
hooked at the top of the box [34]. The tip of mouse’s nose was
approximately 20 cm away from the floor. The mice were suspended for
5 min, and the immobility time was scored by a blinded investigator.
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2.24. Open field test

Mice were allowed to acclimate for 30 min and then placed in the
center of a white plastic chamber (50 cm x 50 cm x 50 cm) to explore
freely for 5 min [35]. The tracks were recorded and analyzed by an
investigator blinded to groups.

2.25. Neurologic and motor function evaluations

Briefly, body symmetry, gait, climbing, circling behavior, front limb
symmetry, and compulsory circling were scored as reported [2,25]. Each
score was graded on a scale from O to 4. In forelimb placement tests,
intact mice would quickly place the lateral forelimb on the tabletop as a
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response to the whisker stimulation. The percentage of successful re-
sponses in 10 trials was quantified by an investigator blinded to groups.

2.26. Statistical analysis

Values were shown as mean =+ SD. Statistical analysis was performed
using unpaired two-tailed student’s t-test for two groups, One-way
ANOVA followed by Tukey’s or Dunnett’s multiple comparisons test,
and Two-way ANOVA followed by Tukey’s multiple comparisons test for
multiple groups (GraphPad Prism 7.0 Software). p<0.05 was considered
significant.
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Fig. 1. IL-10 reverses OPC ferroptosis induced by hemin. (A-C) Mouse primary OPCs were isolated and treated with vehicle or hemin for 12 h. RNA-seq analysis
was performed. Hierarchical clustering of differently expressing genes (DEGs, fold change threshold>2; FDR-corrected p<0.05) is shown (A). KEGG pathway and GO
enrichment analysis are shown (B). The genes related to ferroptosis among DEGs are shown in the heatmap (C). (D) OPCs were pretreated with IL-10 for 2 h before
incubating with hemin for 12 h. The representative images of PI staining and quantification are shown. (E, F) OPCs were treated as indicated for 12 h. Lipid ROS and
MDA content were measured using BODIPY-C11 probe (E) and an MDA detective kit (F). Results are presented as scatter plots (mean + SD). (D-F) One-way ANOVA
followed Tukey’s multiple comparisons test. **p<0.01, ***p<0.001 vs vehicle; *p<0.05, *#p<0.01, *##p<0.001 vs hemin. Each experiment was repeated 3 or 4

times independently except the RNA-seq anaylsis. Scale bars: (D, E) 100 pm.
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3. Results
3.1. IL-10 decreases lipid ROS and protects against ferroptosis in OPCs

Hemin is a degradation product of red blood cells, and has been
commonly used to mimic ICH toxicity and to induce OPC ferroptosis in
vitro [3,25,36]. To understand the molecular regulatory mechanism in
OPC cell death post-ICH, we extracted primary OPCs from mouse pups,
cultured them, and treated them with hemin or vehicle. RNA-seq anal-
ysis was preformed and 3014 differentially expressed genes between
hemin- and vehicle-treated cells were identified (Fig. 1A and Table S1).
The kyoto encyclopedia of genes and genomes (KEGG) analysis identi-
fied that the genes related to cell growth and death dramatically
changed after hemin treatment (Fig. 1B). The gene ontology (GO)
enrichment was further processed among upregulated genes (fold
change >3) and the network plot represented the relationships between
the main regulated biological processes, including response to oxidative
stress, ferroptosis, and spinal cord injury (Fig. 1B). Ferroptosis is a cell
death form caused by iron overload and abnormal cellular lipid meta-
bolism. Consistent with our previous data that ferroptosis is the pre-
dominant cell death form in OPC cell death after hemorrhagic stroke, 14
ferroptosis-related genes were found to be notably changed in
hemin-treated OPCs by RNA-seq analysis (Fig. 1C). To investigate
whether IL-10 affected to the OPC ferroptosis, we incubated primary
OPCs with different concentrations of recombinant IL-10 under hemin
stimulation. Pretreating of IL-10 (10 ng/mL) successfully rescued
hemin-induced ferroptosis in OPCs, as effective as the ferroptosis in-
hibitor deferoxamine (DFO) (Fig. 1D). In keeping with this result,
hemin-induced accumulation of lipid ROS and polyunsaturated fatty
acid peroxidation end product malondialdehyde (MDA), the hallmarks
of ferroptosis, were reduced significantly by the addition of IL-10
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(Fig. 1E and F). These data suggest that IL-10 protected against OPC
ferroptosis induced by hemin in vitro.

3.2. IL-10 rescues OPC ferroptosis by activating IL-10Ra/STAT3
signaling pathway and transcribing Dlk1

IL-10 binds to the IL-10 receptor (mainly IL-10Ra) and translocates
STAT1/3/5 into the nucleus [37]. We confirmed the expression of
IL-10Ra in OPCs (Figs. S1A and B), which was consistent with the pre-
vious report [17]. Compared to the hemin group, IL-10 increased
p-STAT3 (Tyr705) level, which was completely abolished by the in-
hibitors of STAT3 signaling pathway, AG490 and Stattic (Fig. 2A),
whereas IL-10 did not change p-STAT1 (Tyr701) or p-STAT5 (Tyr694) in
OPCs (Figs. S1C and D). Consistent with this, the p-STAT3 level also
dramatically increased in the ipsilateral striata at 1 and 3 d after ICH in
vivo, which was corresponding to the elevated IL-10 protein levels
(Fig. 2B). In addition, AG490 and Stattic also abolished the effects of
IL-10 on lipid ROS accumulation (Fig. 2C) and cell death (Fig. 2D) in
hemin-treated OPCs. These data indicate that IL-10 rescued
hemin-induced ferroptosis in OPCs through activation of the STAT3
signaling pathway, but not through the STAT1/5 signaling pathway.

