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Summary
Background Stroke is one of the most common neurological diseases in the world and is clinically manifested by
transient or permanent brain dysfunction. It has a high mortality and disability rate, which severely affects people’s
health and diminishes the quality of life. However, there is no efficient treatment that can be considered curative and
there are other less well-known theories of pathogenesis. Therefore, it is imperative to gain a full understanding of
the pathophysiology of ischemia and to seek new therapeutic strategies.

Methods We first examined Kir4.1 channel and myelin based protein (MBP) expression in brain tissues from acute
ischemic patients by Western blotting. We then established a transient ischemic mouse model (tMCAO) to conduct
molecular, cell biological, transmission electron microscopy and pharmacokinetic studies, as well as in Kir4.1 cKO
mice. Finally, neuroimaging and behavioral analyses were used to examine whether activation of Kir4.1 channel by
luteolin could contribute to neuronal functional recovery in ischemic stroke.

Findings In acute ischemic stroke patients, we first demonstrated that Kir4.1 ion channels were greatly impaired and a
severe demyelination of axons occurred in ischemic infarction area of cerebral cortex in these patients. Further ev-
idence showed that the deficits of Kir4.1 channels in NG2 glia led to the myelin loss of axons in a transient ischemic
mouse model (tMCAO). Treating ischemic mice with a natural botanical extract, luteolin augmented Kir4.1 channel
currents in NG2 glia and consequently promoted remyelination of axons, alleviated the infarction area and ultimately
improved motor function in a series of behavioral tests.

Interpretation Targeting Kir4.1 ion channels expressed in NG2 glial cells by luteolin treatment highlights an effective
therapeutic strategy for a prompt brain functional recovery in ischemic stroke.
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Research in context

Evidence before this study
Ischemic stroke, accounting for 87% of all strokes, is clinically
manifested by transient or permanent brain dysfunction and
causes axonal demyelination and ultimately neuronal cell
death. There is no efficient treatment that can be considered
curative or disease-modifying. Recent studies demonstrated
that glial cells play a crucial role in the pathogenesis of
ischemia. In particular, the deficits of Kir4.1 channels
expressed in NG2 glia potently induced myelin loss in a
transient ischemic mouse model (tMCAO) of stroke. However,
whether this pathological finding occurs in ischemic patients
and seeking a potential therapeutic target of Kir4.1 channels
remains undiscovered.

Added value of this study
In the present study, we report that Kir4.1 channels and MBP
expression are severely reduced in the infarction area of the
cerebral cortex of acute ischemic patients, as well as in
ischemic stroke model mice. Further evidence demonstrates

that the deficits of Kir4.1 channels in NG2 glia but not in
astrocytes lead to myelin loss of axons in a transient ischemic
mouse model (tMCAO), which can be faithfully replicated in
Kir4.1 conditional knockout mice. Treating ischemic mice with
a natural flavonoid, luteolin augments Kir4.1 channel currents
in NG2 glia and consequently promotes remyelination of
axons, reduces the infarction area, improves sensorimotor
functional recovery, and prolongs the lifespan of ischemic
injured mice.

Implications of all the available evidence
There is currently lack of effective targets or strategies for
drug design as treatment options for most ischemic stroke
patients. Our findings provide new evidence that Kir4.1 ion
channel impairment exacerbates ischemic pathology and their
activation ameliorates demyelination of axons and thus
highlights a promising drug candidate, luteolin as a Kir4.1
channel activator for the treatment of ischemic stroke.
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Introduction
Stroke is a neurological disease clinically manifested by
transient or permanent brain dysfunction. As one of the
three most common diseases in the world, stroke has a
high mortality and disability rate, which severely affects
people’s health and diminishes quality of life. Ischemic
stroke is the most common form, accounting for 87% of
strokes. Ischemic stroke mainly causes impairment of
neural cells and ultimately the loss of brain function due
to ischemia and hypoxia. Although intravenous throm-
bolysis has been reported to be beneficial for a small
population of younger patients within 4.5 h after acute
ischemic stroke onset, the treatment options for most
stroke patients to date are very limited and there are no
treatments that can be considered curative.1–3 Therefore,
it is imperative to gain a full understanding of the
pathophysiology of ischemia and to seek new thera-
peutic strategies.

In the central nervous system (CNS), neurons have
very limited self-renewal or regeneration capability
when they are damaged or injured in adulthood.
Therefore, it is currently important to realize that the
concept of brain protection in the treatment of ischemic
stroke patients has been changed from reducing
neuronal cell death to activating endogenous neuro-
protection. With this goal in mind, we recently discov-
ered that the inwardly rectifying K+ channel subtype
Kir4.1 ion channels expressed in NG2 glia, one type of
glial cell population which is crucial to sustain the dif-
ferentiation of myelinating oligodendrocytes and
actively interact with neuronal synapses in the brain, are
necessary for myelin formation during early brain
development in mice.4–6 However, it remains unclear
whether Kir4.1 channels are impaired in ischemic hu-
man patients and what is the impact on neuronal
functional recovery by simply targeting Kir4.1 channels
expressed in NG2 glia.

Kir4.1 has been well studied in astroglia and oligo-
dendrocyte lineage cells in the CNS. These channels
play prominent roles in the maintenance of resting
membrane potential (RMP), extracellular K+ uptake,
sensing the local K+ levels, cell volume regulation,
facilitation of glutamate uptake, as well as in brain dis-
orders such as Huntington’s disease, white matter
injury and ischemia.5,7–13 Although there is no pharma-
cologically specific blocker of Kir4.1 channels, low
dosage barium (100 μM) has been found to efficiently
block 80% of Kir4.1-induced currents in rodents.5,9,11

However, a pharmacological activator of Kir4.1 chan-
nels has not been reported to date. Since the reduction
of Kir4.1 channel-induced currents mostly occurs in
numerous brain diseases that have been investigated, it
becomes more urgent and necessary to seek an alter-
native Kir4.1 channel activator for a potential therapeu-
tic treatment.

We therefore started to investigate whether Kir4.1
channels and myelin-related protein expression are
altered in the cortex of individuals with acute ischemic
stroke who were diagnosed by CT (Computed Tomog-
raphy) brain scans and post-surgery pathological exam-
ination. We found that, consistent with our previous and
present findings in a transient ischemic mouse model
(tMCAO), Kir4.1 ion channel protein expression was
dramatically reduced and a severe myelin loss occurred
www.thelancet.com Vol 87 January, 2023
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in ischemic patients as well. We also discovered that
luteolin, a natural botanical extract, can specifically
augment Kir4.1 channel currents in NG2 glia and thus
ameliorate the infarction area, promote remyelination of
axons and improve the motor function in ischemic
stroke model mice. Thus, targeting Kir4.1 ion channels
in NG2 glial cells sheds light on a new pathway for
neuronal protection and luteolin administration pro-
vides a therapeutic avenue for the clinical treatment of
ischemic stroke.
Methods
Animals
All animal procedures complied with the animal care
standards set forth by the US National Institutes of
Health (Protocol number: A-2018-028) and were
approved by the Animal Ethics Committee of Shanghai
Jiao Tong University School of Medicine (AAALAC
accreditation Unit, 001670). All mice were kept on a
C57BL/6 background and under a 12 h–12 h light–dark
cycle with food and water provided ad libitum from the
cage lid.