To investigate how IL-10/STAT3 rescued OPC ferroptosis, we
examined the expression levels of characterized ferroptosis-related
genes transcribed by transcription factor STAT3 in other cells and dis-
ease models [38-42]. Unexpectedly, compared with hemin, IL-10 did
not change the expression of MnSOD, Hmox1, Hamp, Slc7al1, or Acsl4 in
hemin-induced ferroptotic OPCs (Figs. S1E-I), indicating that
IL-10/STAT3 rescued OPC ferroptosis not by regulating established
targets. RNA-seq analysis was further carried out, and co-administration
of hemin and IL-10 significantly altered the expression of 61 genes
compared with hemin treatment alone, with 6 upregulated and 55
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Fig. 2. IL-10 activates STAT3 to rescue OPC ferroptosis. (A) OPCs were treated as indicated and the p-STAT3 was analyzed using Western blotting. B-actin served
as an internal control. Representative images and quantification are presented. (B) Autologous blood was injected into striata of wildtype (WT) mice. The ipsilateral
striata brain tissue samples or corresponding sham brain samples were collected at indicated time post-surgery. The levels of STAT3, p-STAT3, and IL-10 were
quantified using Western blotting. p-actin served as an internal control. Representative images and quantification are presented. (C) OPCs were treated as indicated
for 12 h and labeled with BODIPY-C11 probe. Lipid ROS was detected with flow cytometry. Representative histogram images of fluorescence and quantification are
shown. (D) OPCs were treated as indicated for 12 h before performing PI staining. The representative images and quantiﬁcation are shown. Results are presented as

scatter plots (mean =+ SD). (C, D) One-way ANOVA followed Tukey’s multiple comparisons test. *

T
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'p<0.001 vs hemin + IL-10. Each experiment was repeated 3 or 4 times independently. Scale bar: (D) 100 pm.
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downregulated genes (Fig. 3A and Table S2). Dlk1 was the gene with the
most dramatic increase among these (Fig. 3A and Table S2). Of note,
Dik1 was also significantly down-regulated in hemin-treated cells
compared with vehicle-treated cells, revealed by RNA-seq analysis
(Fig. S2A and Table S1).

Dik1 encoding protein delta-like 1 homolog (DLK1) belongs to the
epidermal growth factor-like repeat-containing family, and is consid-
ered as a preadipocyte factor with an impact on adipogenesis and
metabolism, exerting effects in membrane form or soluble form [43]. We
additionally verified the RNA-seq data with RT-qPCR. Hemin-decreased
Dik1 expression was reversed by IL-10 administration, and STAT3 in-
hibitor Sttatic effectively abolished the effect of IL-10 on Dlk1 expression
(Fig. 3B). DNA gel electrophoresis followed by RT-qPCR identified that
DIk1 isoform 1 was the isoform regulated by the IL-10/STAT3 signaling
pathway (Fig. 3C and D). Additionally, our chromatin immunoprecipi-
tation (ChIP) assay verified that IL-10 induced the binding of p-STAT3 to
the promoter region of Dlk1 (Fig. 3E).
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To further explore whether DLK1 served as a key regulator in IL-10-
rescued OPC ferroptosis, we knocked down the expression of Dlk1 with
shRNA lentiviruses (Fig. S2B). Compared with control shRNA treatment,
knocking down DIk1 effectively reversed the protective effects of IL-10
on ferroptotic OPCs as determined by lipid ROS (Fig. 3F) and cell
death (Fig. 3G) assays. In addition, we concentrated cell supernatants
and performed Western blotting. It showed DLK1 expression existed in
the cell lysate but not in the cell supernatant (Fig. S2C), suggesting that
the membrane form of DLK1 rescued OPC ferroptosis, but not the
cleaved DLK1 in the medium.

3.3. IL-10 inhibits ACC activity via DLK1 and regulates lipid metabolism
in OPCs

Ferroptosis is primarily driven by iron-dependent phospholipid
peroxidation, and the KEGG analysis revealed that the genes related to
lipid metabolism dramatically changed in hemin-treated OPCs
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Fig. 3. IL-10 activates STAT3 and transcribes DIk1 to rescue OPC ferroptosis. (A) OPCs were treated as indicated and RNA-seq was performed. DEGs are shown
in volcano plot (fold change threshold>1.5; FDR-corrected p<0.05). (B-D) Schematic diagram shows structures of DIk1 isoforms and the sites of consensus primers.
OPCs were treated as indicated and the mRNA levels of Dik1 was detected by RT-qPCR (B) and DNA gel electrophoresis (C, D). GAPDH served as the internal control.
JM, juxtamembrane domain; TM, transmembrane domain. (E) OLN93 cells (rat OPCs) were treated as indicated and ChIP assay was performed using p-STAT3
antibodies. The location of primer is shown. Agarose gel electrophoresis and qPCR were performed following ChIP assay. TBS, transcription factor binding site. TSS,
transcription start site. (F, G) OPCs were infected with shDIk1 or control vector. After 2 d, OPCs were treated as indicated. Lipid ROS was labeled with BODIPY-C11
fluorescence probe and then detected by flow cytometry (F). Cell death rate was quantified with PI staining (G). Results are presented as scatter plots (mean + SD).
(B, D, F, G) One-way ANOVA followed Tukey’s multiple comparisons test. (E) Two-way ANOVA followed Tukey’s multiple comparisons test. *p<0.05, ***p<0.001 vs
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(Fig. S2D). Acetyl-CoA carboxylase (ACC) is the key enzyme that cata-
lyzes the acetyl-CoA to malonyl-CoA and functions to promote fatty acid
synthesis and also inhibits fatty acid oxidation [44]. Phosphorylation of
ACC (p-ACC) on serine 79 (Ser79) inhibits its activity and protects
against ferroptosis in mouse embryonic fibroblasts [44], and DLK1 in-
hibits ACC activity in hepatocytes [45]. Therefore, we hypothesized that
IL-10/STAT3/DLK1 regulated ACC activity and lipid metabolism in
ferroptotic OPCs.

Hemin decreased the levels of DLK1, p-AMPK, and p-ACC in the OPCs
(Fig. 4A). IL-10 reversed hemin-decreased p-ACC levels (Fig. 4A), and
the addition of Stattic or knocking down of Dlk1 abolished the effects of
IL-10 on hemin-incubated OPCs (Fig. 4A-C). We further treated OPCs
with ND-646, the specific inhibitor of ACC, and found it protected
against hemin-induced lipid ROS accumulation and ferroptosis dose-
dependently as IL-10 and DLK1 did (Fig. 4D and E). We next per-
formed untargeted lipidomic analyses (FDR-corrected p<0.05; variable
Importance in the Projection, VIP>1). Hemin increased the contents of
triacylglycerol (TAG) and phosphatidylcholine (PC) in OPCs, while
hemin plus IL-10 or ND-646 treatment significantly reduced the contents
of TAG, phosphatidylglycerol (PG), phosphatidylethanolamine (PE),
and PC (Fig. 4F). There were 37 significantly changed lipid metabolites
among the pairwise comparisons of three groups, including fatty acid
(FA) (16:1), PC (14:0e/22:4), PC (16:0e/20:4), PC (16:1e/20:4), PC
(16:0e/22:2), PC (16:0e/24:1), PC (16:1e/22:3), PC (18:1e/20:2), PC
(18:1e/21:2), PC (18:2e/22:1), PC (18:4e/21:2), PC (18:3e/18:0), PC
(16:0e/24:4), PE (16:0e/20:4), PE (18:2e/22:4), PE (16:1e/22:5), PE
(22:3e/16:2), and PG(16:0/18:0) (Fig. 4G and H). IL-10 and ND-646
treatment both decreased these metabolites levels (Fig. 4G and H),
which is consistent with the current consensus that the oxidation of
polyunsaturated fatty acid (PUFA)-containing phospholipids drives
ferroptosis [46,47]. These results suggest that IL-10 downregulated ACC
activity and inhibited ferroptosis in OPCs by modulating lipid
metabolism.

3.4. IL-10-rescued ferroptotic OPCs preserves the ability of differentiation

The differentiation and maturation of OPCs into myelinating oligo-
dendrocytes is a critical process in the therapeutic strategy for ICH [48].
To verify whether IL-10-rescued ferroptotic OPCs preserved the ability
to differentiate into myelin-producing oligodendrocytes, OPCs were
cultured in differentiation medium (containing differentiation factors
thyroid hormone (T3) and ciliary neurotrophic factor (CNTF)) and
treated with hemin. Persistently exposure of hemin with lower con-
centrations significantly abolished OPCs differentiation (Fig. 5A-C), as
quantified with the percentage of myeline binding protein (MBP)™ oli-
godendrocytes. IL-10 successfully increased the absolute number of
Olig2™ (total number of cells) and MBP™ cells (mature oligodendrocytes)
(Fig. 5D and E), but failed to rescue the hemin-inhibited OPCs differ-
entiation rate (the percentage of MBP" cells) (Fig. 5B and C). Short
exposure of 50 pM hemin (EC50) to OPCs also showed similar results
(Figs. S3A-C). We further examined the mRNA expression levels of
well-established differentiation-related genes, and IL-10 failed to
reverse the hemin-induced expression changes of differentia
tion-inhibiting genes (Bmp2 and Bmp6) or differentiation-promoting
genes (Sox10, Nkx2.2, Olig2, Ascll, and Myrf) as well (Fig. 5F). Of
note, addition of IL-10 remarkably promoted differentiation in naive
OPCs (Figs. S3D and E). The above results suggest that IL-10 failed to
reverse the hemin-inhibitory effects on differentiation, but was able to
maintain the differentiation ability of surviving OPCs.