Pdgfrα-creER™ (RRID: IMSR_JAX:000664), Kir4.1f/f

(RRID: IMSR_JAX: 026826) and Rosa26-mGFP (RRID:
IMSR_JAX: 007676) were obtained from the Jackson
Laboratory (U.S.A.). C57BL/6 J mice (RRID:
IMSR_JAX:000664) were obtained from the Slac Labo-
ratory Animal (Shanghai, China). To induce Cre recom-
binase in Pdgfrα-creER™; Kir4.1f/f mice, 120 mg/kg
tamoxifen (ABCONE, T56488-5G) dissolved in corn oil
(ABCONE, AOB100669) was intraperitoneally injected
for 5 consecutive days starting from the postnatal day 10.
To induce Cre recombinase in Pdgfrα-creER™; Rosa26-
mGFP mice, 120 mg/kg tamoxifen was intraperitoneally
injected for 5 consecutive days between postnatal day 45
and 60.
Human tissue samples
Human tissue was obtained directly from the surgery
room and rapidly frozen in oxygenated ice-cold high su-
crose slice dissection buffer containing (in mM): 26 NaCl,
2.5 KCl, 1.3 MgCl2, 8 MgSO4, 1.25 NaH2PO4, 26
NaHCO3, 10 D-glucose and 208 sucrose and then stored
at −80 ◦C for Western blotting. Human tissue collection
and use were approved by the human ethical committee
in Renji Hospital, Shanghai Jiao Tong University School
of Medicine, China (Reference No. 2017-078). Written
informed consent for sample collection was obtained from
all the study participants. For infarct surgical specimens,
we freshly removed infarct tissue from patients diagnosed
with acute ischemia. For control (non-ischemic) speci-
mens, we freshly removed normal/healthy tissues from
surgical patients diagnosed with intracranial hemorrhage,
intractable epilepsy, glioblastoma or metastatic brain
tumors. In brief, from epileptic surgical patients, we
www.thelancet.com Vol 87 January, 2023
collected the normal/healthy tissue adjacent to the
removed seizure focus while the patients underwent
respective surgery; from neuro-oncology patients, we
collected the paracancerous tissue as normal/healthy tis-
sue.14 Patient information was provided in Tables S1 and
S2. The average age of the ischemic group was 55.7 ± 6.9
years (n = 6) and for the control group, it was 45.6 ± 6.7
years (n = 10), p = 0.3433, two-tailed unpaired t-test.
tMCAO model in mice
The experimental protocols were approved by the Ani-
mal Care and Use Committee of Shanghai Jiao Tong
University School of Medicine.5 The brain transient
focal ischemia was induced by suture occlusion of the
middle cerebral artery (MCAO) in seven- to eight-week-
old male mice, including wild-type (WT) (∼25 g),
Pdgfrα-creER™; Rosa26-mGFP (∼25 g) and Pdgfrα-
creER™; Kir4.1f/f mice (∼15 g) with congenic C57BL/6
background. Rectal and temporalis muscle temperature
was maintained at 37 ± 0.5 ◦C with a thermostatically
controlled heating pad and lamp. Mice were anes-
thetized and a suture of 0.105 mm in diameter with a
0.2-mm-diameter tip (Jia-Ling Biological Technology,
China) was inserted into the internal carotid artery (ICA)
through a cut of the external carotid artery to occlude the
MCA for 40 min. Regional cerebral blood flow was
monitored by laser Doppler flowmetry (VMS-LDF2;
Moor Instruments Ltd, UK). Mice showing less than
20% reduction in cerebral blood flow at the core regions
of the MCA territory were excluded from the study.
Acute brain slice preparation
For the preparation of brain slices, P40-60 mice were
deeply anesthetized and intracardially perfused with
oxygenated ice-cold dissection buffer containing (in
mM): 82.75 NaCl, 2.4 KCl, 6.8 MgCl2, 0.5 CaCl2, 1.4
NaH2PO4, 23.8 NaHCO3, 23.7 D-glucose and 65 su-
crose. Coronal hippocampal slices were cut at 300 μM
thickness (VT1200S; Leica Microsystems, Germany)
and allowed to equilibrate for at least 1 h at 31 ◦C in
aCSF containing (in mM): 125 NaCl, 2.5 KCl, 1 MgCl2,
2 CaCl2, 1.25 NaH2PO4, 25 NaHCO3, and 12.5 D-
glucose. All the buffers in this experiment were
continuously bubbled with a mixture of 95% O2/5%
CO2 gas.
Construction of pLVX-Kcnj10-IRES-mCherry plasmid
The plasmid pLVX-Kcnj10-IRES-mCherry was obtained
by subcloning the human Kcnj10 cDNA (NM_002241.5)
into the vector pLVX-IRES-mCherry (Takara, No.
631237) using the XbaI and BamHI restriction sites and
was verified by sequencing before the transfection. The
primers for Kcnj10 amplification were listed as follows:
Forward (XbaI): 5′GCTCTAGAATGACGTCAGTTGC
CAAGGTG3′, Reverse (BamHI): 5′CGGGATCCTC
3
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AGACATTGCTGATGCGCAC3′ (Sangon Biotech,
Shanghai, China).

For the transfection, the pLVX-Kcnj10-IRES-
mCherry plasmid was diluted at the calculated
concentration by OPTIM-MEM (Gibco, MA, USA) and
transfected into the HEK293T cells (RRID: CVCL_0063)
with lipofection 2000 reagent (Thermo Fisher Scientific
Inc., Waltham, MA, USA) according to manufacturer’s
instructions.
Cell culture
HEK-293T cells were purchased from ATCC and were not
further authenticated. Cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/strepto-
mycin (P/S) at 37 ◦C in humidified 5% CO2 incubator.
One day before whole-cell patch clamp recordings, cells
were digested in 0.25% trypsin. HEK-293T cells were
transfected Kcnj10 plasmids by Lipofectamine 2000 (Invi-
trogen) following the manufacturer’s instructions. On the
day of electrophysiological recordings, HEK-293T cells
expressing Kir4.1 channels were dissociated and triturated.
Cells were not cultured beyond 20 passages.

For primary NG2 glial cells culture,6 E14 mouse
cortices tissues were diced into ∼1 mm3 pieces in a
60 mm dish with a sterilized razor blade. The minced
tissues were transferred to digestion solution [trypsin
solution, 0.25% (Gibco, Baltimore, MD); Dnase I, 75
U/ml (Worthington, Lakewood, NJ)] and incubated for
10 min in the tissue culture incubator at 37 ◦C. The cells
were collected by centrifugation in a swinging bucket at
1000 g for 5 min. The pellet was resuspended with
freshly prepared neurosphere growth medium (Dul-
becco’s Modified Eagle Medium (DMEM)/F12 supple-
mented with B27 (Gibco, Baltimore, MD) and 10 ng/ml
EGF (Peprotech, Rocky Hill, NJ)) and added 5 × 105/ml
cells to the dishes. Half of the medium was replaced
with a fresh neurosphere growth medium for 8–10 days
every 2 days. After the neurospheres formed, the EGF
containing neurosphere growth medium was changed
to oligosphere medium (DMEM/F12 supplemented
with B27, 10 ng/ml platelet-derived growth factor
(PDGF, Peprotech, Rocky Hill, NJ), 10 ng/ml bFGF
(Novus Bio, Centennial, CO). After the oligospheres
formed for 7–9 days, the spheres were continuously
digested by trypLE (Gibco, Baltimore, MD) and
OPCs/NG2 cells were plated at 5 × 105/ml on a new
PDL-coated dish in OPC medium (DMEM/F12 supple-
mented with B27, N2 (Gibco, Baltimore, MD)), 0.1%
BSA, 10 ng/ml PDGF, 20 ng/ml bFGF, 5 μg/ml IGF
(R&D Systems, Minneapolis, MN).

For primary astrocytes culture, mouse cortices
from 2-day-old postnatal mice were dissociated by
trypsin solution and plated as a single-cell suspension
in DMEM medium supplemented with 10% fetal
bovine serum. After 6–7 days, or once the primary
cultures are confluent, microglia were removed by
shaking the cells at 240 rpm for 3 h, and then the
cells were shaken at 240 rpm for overnight in order to
remove oligodendrocytes. After that, the purified
astrocytes were dissociated and seeded for the
subsequent experiments.
Electrophysiological recordings from acute brain
slices and cultured cells
For brain slice whole-cell patch clamp recordings, an
individual slice was placed in the recording chamber
and continuously perfused with oxygenated aCSF at
room temperature. Slices were visualized with an up-
right epifluorescent microscope (BX51WI, Olympus,
Tokyo, Japan) equipped with differential interference
contrast optics and an infrared CCD camera (optiMOS,
Q IMAGING, Olympus, Tokyo, Japan). All the electro-
physiological recordings were made in hippocampal
CA1 region with a MultiClamp 700B amplifier (Molec-
ular Devices, Sunnyvale, CA, USA). Signals were low-
pass filtered at 2 kHz and sampled at 20 kHz using
Digidata 1550A (Molecular Devices) and data were
collected 2 min after obtaining a stable whole-cell
configuration. Patch pipettes were pulled from borosil-
icate glass capillaries with a microelectrode puller
(Model P-1000, Sutter Instruments).

For NG2 glia patch recordings, hippocampal slices
(300 μM thick) were prepared from 45 to 60 day-old
transgenic mice conditionally expressing green fluo-
rescent protein (GFP) on NG2 glia under the control of
Pdgfrα promoter (Pdgfrα-creER™; Rosa26-mGFP
mice). Glass pipettes with a resistance of 6–8 MΩ
were filled with a low chloride intracellular solution
containing (in mM): 125 K-gluconate, 15 KCl, 8 NaCl,
10 HEPES, 0.2 EGTA, 3 Na2-ATP, and 0.3 Na-GTP (pH
to 7.3). Cells were held at −80 mV in voltage clamp
mode.

For whole-cell recordings of hippocampal CA1 as-
trocytes, hippocampal slices (300 μM thick) were pre-
pared from 45 to 60 day-old C57/BL6 mice. Glass
pipettes with a resistance of 6–8 MΩ were filled with a
low chloride intracellular solution (see NG2 glia patch
recordings). Cells were held at −80 mV in voltage
clamp mode.

For whole-cell recordings of cultured cells, HEK-293T
cells were transfected with pLVX-Kcnj10-IRES-mCherry
or control vector for 24 h. Only pLVX-Kcnj10-IRES-
mCherry or pLVX-IRES-mCherry positive HEK-293T
cells were used for whole-cell patch recordings. Glass
pipettes with a resistance of 2–3 MΩ were filled with a
high chloride intracellular solution containing (in mM):
130 KCl, 2 MgCl2, 0.5 CaCl2, 2.5 Na2-ATP, 0.3 Na-GTP,
10 HEPES and 1 EGTA (pH to 7.3 with KOH). Cells were
held at −70 mV in voltage clamp mode. The external
solution contained (in mM): 150 NaCl, 10 Glucose, 10
HEPES, 2 CaCl2, 5 KCl, 1 MgCl2, pH adjusted to 7.3 with
www.thelancet.com Vol 87 January, 2023
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Tris-base. 100 μMBaCl2 was added into the bath to block
Kir4.1 channel currents in all experiments.
Pharmacokinetics and permeability analysis
As described previously, mice were i.p. injected with
35 mg/kg luteolin (Cat. No. L107329; aladdin).15,16 Blood
samples (0.1 mL) were collected from the suborbital
vein into heparin tubes at 0, 0.25, 0.5, 1, 2, 4, 8, 12 h
after treatment. The blood was immediately centrifuged
at 4000 g for 10 min to separate out plasma.