3.5. Deficiency of endogenous IL-10 increases OPC cell death, reduces
newborn oligodendrocytes, and exacerbates WMI post-ICH in vivo

To explore the role of IL-10 in the chronic phase of ICH mice, we
developed global II-10 knockout mice using the CRISPER/Cas9 tech-
nique. We injected autologous blood into II-10~/~ mice and WT
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littermates, and characterized the cell death and differentiation of OPCs
at different time points post-ICH. We stained brain sections with OPC
marker alpha-type platelet-derived growth factor receptor (PDGFRa)
and the bona fide cell death staining dye terminal deoxynucleotidyl
transferase mediated dUTP nick end labeling (TUNEL) [49,50]. We
observed the increased percentage of TUNELPDGFRa ™" cells in II-10~~
mice at 7 d after ICH in the surrounding lesion area, indicating a severe
OPC loss in IL-10 deficiency mice compared to WT mice (Fig. 6A). We
next injected 5-bromo-2'-deoxyuridine (BrdU) to ICH mice and labeled
the newborn oligodendrocytes (Fig. 6B). Compared to WT mice, the
numbers of BrdUTAPC" and APC™ cells were decreased in II-10~/~ mice,
indicating that endogenous IL-10 was indispensable to maintain
newly-differentiated mature oligodendrocytes post-ICH (Fig. 6C).

To determine whether deficiency of endogenous IL-10 resulted in
aggravated WMI after ICH, we firstly assessed brain injuries with mag-
netic resonance imaging (MRI) in II-1 0~/ and WT littermates post-ICH.
Diffusion tensor imaging (DTI) detects the magnitude and directionality
of water molecules within fiber tracts, and provides parameters of
myelin sheath integrity [51,52]. Compared with the WT group, the
fractional anisotropy (FA) value of ipsilateral corpus callosum (CC) was
markedly lower in II-10~/~ mice at 5 d and 35 d after ICH (Fig. 6D),
reflecting the more severe injury of ipsilateral fiber tracks. No difference
in the FA value of contralateral CC between the two groups was noticed
(Fig. S4A). In addition, we performed classic histochemical staining, and
found that II-10~/~ mice exhibited decreased intensity of Luxol fast blue
staining in the ipsilateral hemisphere (Fig. S4B). We next performed
immunofluorescence staining using different markers for assessing
myelin sheath integrity (MBP™"), axonal damage (-APP*/NF200"), and
the number of Ranvier nodes (Caspr and Nav1.6). II-1 0™/~ mice showed
significant loss of myelin sheath integrity (Fig. 6E), aggravated axonal
damage (Figs. S4C-E), and decreased number of Ranvier nodes
(Fig. S4F) in the ipsilateral hemisphere. We further used transmission
electron microscopy (TEM) to examine the ultrastructure of axons and
myelin sheath. We found that the myelin thickness (G-ratio) was also
additionally increased in the ipsilateral external callosum (EC) and
striatum in I1-10~/~ ICH mice, indicating a thinner thickness of myelin
(Fig. 6F-H). Of note, the significant differences in myelin thickness be-
tween WT and II-10~/~ ICH mice were in axons with smaller diameters
(Fig. 6H).

To further investigate the effects of IL-10 on the neuroplasticity, we
injected tract-tracer biotinylated dextran amine (BDA) into the contra-
lateral cortex at 21 d after ICH [29,30], and quantified the number of
BDA™ axons crossing the midline at levels of the facial nuclei and the 7th
cervical spinal cord segment at 35 d after ICH (Fig. S5A). The number of
BDA™ fibers crossing the midline at each level was notably decreased in
WT ICH mice, and further diseased in N-10~/~ ICH mice (Figs. S5B-D).
These results suggest that endogenous IL-10 is essential for the protec-
tion against WMI in the chronic phase after ICH.

Considering WM plays a critical role in executive function [53],
cognition [33], and emotion [54,55], we next evaluated behavioral
changes in I-107/~ and control ICH mice. The neurologic/motor
dysfunction of WT ICH mice recovered along with time (Figs. SS5E and F),
and displayed similar paw print lengths of contralateral forelimbs and
hindlimbs, and displayed no significant changes compared with
sham-operated mice at 35 d post-ICH which were assessed with the
CatWalk XT® system, while II-10~/~ mice showed a significant reduc-
tion in paw print lengths of limbs (Fig. 6I). In novel object tests, IL-10
deficiency markedly decreased the ratio of exploration time spent to
the total exploration time, suggesting an aggravated cognitive deficit
compared with WT mice (Fig. 6J). In addition, forced swimming test
(FST), tail suspension test (TST), and open field test (OFT) were con-
ducted to assess the emotional changes among groups [56-58]. II-10~/~
mice exhibited longer immobility times relative to WT mice in both FST
and TST tests (Figs. S5G and H), but showed no difference in the
exploration time spent on central region in OFT (Fig. S5I).

The above results suggest that endogenous IL-10 is indispensable to
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Fig. 4. IL-10/STAT3/DLK1 inhibits ACC activity and regulates lipid metabolism in OPCs. (A-C) OPCs were infected with shDIk1 lentiviruses or control. Then
cells were treated as indicated and the expressions of DLK1, AMPK, p-AMPK, ACC, and p-ACC in the cell lysate were detected using Western blotting. f-actin served as
an internal control. The representative images and quantifications are shown. (D, E) OPCs were treated as indicated. The accumulations of lipid ROS (D) and cell
death rate (E) were detected. Quantification are shown. (F-H) OLN93 cells (rat OPCs) were treated as indicated for 12 h. Cells were collected and untargeted lip-
idomic analyses were performed (FDR-corrected p<0.05; Variable Importance in the Projection, VIP>1). The common differential expression of metabolic species
among 3 comparisons are shown as bubble plots (F). Venn diagram shows the significantly changed lipid metabolites in 3 groups (G). Heat map of 37 significantly
changed lipid metabolites is shown (H). TAG, triacylglycerol; SHexCer, sulfurHexosylceramide hydroxyfatty acid; PG, phosphatidylglycerol; PE, phosphatidyleth-
anolamine; PC, phosphatidylcholine; LPE, lysophosphatidylethanolamine; LPC, lysophophatidylcholine; FA, free fatty acid; DGTS, diacylglyceryl trimethylhomo-
serine; Cer/NS, ceramide non-hydroxyfatty acid-sphingosine; Cer/NDS, ceramide non-hydroxyfatty acid-dihydrosphingosine; Cer/EOS, ceramide esterified omega-
hydroxy fatty acid-sphingosine; Cer/AS, ceramide alpha-hydroxy fatty acid-sphingosine; Cer/AP, ceramide alpha-hydroxy fatty acid-phytospingosine; Cer/ADS,
ceramide alpha-hydroxy fatty acid-dihydrosphingosine; AcylGlcADG, acylglucuronosyldiacylglycerol. Results are presented as scatter plots (mean + SD). (A, D, E)
One-way ANOVA followed Tukey’s multiple comparisons test. (C) Unpaired two-tailed student’s t-test. *p<0.05, **p<0.01, ***p<0.001 vs corresponding vehicle (A,
D, E) or shCtrl + hemin + IL-10 (C); #p<0.05, **p<0.01, *##p<0.001 vs corresponding hemin (A, D, E); 'p<0.01, 1/p<0.001 vs hemin + IL-10 (A). Each experiment
was repeated 3-5 times independently.



W. Wu et al.

B

T3+CNTF - 5
Hemin (uM) - =

0 | OPC isolation IL-10 = -

Redox Biology 69 (2024) 102982

+ + + +
15 15 20 20
- + - +

3 | + Persistent hemin treatment
(different concentrations)

+ T3/CNTF
+ Persistent 15 or 20 ng/mL IL-10

MBP

C S5 D E
250 *
e
8200
T [ ]
g *%
< 150~
8100 9, |® B
&
g) 50_ m
O]

-10 T T T T T T 0 T T T T
TIHCNTF = + 4+ * + #* T3+CNTF + + + +
Hemin (uM) - - 15 15 20 20 Hemin (uM) 15 15 20 20

L0 - - -+ -+ 10 -+ -+

F Hemin 40
25 - * Veh Veh IL-10 20
0
& 204 Bmp2 ns. #
3 154 Bmp6 *% N.S.
3 10+ p=0.0707  Sox10 *% N.S.
B 2 Nkx2.2 * #
M 0 .
s ° Olig2 x ns.
5
T3+CNTF _;_ _;_ _;_ _;_ Ascl1 *%% N.S.
Hemin (uM) 15 15 20 20 Myrf * N.S.
10 -+ -+

Fig. 5. IL-10-rescued OPCs have capacity to differentiate into mature oligodendrocytes. (A-E) OPCs were treated as indicated and performed immunofluo-
rescence staining using Olig2 and MBP antibodies. Schematic experimental procedure (A), representative images (B), quantifications of the differentiation rate (C),
Olig2™ cell number (D), and MBP" cell number (E) are shown. (F) OPCs were treated as indicated for 12 h before performing RT-qPCR. The expressions of
differentiation-inhibiting genes (Bmp2, Bmp6) and differentiation-promoting (Sox10, Nkx2.2, Olig2, Ascll, Myrf) genes are shown in the heatmap. GAPDH served as
an internal control. Results are presented as scatter plots (mean + SD). (C, F) One-way ANOVA followed Tukey’s multiple comparisons test. (D, E) Two-tailed
student’s t-test followed by Welch’s correction. *p<0.05, **p<0.01, ***p<0.001 vs vehicle (C, F) or T3 4+ CNTF + hemin (D, E); #p<0.05, ###p<0.001 vs T3 +
CNTF (C) or hemin (F). n.s., not significant. Each experiment was repeated 3 or 4 times independently. Scale bar: (B) 50 pm.

protect OPCs from cell death and to maintain the pool of oligodendro-
cytes during the chronic phase of ICH. Moreover, IL-10 is necessary to
protect against WMI, benefits axonal sprouting, motor function and
cognitive function, and improves depressive-like behaviors post-ICH.