To determine whether peripheral administration of
luteolin could penetrate the blood brain barrier and
enter the brain, the brain tissues of mice that were
administered with 35 mg/kg of luteolin for 9 days were
collected and frozen at −80 ◦C. Brain homogenates were
prepared and analyzed for total luteolin by HPLC17 at the
Core Facility of Basic Medical Sciences, Shanghai Jiao
Tong University School of Medicine.
Viral vector injections
To selectively knock out Kir4.1 in astrocytes, 4 week-old
Kir4.1f/f mice were injected with a Cre-dependent AAV
vector: AAV2/5-gfaABC1D-EGFP-P2A-iCre-WPRE-pA
(Cat. No.S0407-5; Taitool Bioscience). Mice were anes-
thetized with isoflurane, and placed in an animal ste-
reotaxic apparatus (STOELTING, USA). The viral vector
was stereotaxically injected in the motor cortex. The
injection coordinates relative to bregma were as follows:
anteroposterior, 0.9 mm; mediolateral, 1.45 mm;
dorsoventral, −1.45 mm below the surface. A total of
400 nL (1E+13 V.G./mL) AAV vector were injected into
the M1 region.18 Subsequent experiments were per-
formed 3 weeks after the virus injection.
Transmission electron microscopy
Tissue processing and image acquisition by transmission
electron microscopy (EM) were carried out as previously
reported.19 In brief, all mice were anesthetized and
perfused through the ascending aorta with cold 0.1 M
PBS for ∼3 min and then followed by ice-cold mixture of
4% PFA and 0.1% glutaraldehyde in 0.1 M PB (pH 7.4)
for ∼5 min. Brains were dissected and post-fixed over-
night by immersion in the same fixative at 4 ◦C. After
that, the sections were rinsed in phosphate buffer and
immersed in a solution of 1% osmium tetroxide in
phosphate buffer for 1 h, then rinsed in phosphate buffer
and gradually dehydrated on a series of ethanol from 30%
to 70%. Then, the sections were stained with a solution of
1% uranyl acetate in 70% ethanol for 1 h and further
dehydrated in ethanol. After dehydration was completed,
the sections were cleared in propylene oxide and infil-
trated with Epon resin (EMBED 812; Electron Microscopy
Sciences) overnight at room temperature. The following
day the sections were flat-embedded in new Epon resin
and allowed to polymerize in an oven at 60 ◦C for 72 h.
www.thelancet.com Vol 87 January, 2023
Ultrathin sections (90 nm thick) were obtained using a
Leica EM UC6 ultramicrotome (Leica Microsystems,
Wetzlar, Germany). The slices were observed and pho-
tographed by TEM (Tecnai Spirit Bio-Twin) with an
accelerating voltage of 120 kV at the Center of Cyro-
Electron microscopy, Zhejiang University.
Protein extraction and Western blots
All mice were anesthetized and brains rapidly removed
and placed into ice-cold PBS. Fresh tissue including the
hippocampus was rapidly dissected bilaterally in ice-cold
PBS under ×10 magnification (Zeiss) and tissue sam-
ples were rapidly frozen on dry ice. Total protein was
extracted from individual tissue samples using a lysis
buffer containing: 50 mM Tris HCl, 150 mM NaCl, 1%
NP-40, 0.5% deoxycholate, 0.1% SDS, protease in-
hibitors cocktail (Cat. No. 04693132001; Roche), pH 7.6,
tissue was ground until it was completely broken into a
homogenate and centrifuged at 12,000 rpm for 20 min
at 4 ◦C. The lysates were centrifuged to remove the
insoluble deposit and the supernatants were measured
with a BCA kit (Thermo Fisher Scientific, USA). The
supernatants were denatured at 65 ◦C for 30 min. For
human brain tissue, brain protein samples obtained
from Renji Hospital were swiftly placed into the lysis
buffer and the same operation described above was
repeated. The entire process was performed on dry ice.

The extracted proteins were separated on a Tris-
glycine gel and transferred into polyvinylidene difluor-
ide membranes (BIO-RAD #162-0177), which were
blocked for 2 h in TBS-T (TBS with 0.1% Tween 20, pH
7.6) containing 3% bovine serum albumin (BSA) (BBI
Life Sciences, A600332-0100) and incubated with pri-
mary antibody at 4 ◦C overnight. The primary antibodies
used for Western blotting were rabbit anti-Kir4.1 (Alo-
mone Labs Cat# APC-035, RRID: AB_2040120), mouse
anti-MBP (Millipore Cat# MAB382, RRID: AB_94971),
and mouse anti-β-actin (Thermo Fisher Scientific Cat#
MA5-15739, RRID: AB_10979409). The membranes
were subsequently washed with TBS-T and incubated
for 2 h with HRP-conjugated anti-rabbit or anti-mouse
immunoglobulin G (1:5000) at room temperature.
Western blots were visualized using Clarity™ Western
ECL Substrate (Bio-Rad, Hercules, USA) and exposed to
the Tanon Chemiluminescence imaging system.
Equivalence of protein loading was corrected by probing
for β-actin. For quantification, the optical density of the
gel bands was determined using ImageJ Software v1.30
(US National Institutes of Health).
Immunohistochemistry and image analysis
For immunohistochemistry, mice were anesthetized
and perfused through the ascending aorta with a solu-
tion of normal saline for ∼3 min, followed by 4%
paraformaldehyde in 0.1 M PB for 5 min. Brains were
5
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removed and post-fixed in 4% paraformaldehyde at 4 ◦C
overnight and then cut into 30-μM-thick coronal sec-
tions including cortex and hippocampus. These free-
floating sections were incubated in permeable buffer
(0.3% Triton X-100 in PBS) for 15 min and then blocked
with donkey serum (Ruite Biotechnology, w9030-05)
(5% in PBS-T: PBS with 0.1% TritonX-100) for 2 h at
room temperature. After that, sections were incubated
with primary antibodies, described below, overnight at
4 ◦C. Sections were washed with PBS + 0.1% Triton
X-100 three times for 15 min each and then placed in
blocking solution containing secondary antibodies for
2 h at room temperature. Sections were incubated with
DAPI (1:1000, Cell Signaling 4083S) for 15 min.

The primary antibodies included Chicken antibody
to GFP (Abcam Cat# ab13970, RRID:AB_300798),
Rabbit anti-PDGFRα (R&D Systems, Cat# AF1062,
RRID: AB_2236897), Chicken anti-GFAP (Abcam, Cat#
ab4674, RRID: AB_304558), Rat antibody to CD68 (Bio-
Rad Cat# MCA1957, RRID:AB_322219), and Rabbit
antibody to Iba-1 (Abcam Cat# ab178847, RRI-
D:AB_2832244). The corresponding secondary anti-
bodies included Donkey anti-Rabbit Alexa Fluor 488
(Thermo Fisher Scientific Cat# A21206, RRI-
D:AB_2535792), Goat anti-Chicken IgG 488 (Thermo
Fisher Scientific Cat# A-11039, RRID:AB_2534096),
Goat anti-Rat IgG 647 (Thermo Fisher Scientific Cat#
A11039, RRID:AB_141778). Sections were incubated
with 4′,6′-diamidino-2-phenylindole dihydrochloride
(DAPI, 1:1000, Cell Signaling 4083S) for 15 min to label
nuclei at room temperature and mounted on glass slides
in Fluoromount Aqueous Mounting Medium (AQUA-
MOUNT, REF 13800). All slice images were acquired on
a Leica TCS SP8 confocal microscope with HC PL APO
CS2 ×10/air objective. The images of different channels
were thresholded and image analysis was performed by
Image-Pro Plus (Media Cybernetics).
Superoxide dismutase (SOD) activity assays
Mice were sacrificed by decapitation and the brains were
immediately dissected. Brain tissues were rapidly ho-
mogenized, and clarified lysates were obtained by
centrifugation (12,000 g for 5 min) at 4 ◦C. Supernatants
were isolated and reacted with SOD assay kit (Beyotime,
S0101, China) at 37 ◦C for 25 min according to manu-
facturers’ protocols. The SOD activity was normalized to
protein level.
TUNEL assay
In order to assess apoptosis levels in the M1 and CA1
areas, TUNEL histochemistry was performed according
to the instructions provided by commercial kit manu-
facturer (in situ Cell Death Detection, TMR red, Roche;
Germany). Animals were anesthetized and perfused
through the ascending aorta with a solution of normal
saline for ∼3 min, followed by 4% paraformaldehyde in
0.1 M PB for 5 min. Brains were removed and post-fixed
in 4% paraformaldehyde at 4 ◦C overnight and then cut
into 30-μM-thick coronal sections including cortex and
hippocampus. These frozen sections were incubated in
permeable buffer (0.3% Triton X-100 in PBS) for 15 min
at room temperature. Then the sections were incubated
with TUNEL reaction mixture for 60 min at 37 ◦C in a
chamber with moderate humidity, rinsed with PBS.
Sections were incubated with DAPI (1:1000, Cell
Signaling 4083S) for 15 min. TUNEL positive cells were
acquired on a Leica TCS SP8 confocal microscope
equipped with HC PL APO CS2 ×20/0.75 DRY objective
at the Core Facility of Basic Medical Sciences, Shanghai
Jiao Tong University School of Medicine. Image analysis
was performed by ImageJ 1.52a (US National Institutes
of Health). The images of different channels were
thresholded, cell numbers were determined according
to the DAPI channel threshold image.
Luteolin delivery and behavioral assessment
following stroke
Luteolin (HPLC > 98%) was purchased from Shanghai
Aladdin Biochemical Technology. It was dissolved in
dimethylsulfoxide (DMSO) to make stock solution and
was kept at −20 ◦C. The stock solution was diluted with
proper saline solution. The final concentration of DMSO
in the bath was <0.1%.20