3.6. IL-10 treatment rescues OPC ferroptosis, maintains oligodendrocytes
number, and improves cognitive function

To define the therapeutic effects of IL-10 and further confirm the
protective effects of IL-10 was through regulating IL-10Ra/STAT3/
DLK1/ACC axis in vivo, we administrated IL-10, AG490, or ND-646 to
the WT ICH mice, or injected pAAV-EFla-DIO-mCherry virus (a Cre
enzyme-initiated virus) to PDGFRa Cre mice to deplete Il-10ra or Dlk1 in
striatal OPCs. Both IL-10 and ND-646 significantly protected against
OPC cell death, while AG490 eliminated the protective effect of IL-10, as
shown the changed percentage of TUNEL PDGFRa" cells in the sur-
rounding lesion area at 7 d after ICH (Fig. 7A). Knocking out Il-10ra or
Dik1 expression in striatal OPCs abolished the effects of IL-10 on OPC
cell death markedly (Fig. 7B-D). Consistent with this, administration of
IL-10 or ND-646 resulted in more newly-differentiated oligodendrocytes
and total number of mature oligodendrocytes, while the effect of IL-10
was abolished by AG490 injection, indicated by changed numbers of
BrdUTAPC' and APC™ cells compared with vehicle treated mice at 35
d after ICH (Fig. 7E and F). Lossing of Il-10ra or Dik1 expression in OPCs
reversed the progress of OPCs differentiation exerted by IL-10 treatment
(Fig. 7G and H). Additionaly, both IL-10 and ND-646 treatment rescued
cognitive impairment of WT ICH mice, while AG490 abolished IL-10
effects significantly (Fig. 7I). And knocking out II-10ra or Dlk1 expres-
sion in OPCs also eliminated the enhancement on cognitive function
exerted by IL-10 treatment (Fig. 7J). These results show that IL-10
treatment protects against OPC ferroptosis and improves cognitive
function through IL-10 receptor/STAT3/DLK1 axis after ICH in vivo.
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4. Discussion

ICH is the second most common type of stroke, associated with the
highest mortality and disability [59]. Cell death of neurons and oligo-
dendroglial lineages induced by inflammatory, oxidative, and cytotoxic
cascades result in severe WMI and functional impairment [60]. Impor-
tantly, OPCs reprogram their lipid metabolism and change their mem-
brane composition progressively during developing, increasing the
biosynthesis of cholesterol and galactosphingolipids and reducing the
relative amounts of phospholipids and proteins [61]. Considering the
highest iron content, the lower contents of antioxidant agents (e.g.,
glutathione peroxidase), and only half of the glutathione reductase ac-
tivity compared with other glial cells, the oligodendroglial lineage is the
most vulnerable cell class to oxidative stress [62]. Recently, we and
others have found that ferroptosis, an iron-dependent cell death char-
acterized by disturbance of lipid metabolism and accumulation of lipid
peroxidation, in OPCs contributes greatly to neurologic deficits after
hamorrhagic damage [2,3,63]. Mitochondria, organelles containing
oxidized lipid subcellular membranes, also play a major role in ferrop-
tosis [64]. Several studies have shown the mitochondria can act as ini-
tiators or amplifiers of ferroptosis initiated by cysteine starvation and
glutathione depletion [65,66]. Nevertheless, the regulatory mechanism
for ferroptosis in OPCs remains unclear post-ICH. In this study, we found
that the expression of IL-10 was protectively elevated during the acute
phase of ICH. Elevated IL-10 decreased lipid ROS and protected against
OPCs ferroptosis, thus replenishing the mature oligodendrocyte pool
and accelerating the WMI recovery during the chronic phase after ICH.

The IL-10 serves multiple functions in the central nervous system,
including limiting neuroinflammation, enhancing microglia phagocy-
tosis, regulating neuronal activity, and promoting neurogenesis [17,19,
67,68]. It is reported that IL-10 benefits hemorrhagic brain by inhibiting
apoptosis, accelerating hematoma clearance, and restraining inflam-
mation [19,69,70]. In other diseases, studies have shown that IL-10
protects against apoptosis of retinal ganglion cells induced by with-
drawing growth factors via phosphorylating STAT3 [71], and inhibits
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Fig. 6. Deficiency of IL-10 increases OPC cell death, reduces oligodendrocyte pool, and exacerbates WMI post-ICH. Male Il-10~/~ and WT littermates (6-8
weeks old) underwent autologous intrastriatal blood injection or sham procedure. (A) Brain sections obtained at 7 d post-ICH were stained with PDGFRa and TUNEL.
Representative images and quantification are shown. White dash lines indicate the ipsilateral lesion area. White arrows indicate double-positively stained cells. (B, C)
Sections obtained at 35 d post-ICH were stained with BrdU and APC. Experimental procedures (B), representative images (C), and quantifications (C) are shown.
White dash lines indicate the lesion area. White arrows indicate double-positively stained cells. (D) MRI was performed before and after ICH at indicated time points.
Representative diffusion tensor images and quantification of FA values of the ipsilateral corpus callosum are shown. White arrows indicate ipsilateral corpus cal-
losum. (E) Brain sections obtained at 35 d post-ICH were stained with MBP. Representative images and quantifications are shown. White dash lines indicate the
ipsilateral corpus callosum region. (F-H) Brain sections obtained at 35 d post-ICH were observed with transmission electron microscopy (TEM). Representative
images and G-ratio of axons are shown. (I) Motor functions of ICH mice were assessed with a CatWalk XT® apparatus at 35 d post-ICH in WT and II-10~/~ mice. A
schematic diagram of recorded footprints and representative images of footprints are shown. The lengths of right forelimb (RF) and right hindlimb (RH) were
quantified. (J) Cognitive function of WT and II-10~/~ mice were measured at 35 d post-ICH with novel object recognition test. Illustrating diagram of the test and the
percent times spent on the novel object over the total between groups are shown. Results are presented as scatter plots (mean + SD) except H (line chart). (A, C-E, G,
I, J) Two-way ANOVA followed Tukey’s multiple comparisons test. (H) Nonparametric test, Mann-Whitney test. *p<0.05, **p<0.01, ***p<0.001 vs corresponding
sham (A, G, E, G, I, J) or WT ICH (D). #p<0.05, **p<0.001, *##p<0.001 vs corresponding ICH (A, C, E, G, I, J). Each group contained 5-6 (A, C, E), 3 (D, G, H), or 7-
10 (I, J) animals. Axons calculated for evaluating G-ratio: WT sham n = 205, WT ICH n = 223, II-10~/~ sham n = 216, 10~ ICH n = 210 (G, H). Scale bars: (A, C)
EO pm, (D) 1 mm, (E) 100 pm, (F) 500 nm.

oligodendrocyte cell death caused by LPS/IFN-y cytotoxicity through functions as a safeguard of ferroptosis in mouse embryonic fibroblasts
suppressing the expression of inducible nitric oxide synthase [72]. [44], and DLK1 works as an inhibitory regulator of ACC1/2 in hepato-
Additionally, in MS and premature brain injury, IL-10 shows WM pro- cytes [45], whereas their relation in OPCs was not clear. Here, we
tective effects by reducing inflammatory response or collagen I synthesis discovered that DLK1 inhibited ACC1/2 via activation of AMPK, the
[21-23]. In this study, we specifically knocked out the expression of most important kinase in ferroptosis [44], but how DLK1 activates

IL-10ra in OPCs and elucidated the direct function of IL-10 on OPCs. To AMPK is of interest for future elucidation. Polyunsaturated fatty acid
the best of our knowledge, this study is the first to show that IL-10 (PUFA), which are substrates for synthesis of lipid signaling mediators,
decreased lipid ROS in OPCs and plays a protective role in WMI after are susceptible to lipid peroxidation and are necessary for the execution
ICH. of ferroptosis [82]. Lipidomic studies suggest that phosphatidyletha-

STATS3 is the direct downstream of multiple interleukin factors, nolamines (PEs), or phosphatidylcholine (PC), are key phospholipids
including IL-10 and IL-6 [37,73]. Phosphorylation of Tyr705 at STAT3 that undergo oxidation and drive cells towards ferroptotic death [83,