Mice (n = 6–9 per group) were evaluated on the grid-
walking test, rotarod test and corner test as described.
Baseline behavior was established 3 days prior to the
stroke and the mice were administered with 35 mg/kg
of luteolin or 0.9% saline intraperitoneally, once daily,
for 9 days. Behavior was assessed at 1, 3, 6- and 9-days
following stroke.

Grid-walking test
The grid-walking task was used to evaluate mice
sensorimotor function impairment after stroke.21 Mice
were placed in a grid area (35 cm/25 cm/40 cm) (length/
width/height) with a mesh size of 15 mm and allowed to
walk freely for 5 min. A foot fault was recorded if the left
limb dropped into the grid hole or if the mouse rested
on the grid at wrist level. The total number of footsteps
and foot faults were recorded by investigators blinded to
the mouse groups. The percentage of foot faults was
calculated using the following formula: foot faults/(foot
fault + non-foot fault steps) × 100%.

Corner test
The corner test was used to evaluate neurological
function in terms of sensorimotor and postural asym-
metries.22 Mice were placed facing an entry at the corner
between two boards joined at a 30◦ angle. When the
mouse reached the wedge of the corner, it would then
rear and turn either to the right or the left. Twenty trials
www.thelancet.com Vol 87 January, 2023
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were performed for each mouse. The number of right or
left turns was recorded. The percent of ipsilateral turns
was calculated.

Rotarod test
To assess motor function after stroke,23 mice were tested
on a Rotarod (AccuRotor Rota Rod, Accuscan In-
struments, Inc.) accelerating from 4 to 40 rpm in 300 s.
The maximum duration of every trial was 5 min, and a
minimum 5 min break was given between trials. After 2
days of training, the mice were tested on the Rotarod on
Day 3. Mice were subjected to 5 trials/day for 3
consecutive days. Only mice that stayed on the acceler-
ating rotarod (4–40 rpm for 300 s) were considered as
experimental subjects. At 1, 3, 6- and 9-days following
stroke, mice were tested 3 times at an accelerating speed
from 4 to 40 rpm for 300 s and the mean duration was
calculated. Results were expressed as the time (seconds)
spent on the rotarod and reflected the motor function.

mNSS score
The procedure was conducted as described before with
slight modifications.24 At 1, 3, 6- and 9-days following
stroke, mNSS was used to assess neuro-deficits, which
comprise a set of terms to evaluate various aspects of
neurological function, including motor function (mus-
cle and abnormal movement), sensory function (visual,
tactile, and proprioceptive), and reflexes (pinna, corneal,
and startle reflexes). The range of mNSS score was from
0 to 16. One point was given when a mouse failed to
perform a test or lacked a tested reflex.
Neuroimaging
Infarct volumes were assessed in live mice using a 7T
small-animal MRI (BioSpec70/20USR) at 1, 3, 6-and 9-
days following stroke in this study. Mice were anes-
thetized by inhalation through a face mask of 1.0–2.0%
isoflurane in 70% N2O and 30% O2. During the scan-
ning procedure, a small-animal monitoring and gating
system (SA Instruments) kept measuring the animal’s
respiration via a pillow sensor placed under the
abdomen. T2-weighted images were acquired to detect
infarct volume, with scan parameters applied as follows:
TR = 3000 ms; effective TE = 60 ms; and RARE fac-
tor = 8. A total of 20 slices were acquired with
thickness = 0.5 mm; field of view = 2.56 cm × 2.56 cm;
matrix, 128 × 128; and the total scanning time for a
single brain is about 3 minutes and 12 seconds. MRI
data were analyzed using the 3D slicer software.
Ethics
All animal procedures complied with the animal care
standards set forth by the US National Institutes of
Health (Protocol number: A-2018-028) and were
approved by the Animal Ethics Committee of Shanghai
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Jiao Tong University School of Medicine (AAALAC
accreditation Unit, 001670). Human tissue collection
and use was approved by the human ethical committee
in Renji Hospital, Shanghai Jiao Tong University School
of Medicine, China (Reference No. 2017-078). Written
informed consent for sample collection was obtained
from all the study participants.
Statistical analysis
All statistical tests were run in GraphPad InStat 3. The
graphs were created in Origin 8 and assembled in
CorelDraw 12. Data are presented as mean ± s.e.m. For
each set of data to be compared, we determined in
GraphPad InStat whether the data were normally
distributed or not. If they were normally distributed, we
used parametric tests, as listed in the text. If the data
were not normally distributed, we used non-parametric
tests, as indicated in the text. Paired and unpaired Stu-
dent’s two tailed t-tests (as appropriate and as indicated
in the text), parametric ANOVA with Tukey–Kramer
multiple comparisons test and non-parametric
ANOVA with Kruskal–Wallis test were used for most
statistical analyses. For electrophysiological experi-
ments, n values represent the number of recorded cells.
For all biochemistry, n values represent the number of
mice. For immunohistochemistry, n values represent
the number of brain slices. For behavioral experiments,
n values represent the number of tested mice. In-
vestigators were blinded to the groups or samples dur-
ing the experiments. No statistical methods were used to
pre-determine sample size, or to randomize. Statistical
significance was set at *p < 0.05, **p < 0.01,
***p < 0.001.
Role of the funding source
The funding sources had absolutely no involvement in
the study design, collection, analysis and interpretation
of data, manuscript preparation and the decision to
submit the paper for publication.
Results
Kir4.1 and MBP deficits in both ischemic human
patients and tMCAO mice
We obtained infarct cortical tissues from 6 patients who
underwent surgery for acute ischemic stroke and
normal/healthy tissue samples from an additional group
of 10 patients who underwent surgery for intracranial
hemorrhage, intractable epilepsy or neuro-oncology as a
comparison (Tables S1 and S2). In brief, from epileptic
surgical patients, we collected the normal/healthy tissue
adjacent to the removed seizure focus while the patients
underwent resective surgery; from neuro-oncology pa-
tients, we collected the paracancerous tissue as normal/
healthy tissue. Every patient had a well-defined clinical
7
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Fig. 1: Deficits of Kir4.1 and MBP expression in both ischemic human patients and tMCAO mice. (a and b) Representative CT brain scans show
an epileptic patient before and after the resective surgery (a) and an acute ischemic patient before and after decompressive craniectomy (b). The
high density contrast area marked with red dotted line confirms the cerebral infarction of the ischemic stroke patient after decompressive
craniectomy. (c) Representative images (left panel) and summary bar graph (right panel) of Kir4.1 and MBP expression levels from 10 non-
ischemic surgical patients as comparison and 6 acute ischemic stroke patients, respectively. There is a significant decrease of Kir4.1 and
MBP expression in ischemic cerebral tissues compared with that in non-ischemic patients. n = 6 and 10 patients for each group, respectively.
***p < 0.001, two-tailed unpaired t-test. (d) The experimental diagram illustrates an established transient middle cerebral artery occlusion
(tMCAO) mouse model of ischemic stroke. After MCA occlusion for 40 min, 2,3,5-triphenyltetrazolium chloride (TTC) staining was observed
after 24 h reperfusion to detect the extent of the infarction in a series of brain sections. Representative images of Kir4.1 and MBP expression
levels of ipsilateral infarction region by Western blottings at day 0, 1, 3, 6, and 9 of the onset of tMCAO. (e) The summary bar graphs show the
expression changes of Kir4.1 and MBP in a 9-days time window of tMCAO. Note that both Kir4.1 and MBP show a continuous decrease starting
at 24 h after reperfusion of tMCAO, while after the sixth day, they both rebounded synchronously. ***p < 0.001. n = 4 mice for each group,
one-way analysis of variance (ANOVA) followed by Bonferroni post-hoc tests.
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diagnosis by CT scans and pathological examinations
(two examples are shown in Fig. 1a and b). In light of
previous findings in ischemic rodents,5 we first exam-
ined the expression of inwardly rectifying potassium
channels subtype Kir4.1 protein and myelin based pro-
tein (MBP) in ischemic patient brain tissues by Western
blotting analysis. Compared with non-ischemic brain
tissues obtained from control patients, we found a
dramatic reduction of MBP in infarct region of ischemic
brains, which indicated a severe demyelination occurred
in these patients (100 ± 22.7% for control vs.
1.54 ± 1.1% for ischemia, n = 10 for control group, n = 6
for ischemia group, p < 0.001, two-tailed unpaired t-test,
Fig. 1c). Moreover, a significant decrease of Kir4.1
channel proteins was observed in ischemic brain tissues
(100 ± 11.89% for control vs. 16.03 ± 5.42% for
www.thelancet.com Vol 87 January, 2023
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ischemia, n = 10 and 6 for control group and ischemia
group, respectively, p = 0.0052, two-tailed unpaired t-
test, Fig. 1c). To further confirm this, we introduced an
established transient middle cerebral artery occlusion
(tMCAO) mouse model of ischemia (Fig. 1d). After 24 h
ischemia reperfusion, both Kir4.1 and MBP expression
showed a significant decrease in ipsilateral infarct area
compared with its contralateral side in tMCAO mice
(Kir4.1 expression: 100 ± 4.38% for sham control vs.
64.32 ± 8.05% for tMCAO at day 1, p < 0.001, Tukey–
Kramer multiple comparisons test; MBP expression:
100 ± 6.85% for sham control vs. 51.6 ± 0.28% for
tMCAO at day 1, p < 0.001, Tukey–Kramer multiple
comparisons test, n = 4 mice per group, Fig. 1d and e).
We also observed an obvious reduction of these two
proteins in a 9-day progression period after the onset of
tMCAO (Fig. 1d and e). Taken together, the results
showed significant deficits of Kir4.1 and MBP in human
patients and tMCAO model mice when exposed to the
hypoxic or ischemic injury.
Impairment of Kir4.1 ion channels in NG2 glia leads
to myelin loss of axons in tMCAO mice
We next investigated the correlation between the Kir4.1
impairment and the myelin loss observed in human
ischemic stroke and tMCAO model mice. As Kir4.1 ion
channels mostly express in astroglia and oligodendro-
cyte lineage cells including NG2 glia,5,8,11,12,25 we started
to compare the functional change of Kir4.1 channels in
both NG2 glia and astrocytes of tMCAO mice. In
agreement with the decrease of Kir4.1 protein in infarct
and penumbral region of tMCAO mice, the Ba2+-sensi-
tive Kir4.1 channel currents were largely reduced by
97.86% in ipsilateral NG2 glia compared with a 1.66%
reduction in ipsilateral astrocytes after ischemia in
Pdgfrα-CreER™;mGFP mice (Kir4.1 currents in NG2
glia: contralateral, −542.06 ± 49.08 pA, n = 7 cells, vs.
ipsilateral, −11.59 ± 6.04 pA, n = 6 cells at a holding
voltage of −150 mV, p < 0.001, two-tailed unpaired t-test,
Fig. 2a–c; Kir4.1 currents in astrocytes:
contralateral, −755.22 ± 115.83 pA, n = 8 cells, vs.
ipsilateral, −742.70 ± 90.97 pA, n = 8 cells at a holding
voltage of −150 mV, p = 0.9334, two-tailed unpaired t-
test, Fig. S1), which suggested that functional impair-
ment of Kir4.1 channels mainly occurred in NG2 glia
but not in astrocytes after ischemia.5,6 In addition, both
macroscopic K+ channel currents and Ba2+-sensitive
Kir4.1 currents in ipsilateral NG2 glia showed a
continuous loss at day 9 following ischemic stroke
(contralateral, −542.06 ± 49.08 pA, n = 6 cells, vs.
ipsilateral, −11.59 ± 6.04 pA, n = 6 cells at a holding
voltage of −150 mV, p < 0.01, two-tailed unpaired t-test,
Fig. S2).

With the aid of electron microscopy, we further
assessed the direct impact of Kir4.1 channels on mye-
lination in tMCAO mice as well as in Kir4.1 cKO mice.
www.thelancet.com Vol 87 January, 2023
As shown in Fig. 2d–f and i, the thickness of myelin
sheaths and G-ratio of myelinated axons were clearly
impaired in ipsilateral cortex compared with its contra-
lateral side in tMCAO mice (myelin sheath thickness
after tMCAO: contralateral, 221.43 ± 7.22 nm, vs. ipsi-
lateral, 143.49 ± 4.85 nm, p < 0.001, Tukey–Kramer
multiple comparisons test; G-ratio of myelinated axons
after tMCAO: contralateral, 0.7137 ± 0.0096, vs. ipsilat-
eral, 0.8416 ± 0.005, p < 0.001, Tukey–Kramer multiple
comparisons test, n = 78 axons in contralateral and 94
axons in ipsilateral cortex from 4 wild type mice). This
impairment of myelin sheath thickness was replicated
by solely knocking down of kcnj10-encoded Kir4.1
expression in NG2 glia (myelin sheath thickness:
132.61 ± 14.67 nm in ipsilateral tMCAO in wild type
mice vs. 138.79 ± 7.13 nm in contralateral tMCAO in
Pdgfrα-CreER™;Kir4.1f/f mice, p > 0.05, Tukey–Kramer
multiple comparisons test, n = 94 axons in ipsilateral
WT cortex and n = 44 axons in contralateral Kir4.1 cKO
cortex, respectively, Fig. 2d, e, g and h). Moreover, the
demyelination was aggravated in ipsilateral cortex of
Pdgfrα-creER™;Kir4.1 f/f mice compared with that of
wild type mice after ischemia (Fig. 2d, g and i). How-
ever, conditional knockdown of Kir4.1 in astrocytes by
injection of Cre-dependent AAV vector (AAV2/5-
gfaABC1D-EGFP-P2A-iCre) into Kir4.1f/f mice cortex
did not show any alterations in myelin sheath thickness
and G-ratio of myelinated axons compared with its
contralateral side (myelin sheath thickness: contralat-
eral, 221.91 ± 4.29 nm, vs. ipsilateral, 222.48 ± 4.40 nm,
p = 0.9116, Mann–Whitney unpaired test; G-ratio of
myelinated axons: contralateral, 0.7125 ± 0.007, vs.
ipsilateral, 0.7241 ± 0.006, p = 0.5080, Mann–Whitney
unpaired test, n = 84 axons in contralateral and 92
axons in ipsilateral cerebral cortex, Fig. 3a–d). In sum-
mary, the results demonstrated that Kir4.1 channels
expressed in NG2 glia are essential for the myelination
and contribute to myelin loss in ischemic stroke.
Luteolin increases Kir4.1 ion channel currents and
promotes remyelination in tMCAO mice
Luteolin (3,4,5,7-tetrahydroxy flavone, Lut) is one of the
most prevalent flavones, which is naturally present in
many vegetables, fruits and medicinal plants.26,27 It has
been recently reported that luteolin augments both Kv
and Kir currents in coronary arterial smooth muscle
cells to prevent coronary arterial spasm,20 which
prompted us to investigate whether luteolin can be a
potential target of Kir4.1 channel opening in NG2 glial
cells as there is no pharmacological Kir4.1 channel
activator available to date. We first transfected Kir4.1
plasmids in HEK-293T cells and found significant in-
creases of both Kir4.1 channel protein by Western blot
and Kir4.1-induced currents in a voltage–current rela-
tionship by electrophysiology (Fig. S3a–e). After appli-
cation of different doses of luteolin at 10, 50, 100 and
9
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Fig. 2: The impairment of Kir4.1 channels expressed in NG2 glia leads to myelin loss in axons from tMCAO mice. (a and b) Representative traces
show macroscopic currents and Ba2+-sensitive currents in NG2 glia in both contralateral (a) and ipsilateral (b) hippocampal CA1 regions of
tMCAO. The arrow shows a dramatic loss of Ba2+-sensitive Kir4.1 current in ipsilateral NG2 glia after tMCAO. (c) Average I/V plot is for Ba2+-
sensitive currents in NG2 glia after tMCAO. The error bars represent s.e.m. ***p < 0.001, two-tailed unpaired t-test. n indicates the number of
cells recorded. (d) Electron micrographs demonstrate the presence of impaired axons with demyelination in ipsilateral cortex compared with its
contralateral region after 40 min tMCAO in wild type mice at postnatal 8 weeks. In contralateral cortex of tMCAO, axons show normal myelin,
which exhibits dark, ring-shaped sheaths surrounding the axon. Scale bars: 2 μM. (e) Bar graph and G-ratio of myelinated axons represent the
number of myelinated axons and G-ratio between ipsilateral cortex after tMCAO with its contralateral side. n indicates the number of axons
from 4 wild type mice. (f) The box-plots represent average of myelin sheath thickness in both wild type mice and Kir4.1 deficient mice after
tMCAO. The data were normally distributed and statistical significance was assessed within each group using Tukey–Kramer multiple com-
parisons test. ***p < 0.001, n.s indicates not significant. The analyzed axons are from 4 mice per group. (g and h) Electron micrographs (g), bar
graph and G-ratio of axonal diameter (h) show the demyelinated axons in both contralateral and ipsilateral hippocampus after 40 min tMCAO
in Pdgfrα-CreER™;Kir4.1f/f mice at postnatal 8 weeks. Scale bars: 2 μM. (i) The box-plots represent the average of G-ratio of myelinated axons in
both wild type mice and Kir4.1 deficient mice after tMCAO. The data were normally distributed and statistical significance was assessed within
each group using Tukey–Kramer multiple comparisons test. **p < 0.01, ***p < 0.001, n.s indicates not significant. The analyzed axons are from
4 mice per group.
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150 μM, we found that 100 μM luteolin induced a
maximum net increase of Kir4.1 currents in transfected
HEK-293T cells (Fig. S3f and g). Therefore, we chose
100 μM luteolin for the following examinations in acute
brain slices. To further illustrate how luteolin directly
affects Kir4.1 channels in glial cells in situ, we analyzed
the net increase of Ba2+-sensitive Kir4.1 currents in both
hippocampal NG2 glia and astrocytes. In astrocytes, the
net increases of Ba2+-sensitive Kir4.1 currents were:
25.63 ± 1.29% for basal vs. 35.31 ± 4.44% for 100 μM
luteolin when the cell voltage was held at −150 mV
(p = 0.0619, two-tailed unpaired t-test, n = 9 and 10 cells
for control and luteolin group, respectively, Fig. 4e and
f); 18.07 ± 2.09% for basal vs. 23.13 ± 3.61% for 100 μM
luteolin when the cell voltage was held at +40 mV,
respectively (p = 0.2554, two-tailed unpaired t-test, n = 9
and 10 cells for control and luteolin group, respectively,
Fig. 4e and f). In contrast, we found a 38% and 354%
www.thelancet.com Vol 87 January, 2023
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Fig. 3: Deletion of Kir4.1 channels in astrocytes does not lead to myelin loss. (a) Representative images show a complete deletion of Kir4.1 (in
red) in GFP (+) astrocytes (in green) of M1 region by injection of Cre-dependent AAV vector (AAV2/5-gfaABC1D-EGFP-P2A-iCre) into Kir4.1f/f