leads to its activation and nuclear translocation [74]. STAT3 signaling 84]. Consistently, in our lipidomic analysis, hemin increased the content
pathway plays a key role in repressing ROS/lipid ROS production of PUFA, and treatment with IL-10 or ND-646 modulated the lipid
[38-42,75], regulating cell differentiation and neurogenesis [68,76], profile under hemin stimulation, with a decrease in PUFA-containing
and preventing cell death (including cancer cell ferroptosis) [41,52,71]. phospholipids. These results suggest that IL-10 protects against OPC
Consistent with these findings, we confirmed that IL-10-inhibited fer- ferroptosis by regulating lipid metabolism. Interestingly, a recent report
roptosis depends on STAT3 activation in OPCs, but not on STAT1/5. has also shown that IL-10 reduces the lipid metabolic response of car-
Unexpectedly, we did not find any change in expression of previously diomyocytes, thereby reducing inflammation and cell death in
reported STAT3-transcribed genes between the hemin and hemin + ischemia-reperfusion injury [85]. It is paradoxical that IL-10 just
IL-10 groups. These data implied the existence of novel target genes of decreased the fatty acid (FA, 16:1), considering the role of ACC in FA
STATS3 that were peculiar to the IL-10-regulated ferroptosis in OPCs. synthesis and oxidation, which indicates ACC2 is the primary effector of
Using unbiased RNA-seq analysis, we found that the hemin- IL-10 or there are other underlying effect pathways indepent of ACC.
decreased DIk1 expression was successfully rescued by the addition of Whether the rescued ferroptotic OPCs successfully differentiate into
IL-10, and we further verified that STAT3 was the transcription factor myelin-producing mature oligodendrocytes is another important ques-
for the Dik1 gene by using ChIP assays. DIk1, also called preadipocyte tion for WMI recovery. We found IL-10 accelerated differentiation in
factor 1 (Pref-1), is an imprinted gene that encodes for a membrane naive OPCs, but not in hemin-treated OPCs, and that 1L-10-rescued OPCs
protein member of the NOTCH receptor and ligand epidermal growth preserved the ability to differentiate. These data indicate that adminis-
factor-like protein family, mainly known for its involvement in adipo- tration of IL-10 rescues OPC ferroptosis in the peri-hematomal region
genesis [77]. With differences between in-frame deletions of the juxta- and may directly promote differentiation of OPCs in brain regions far
membrane protease recognition site, four isoforms of Dik1 are generated from hemorraghic damage (such as subventricular area) and these cells
by alternative splicing [78]. In this study, we found that the transcrip- could migrate to the lesion and repair damaged WM.
tion of DIkl isoform 1 was primarily regulated by the IL-10/STAT3 Our study has several limitations. First, in addition to microglia, IL-
signaling pathway and protected against OPCs lipid ROS production 10 is also released by astrocytes [86] and infiltrating peripheral immune
and subsequent ferroptosis. In line with our findings, the mammalian cells (T cells [87,88] and macrophages [20]). Which cell population is
imprinted Dik1-Gtl2 locus suppresses the PI3K-mTOR pathway and in- the primary source of IL-10 that contributes to the improvement of WMI
hibits mitochondrial biogenesis, therefore protecting hematopoietic after ICH requires further investigation. Next, since gender is an
stem cells from the damage of excessive ROS production [79]. Of note, important factor in ICH outcomes [89] and the literature has shown that
hemin treatment did not affect STAT3 activation, but decreased the IL-10 has a significant effect on anxiety-like behavior [90], it is of in-
expression of DLK1, suggesting that hemin modulated DIk1 expression in terest to determine whether IL-10 protects against OPC ferroptosis and
a STAT3-independent manner. improves WMI after ICH in female mice as well. Finally, administration
ACC, including the two isoforms ACC1 and ACC2. ACCL is a cyto- of IL-10, AG490, and ND-646 was not specific to OPCs in vivo, so the
plasmic isoform that acts as a fatty acid synthesis unit, catalyzing the protective effect in OPC ferroptosis and differentiation, and WMI may be
conversion of the acetyl-CoA to malonyl-CoA. Whereas ACC2, located in a synergistic effect of OPCs and other cells. Thus, the development of
the outer membrane of mitochondria, catalyzes the production of lipid nanoparticles designed to deliver drugs precisely is a promising
malonyl-CoA and is an inhibitor of CPT-1 to prevent fatty acid oxidation therapeutic strategy.
[80,81]. Intriguingly, STAT3 activation in CD8" T cells increases fatty Taken together, our study is the first to demonstrate a positive effect
acid oxidation, reduces lipid ROS accumulation, and then resists fer- of IL-10 on post-ICH WMI and neurologic deficits. We also found that IL-
roptosis under tumor environment [75], which implies the underlying 10 alleviated hemin-induced lipid ROS accumulation and ferroptosis in

link between STAT3 and ACC. Studies show that inhibition of ACC1/2 OPCs via the IL-10/STAT3/DLK-1/ACC axis, suggesting that IL-10
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Fig. 7. IL-10 treatment rescues OPC ferroptosis, maintains oligodendrocytes number, and improves cognitive function post-ICH. Male WT mice (6-8 weeks
old) underwent autologous intrastriatal blood injection or sham procedure (A, E, F, I). PDGFRa Cre mice (6-8 weeks old) were injected indicated AAV viruses, then
underwent autologous intrastriatal blood injection (B-D, G, H, J). IL-10 in ddH,0, AG490 in 0.1% DMSO, ND-646 in 0.1% DMSO, or vehicle were infused as
indicated. (A) Brain sections obtained at 7 d post-ICH were stained with PDGFRa and TUNEL. Experimental procedures, representative images and quantification are
shown. (B-D) The experimental procedures and representative images of the localization of mCherry in PDGFRa™ cells are shown (B). PDGFRa and TUNEL were
stained at 7 d post-ICH, and the representative images (C) and quantifications (D) are shown. (E, F) Mice were intraperitoneally injected with BrdU (50 mg/kg) twice
a day for 4 d, beginning at 3 d after ICH and drug treatments were as indicated. Sections obtained at 35 d post-ICH were stained with BrdU and APC. Representative
images and quantifications are shown. (G, H) After AAV-virus treatment, PDGFRa Cre mice underwent IL-10 administration. On the 3 d after ICH, mice were
intraperitoneally injected with BrdU (50 mg/kg) twice a day for 4 d. Representative images and quantifications of BrdU™ and APC™ cells are shown. White dash lines
indicate the ipsilateral hematoma area. White arrows indicate double-positive cells. (I, J) Treatments were as indicated. The performances of WT (I) or PDGFRa Cre
(J) mice in novel object recognition test were quantified and shown. Results are presented as scatter plots (mean =+ SD). (A, F, I) Two-way ANOVA followed Tukey’s
multiple comparisons test. (D, H, J) One-way ANOVA followed Dunnett’s multiple comparisons test. *p<0.05, **p<0.01 vs vehicle (A, F, I) or shCtrl (D, H, J);
#p<0.05, ##p<0.01 vs IL-10 (A, F, I). Each group contained 6 or 10 animals. Scale bars: (A, C, E, G) 50 pm, (B) 25 pm.
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supplementation may be a novel therapeutic approach for the treatment
of ICH.
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