mouse cortex. (b) Electron micrographs demonstrate that there is no obvious alteration of myelinated axons between the contralateral (non-
injection site) and ipsilateral (astrocytic Kir4.1 deletion site) side in wild type mice at postnatal 8 weeks. Scale bars: 2 μM. (c) Bar graph and G-
ratio of myelinated axons represent the number of myelinated axons and G-ratio between ipsilateral M1 cortex with its contralateral side. n
indicates the number of axons from 2 GFAP-GFP-Cre;Kir4.1−/− mice. (d) The box-plot represents the average of myelin sheath thickness in
contralateral and ipsilateral M1 region in GFAP-GFP-Cre;Kir4.1−/− mice. The data were not normally distributed and statistical significance was
assessed using Mann–Whitney unpaired test. n.s indicates not significant. The analyzed axons are from 2 mice.
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augmentation of Kir4.1 channel currents in NG2 glia by
100 μM luteolin application when the cell voltage was
held at −150 mV and +40 mV respectively, indicating
that luteolin has a robust opening effect on Kir4.1
channels specifically expressed in NG2 glia. The net
increases of Ba2+-sensitive Kir4.1 currents in NG2 glia
were: 81.79 ± 2.33% for basal vs. 112.66 ± 4.90% for
100 μM luteolin when the cell voltage was held at −150
mV (p < 0.001, two-tailed unpaired t-test, n = 7 cells for
control and luteolin group, respectively, Fig. 4a and b);
13.64 ± 4.89% for basal vs. 61.89 ± 4.59% for 100 μM
luteolin when the cell voltage was held at +40 mV,
respectively (p < 0.001, two-tailed unpaired t-test,
n = 7 cells for control and luteolin groups, respectively,
Fig. 4a and b). Furthermore, luteolin failed to induce an
augmentation of Kir4.1 channel current in Kir4.1 defi-
cient NG2 glia (net increases of Ba2+-sensitive Kir4.1
currents were: 14.21 ± 8.12% for basal vs. 18.41 ± 5.97%
for 100 μM luteolin when the cell voltage was held
at −150 mV, p = 0.6784, two-tailed unpaired t-test, n = 8
and 7 cells for control and luteolin group, respectively;
11.89 ± 2.85% for basal vs. 13.57 ± 2.63% for 100 μM
luteolin when the cell voltage was held at +40 mV,
respectively, p = 0.6716, two-tailed unpaired t-test, n = 8
and 7 cells for control and luteolin groups, respectively,
Fig. 4c and d), suggesting that luteolin is a potent Kir4.1
channel activator of NG2 glial cells. Furthermore, we
verified the luteolin effects on Kir4.1 protein levels in
www.thelancet.com Vol 87 January, 2023
both purified OPCs and astrocytes following oxygen-
glucose deprivation (OGD) in vitro. Western blot assay
demonstrated that the expression of Kir4.1 was
significantly upregulated by luteolin application in
OGD-treated OPCs, while the expression of Kir4.1 in
OGD-treated astrocytes was unchanged after luteolin
application (Fig. S4a–e).

Given this evidence, we next assessed the efficiency
of remyelination of axons subjected to luteolin treat-
ment by targeting Kir4.1 channels in tMCAO mice
(Figs. 2 and 4a–d). The natural botanical extract luteolin
at 35 mg/kg was intraperitoneally injected for 9
consecutive days starting at 24 h reperfusion after the
mice underwent tMCAO surgeries (Fig. 6a and
Fig. S7).15,16,28–30 Compared to the ipsilateral region of the
saline group in tMCAO mice, luteolin treatment after
day 9 increased the number of healthy myelinated axons
(myelin sheath > 200 nm) from 15% to 44% (Fig. 5a–d).
The remyelination was significantly improved in the
luteolin treatment group compared with that in the sa-
line group after 9 days administration in tMCAO mice.
The myelin sheath thickness in the saline group was
154.95 ± 4.25 nm in ipsilateral side, vs.
200.22 ± 5.83 nm in ipsilateral side in luteolin group,
n = 182 and 165 axons from 5 mice for saline group and
7 mice for luteolin group, respectively, p < 0.001, two-
tailed unpaired t-test (Fig. 5e). The G-ratio of myelin-
ated axons in saline group after day 9 was
11
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Fig. 4: Luteolin specifically augments Kir4.1 channel currents in NG2 glia. (a) Representative traces show macroscopic current (in black), luteolin-
induced macroscopic current (in magenta) and Ba2+-sensitive Kir4.1 currents after luteolin application (in blue) in NG2 glia from Pdgfrα-
creER™;mGFP mice. (b) Bar graph summary showing the percentage of augmentation in Ba2+-sensitive Kir4.1 currents between control (basal)
and luteolin application when the cell voltage was held at −150 mV and +40 mV, respectively. The error bars represent s.e.m. ***p < 0.001, two-
tailed unpaired t-test. n = 7 cells recorded for each group. (c) Representative traces show macroscopic current (in black), luteolin-induced
macroscopic current (in magenta) and Ba2+-sensitive Kir4.1 currents after luteolin application (in blue) in NG2 glia from Pdgfrα-creER™;
Kir4.1−/− mice. Note that luteolin did not induce the augmentation of Kir4.1 current in NG2 glia in Kir4.1 cKO mice. (d) Bar graph summary
showing the percentage of augmentation in Ba2+-sensitive Kir4.1 currents between control (basal) and luteolin application when the cell voltage
was held at −150 mV and +40 mV, respectively. The error bars represent s.e.m. n.s indicates not significant, two-tailed unpaired t-test. n = 8 and
7 cells for control and luteolin group, respectively. (e) Representative traces show macroscopic current (in grey), luteolin-induced macroscopic
current (in magenta) and Ba2+-sensitive Kir4.1 current after luteolin application (in blue) in astrocytes from wild type mice. (f) Bar graph
summary showing the percentage of augmentation in Ba2+-sensitive Kir4.1 currents between control (basal) and luteolin application when the
cell voltage was held at −150 mV and +40 mV, respectively. The error bars represent s.e.m. n.s indicates not significant, two-tailed unpaired t-
test. n = 9 and 10 cells for control and luteolin group, respectively.
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0.8251 ± 0.0048 in ipsilateral side, vs. 0.7644 ± 0.0068 in
ipsilateral side in luteolin group, n = 182 and 165 axons
from 5 mice for saline group and 7 mice for luteolin
group, respectively, p < 0.001, two-tailed unpaired t-test
(Fig. 5f). Consistent with the EM results, an enhance-
ment of both Kir4.1 and MBP expression levels was
further confirmed in ipsilateral brain region after a 9-
days administration of luteolin in tMCAO mice
(Fig. 5g and h).

To determine whether luteolin-induced remyelina-
tion is mediated by indirectly affecting the Kir4.1
channel through anti-inflammation, anti-apoptosis, or
anti-oxidation mechanisms, we did the next series of
examinations.29,31–33 First, we analyzed the amount of
microglial activation, which is commonly characterized
by CD68 activation in Iba1-labeled microglia. The
immunohistochemistry results showed that there was
no significant change of microglial activation between
the saline group and luteolin group in hippocampus
after tMCAO (the percentage of CD68+ Iba1+ cells in
total Iba1+ microglia: saline group, 28.07 ± 6.51%, n = 3
mice, luteolin group, 25.93 ± 5.66%, n = 5 mice,
p = 0.8175, two-tailed unpaired t-test, Fig. S5a–c).
However, we found a decreased level of microglial
www.thelancet.com Vol 87 January, 2023
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Fig. 5: Luteolin treatment improves remyelination and Kir4.1 expression in tMCAO mice. (a and b) Representative electron micrographs show
that the presence of impaired axons with demyelination in ipsilateral cortex compared with its contralateral region at day 9 after tMCAO in wild
type mice saline group at postnatal 8 weeks (a) and the remyelinated axons in ipsilateral cortex compared with its contralateral region at day 9
after tMCAO in wild type mice after luteolin treatment at postnatal 8 weeks (b). Scale bars: 2 μM. (c and d) The percentage of healthy axons
(the normal diameter of myelinated axons is over 200 nm) between contralateral and ipsilateral cortex after 9 days tMCAO in saline and luteolin
group. n indicates the number of axons. The data were normally distributed and statistical significance was assessed within each group using
two-tailed unpaired t-test. **p < 0.01; ***p < 0.001, n.s indicates not significant. (e) The box-plots represent average of myelin sheath thickness
between saline group and luteolin treatment group after 9 days tMCAO. The data were normally distributed and statistical significance was
assessed within each group using two-tailed unpaired t-test. ***p < 0.001, n.s indicates not significant. The analyzed axons are from 6 mice per
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activation in the infract core region in M1 cortex after
tMCAO (Fig. S5d–f). Secondly, we analyzed the TUNEL-
labeled apoptotic cells in both hippocampus and M1
cortex. The immunohistochemistry results showed
there was no significant change of TUNEL-labeled cells
between the saline group and luteolin group after
tMCAO (p = 0.7029 for hippocampus, p = 0.1680 for M1
cortex, two-tailed unpaired t-test, Fig. S6a–c). Thirdly,
we estimated the brain oxidation level with SOD activity
assays. The results did not show an obvious increase of
SOD levels after luteolin administration in tMCAO mice
(Fig. S6d). Taken together, we excluded that the myelin
repair by luteolin treatment in ischemia was mediated
through an anti-oxidative, anti-apoptotic or anti-
inflammatory effect.

Luteolin treatment improves movement capability
and neurological functional recovery in ischemic
stroke mice
To directly evaluate the outcomes of functional brain
recovery in tMCAO mice by luteolin treatment, a series
of behavioral tests were sequentially performed at 1, 3, 6
and 9 days after mice received ischemic surgeries. First,
we analyzed the infarct volumes after occlusions in
tMCAO mice with MRI after luteolin administration at
days 1, 3, 6 and 9. Compared with the saline group, the
infarct volumes were significantly decreased from
27.63 ± 1.03% to 21.23 ± 0.68% after 6 days luteolin
intraperitoneal injection (p < 0.001, two-tailed unpaired
t-test, n = 6 and 7 mice for saline and luteolin groups,
respectively, Fig. 6a–c). By day 9, the infarct volumes
were further mitigated to 18.55 ± 0.88% in the luteolin
group compared to 25.48 ± 1.28% in the saline group
(p < 0.001, two-tailed unpaired t-test, n = 6 and 7 mice
for saline and luteolin group, respectively, Fig. 6b and c).
Second, we examined the severity of tMCAO mice with
corner test performance as indicated in the cartoon
(Fig. 6d). As expected, the control mice did not have a
preference to turn. However, after being subjected to
tMCAO, the animals preferred turning to the left, evi-
denced by a statistically significant change in laterality
index. Further, the ischemic mice treated with luteolin
showed a trending improvement of 71.14 ± 2.96% at day
6 and 60.57 ± 2.08% at day 9 in laterality index
compared with 89.33 ± 2.51% at day 6 and 80.4 ± 2.71%
at day 9 of its saline control (p < 0.001 for D6, p < 0.001
group. (f) The box-plots represent average G-ratio of myelinated axons be
The data were normally distributed and statistical significance was assess
n.s indicates not significant. The analyzed axons are from 6 mice per grou
sham and tMCAO mice (contralateral and ipsilateral sides) after 9 days
significantly increased in ipsilateral sides after luteolin administration in tM
the average of Kir4.1 and MBP expressions by Western blot in sham mice a
luteolin treatment. **p < 0.01, n.s indicates not significant, n = 3 mice fo
saline and luteolin group in contralateral side after tMCAO; n = 8 mice fo
way analysis of variance (ANOVA) followed by Bonferroni post-hoc tests.
for D9, two-tailed unpaired t-test, n = 6 and 7 mice for
saline and luteolin group, respectively, Fig. 6e). Third,
we assessed the effect on sensorimotor functions
including grid walk and rotarod test. As shown in Fig. 6f
and g, the ischemic mice under luteolin treatment after
day 6 demonstrated a better placement of their impaired
left forelimbs/hindlimbs by significantly decreasing
their footfalls when they freely walked on the grid
squares compared with those in the saline group
(40.01 ± 2.33% of foot falls in saline group vs.
24.75 ± 1.13% foot falls in luteolin group, p < 0.001, two-
tailed unpaired t-test, n = 6 and 7 mice for saline and
luteolin group, respectively, Fig. 6f and g and Movies
S1–S4). Moreover, the rotarod performance showed
luteolin administration after day 6 significantly
improved the motor ability of ischemic mice when they
were placed on an accelerating rotating rod (Fig. 6h and
i). Fourth, the modified neurological severity score
(mNSS) was performed to assess the mouse motor,
sensory, balance and reflex behaviors.24,34 In the severity
injury scores, 1 score point reflected the inability to
perform the test. Therefore, the higher score, the more
severe the injury. As shown in Fig. 6j, the tMCAO mice
after 6 days administration of luteolin showed a distinct
neurological improvement compared with those in the
saline group (p = 0.0023, 0.0082 for day 6 and day 9, two-
tailed unpaired t-test, n = 6 and 7 mice for saline and
luteolin group, respectively), which indicated the luteo-
lin treatment overall improved the motor abilities and
neurological functional recovery in tMCAO mice at the
short 6-days period. Fifth, the survival analysis also
confirmed an increased longevity of stroke mice from
53% to 73% under a 9-day-period of luteolin treatment
(Fig. 6k).

Lastly, we verified the luteolin effects on the func-
tional recovery of ischemic mice occur through the
activation of Kir4.1 channels. In conditional Kir4.1
knockout mice (Pdgfrα-creER™;Kir4.1f/f), we found that
luteolin administration failed to alleviate the infarction
volume of Kir4.1 cKO mice after tMCAO on day 3
(Fig. S8a and b). Even worse, the Kir4.1 deficient mice
after tMCAO exhibited a very high mortality rate (100%)
after day 6, indicating that luteolin lost the binding
target for brain repair when kcnj10-encoded Kir4.1
channel was genetically deleted in NG2 glia in vivo
(Fig. S8c and d).
tween saline group and luteolin treatment group after 9 days tMCAO.
ed within each group using two-tailed unpaired t-test. ***p < 0.001,
p. (g) Representative images of Kir4.1 and MBP protein expression in
luteolin treatment. Note that both Kir4.1 and MBP expressions are
CAO mice compared with its saline group. (h) Summary graphs show
nd both contralateral and ipsilateral sides of tMCAO mice after 9 days
r both saline and luteolin group in sham control; n = 6 mice for both
r both saline and luteolin group in ipsilateral side after tMCAO, one-
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Fig. 6: Luteolin treatment improves motor function and promotes neurological functional recovery in ischemic stroke mice. (a) Experimental
diagram showing the procedure for examining the effect of luteolin administration in vivo with a series of behavioral tests after the mice
underwent ischemic stroke surgeries. (b and c) Representative images of magnetic resonance imaging (MRI) (b) and summary graph (c) of the
infarct volumes after occlusions in tMCAO mice after luteolin and its control (saline) administration at days 1, 3, 6 and 9, respectively. Note that
after day 6, intraperitoneal injection of luteolin significantly decreases the infarction volumes in tMCAO mice. ***p < 0.001, n.s indicates not
significant, two-tailed unpaired t-test. n represents the number of mice examined per group. (d) Schematic cartoon illustrates the severity of
tMCAO mouse regarding corner test performance. As expected, the mouse of sham control does not have a preference to turn. After the mouse
receives tMCAO, the animal prefers to turn left as evidenced by a significant increase of laterality index. (e) Summary graph shows a trend for
improvement of the severity in tMCAO mice with luteolin treatment starting at day 6 compared with the saline group. ***p < 0.001, n.s
indicates not significant, two-tailed unpaired t-test. n represents the number of mice examined per group. (f) Schematic cartoon illustrates the
motor ability of tMCAO mouse in the grid-walking performance test. (g) Summary graph shows tMCAO mice under luteolin treatment after day
6 demonstrating a better placement of their impaired left forelimbs/hindlimbs by decreasing their footfalls when they freely walked on the grid
squares compared with the saline group. ***p < 0.001, two-tailed unpaired t-test, n.s indicates not significant, n = 6 and 7 mice for saline and
luteolin group, respectively. (h) Schematic cartoon illustrates sensorimotor function of tMCAO mouse during rotarod test performance. (i)
Summary graph shows tMCAO mice under luteolin treatment after day 6 demonstrating a prolonged latency to fall when they were placed on
an accelerating rotating rod. *p < 0.05, two-tailed unpaired t-test, n.s indicates not significant, n = 6 and 7 mice for saline and luteolin group,
respectively. (j) Summary graph showing the modified neurological severity score (mNSS) to assess the mice motor, sensory, balance and reflex
behaviors. 1 score point reflects the inability to perform the test and 16 score point indicates the worst severity of the injury. The tMCAO mice
after 6 days administration of luteolin overall show a better neurological improvement compared with the saline group. **p < 0.01, two-tailed
unpaired t-test, n.s indicates not significant, n = 6 and 7 mice for saline and luteolin group, respectively. (k) Summary graph of survival curve
shows a 73% survival rate of tMCAO mice under a 9-day-period of luteolin treatment compared with a 53% survival rate of tMCAO mice in
saline group. n = 15 mice for per group.

Articles
Discussion
The present work demonstrates that a dramatic reduc-
tion of Kir4.1 channel protein and a severe myelin loss
occurs in acute ischemic patients as well as in ischemic
stroke model mice. Specific activation of Kir4.1 channels
in NG2 glia by luteolin, a natural botanical extract
ameliorates the infarction area, promotes remyelination
of axons, improves motor function and prolongs the
www.thelancet.com Vol 87 January, 2023
lifespan of ischemic injured mice. Thus, targeting of
Kir4.1 ion channels in NG2 glial cells sheds light on a
new path for neuronal protection in ischemic injury and
luteolin treatment provides a viable venue for the
treatment of ischemic stroke.

A plethora of neurological disorders share a final
common lethally pathway known as excitotoxicity.
Among these disorders, ischemic stroke is a prevalent
15
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cause of death and disability worldwide. Brain ischemia
stems from cardiac arrest or stroke, which are respon-
sible for insufficient blood supply to the brain paren-
chyma. Glucose and oxygen deficiency disrupts
oxidative phosphorylation and results in energy deple-
tion and ionic imbalance, followed by cell membrane
depolarization, calcium overload and/or extracellular
accumulation of the excitatory amino acid glutamate.
Glial cells, including astrocytes and NG2 glia (also
known as OPCs), constitute 90% of neural cell pop-
ulations in the mammalian brain. Numerous studies
have shown that the function of glial cells is not only for
supporting adjacent neurons with nutrients and meta-
bolic shuttling, but also for maintaining the homeostasis
of K+ in the extracellular space, scavenging of accumu-
lated neurotransmitters and actively interacting with
neuronal synapses.6,11,35 Thus, glial cells can act as pro-
tectors of the CNS, as well as initiators and propagators
of ischemic injury.36 In fact, oligodendrocyte lineage
cells are more vulnerable to oxidative stress and hypoxia
than any other type of glial cells.4,5,37 Our study first
provided evidence that Kir4.1 channels and myelin
sheath of axons are largely impaired in ischemic cere-
bral cortex of human patients (Fig. 1a–c). Consistent
with the results from human brain tissue, we further
confirmed that the deficits of Kir4.1 ion channels
expressed in NG2 glia but not in astrocytes contributed
to an initial response in tMCAO mice (Fig. 2a–c, Fig. S1
and S2).

Kir4.1 channel represents one of the most promi-
nently expressed ion channels in adult NG2 glia,
which determines the resting membrane potential of
these cells, as well as a regulator during the matura-
tion of oligodendrocytes.4,5,38,39 Studies obtained from
oligodendrocytes in the white matter suggest that
Kir4.1 is critical to extracellular K+ homeostasis and
axonal electrical conduction.13 In pathological condi-
tions, Kir4.1 could serve as a potential therapeutic
candidate in mediating secondary effects of CNS
injury. By inhibiting Kir4.1 channels, OPC differen-
tiation and oligodendrocyte maturation are both
impeded, which might be due to Kir4.1 altering the
intracellular pH of oligodendrocyte lineage cells
through Na+/H+ exchangers during development.40 In
our study, we found that the deficits of Kir4.1 channel
in ischemia could cause adult NG2 glia depolarization
and dampen the ability of K+ siphoning, which sub-
sequently induce neuron deterioration through exci-
totoxicity due to an enhanced extracellular K+ level
and/or glutamate accumulation.10,11 More importantly,
the impairment of Kir4.1 channels in NG2 glia instead
of oligodendrocytes can directly induce myelin loss of
axons, which is ultimately unable of supporting
neuronal saltatory conduction of electric impulses and
causes a dual effect on the aggravation of the neuronal
loss and/or death.41 Up to date, there is no evidence
showing that kcnj10 encodes a protein of myelin
synthesis/degradation, nor with a protein involved in
the immune response to myelin.8 Thus, it would be
interesting to illuminate the detailed mechanism of
how Kir4.1 channel impacts a myelin protein such as
MBP in future studies. Overall, Kir4.1 channels
possibly play a crucial role in the pathogenesis of
ischemic stroke and could be a key factor to be
targeted to cure such a disease.

Increasing evidence has shown that luteolin is one of
the natural polyphenols with anti-oxidative, anti-muta-
genic, anti-apoptotic and anti-inflammatory
properties.29,31–33,42 Therefore, luteolin has been re-
ported to prevent neuronal damage from ischemic in-
juries through various signaling pathways as follows: 1)
luteolin activates antioxidant compounds to promote the
reduction of neuronal cell death in an ischemic rat
model43; 2) luteolin binds to PPARγ and reduces the
infarct area in MCAO-treated rats through inhibition of
secretion of inflammatory cytokines44,45; 3) luteolin reg-
ulates an anti-apoptosis key protein AKT or increases
the expression of BCL-2 to suppress the apoptotic pro-
cess in ischemia-reperfusion injury.44,46 Although the
aforementioned progress on luteolin as ischemic rem-
edy, a systematic study on ischemia from humans to
rodents has not been fully elucidated. Interestingly, in
coronary arterial spasm, luteolin has recently been
found to prevent the various vasoconstrictors by aug-
menting both Kv and Kir channel currents in rat coro-
nary arterial smooth muscle cells (RCASMCs).20 300 μМ
Ba2+ reduced 100 μM luteolin-induced net Kir current
increase by 42% at a holding rest membrane potential
of −140 mV.20 In adult mouse hippocampal acute slices,
our study showed a similar augmentation of Kir4.1
channel currents by 38% with 100 μM luteolin applica-
tion in NG2 glia at a holding voltage of −150 mV,
indicating luteolin exhibits a new function as K+ channel
activator in the brain. Surprisingly, when comparing the
Kir4.1 currents at a holding voltage of +40 mV by
increasing K+ ion driving force to the glial cells at a
hyperpolarized resting membrane potential,10 NG2 glia
showed a dramatic increased in Kir4.1 currents to 3.5
fold after luteolin application compared to a 0.28 fold
increase in astroglia, which is most likely due to an
undefined specific activation site of Kir4.1 channel
expressed in NG2 glia. Although there is an absolute
higher amount of Kir4.1 mRNA expression in astroglia
than that in oligodendrocyte lineage cells including NG2
glia, the Ba2+-sensitive Kir4.1 channel currents
contribute to 82% and 26% of total macroscopic K+

currents in NG2 glia and astrocytes respectively in adult
acute hippocampal tissues (unpublished data),5,47 which
strongly supports the idea that Kir4.1 channels are het-
erogeneous in different types of glial cells.25 Further
elucidation of the structural basis of Kir4.1 channels in
NG2 glia would be more informative and merits further
www.thelancet.com Vol 87 January, 2023
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investigation for identifying the specific channel open-
ing site and its efficiency activated by luteolin.

In diabetic cataracts, luteolin derivatives have been
revealed as a new potential druggable target for the in-
hibition of aldose reductase based on a structure–activity
relationship study.48 The pharmacokinetic evaluation of
the clinical interactions and our animal study indicated
that luteolin derivatives are more likely to be membrane
permeable and easily absorbed by the body and are
suitable to be used as drugs as per Lipinski’s rule of four
criteria such as human intestinal absorption (HIA), skin
permeability (SP), blood brain barrier (BBB) penetration
and plasma protein binding (PPB) (Fig. S7).48 Flavonols
such as luteolin, quercetin, kaempferol, and myricetin
are the most abundant flavonoids in plant foods and are
mainly present in leafy vegetables, apples, onions,
broccoli, and berries. Although dietary flavonoid intake
for cancer prevention remains controversial,49,50 the
median intake of luteolin at the dose of 0.20 mg/day
didn’t show any side effects from the intake of
flavonoid-rich foods in a cardiovascular disease and
cancer disease cohort study.51 Instead, in an exercise
performance case study, twelve healthy male physical
students showed an enhancement of performance,
muscle O2 extraction, and brain oxygenation during
sprint exercise and post-exercise ischemia after they
received 100 mg/day of peanut husk extract containing
95% luteolin in both acute and prolonged effects.29

Therefore, supplementation with a botanical extract of
luteolin has been proved as a promising food additive
and has biosafety in humans. Most importantly, as evi-
dence from electrophysiological, cellular and behavioral
levels we provided aforementioned in this study, luteo-
lin and its potential derivatives can be a powerful
druggable candidate for the treatment of ischemic
stroke patients to prevent demyelination of axons and
facilitate prompt functional brain recovery after acute
ischemic injury.
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