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Abstract
Background: Ischemic stroke is a disease characterized by the damage of brain tissue due
to insufficient blood supply. The neuronal necrosis caused by oxidative stress during the
acute phase of ischemic stroke leads to serious consequences, including blood-brain barrier
disruption and vascular aging. The Kelch-like ECH-associated protein 1 (KEAP1), is a key
switch of antioxidative system in human body. Until now, there is still a lack of effective
treatment to ischemic stroke. Methods: We developed scutellarin-based liposomes for
treating ischemic stroke injury caused neuronal damage. Results: The results showed that
scutellarin could directly bind to KEAP1 protein, and the Kd was 26.1 μM. The
scutellarin-based liposomes significantly reduced cellular reactive oxygen species (ROS)
levels. It could also upregulate the protein expression level of nuclear factor E2-related
factor 2 (NRF2), which is the substrate protein of KEAP1. Next, both the mRNA and protein
expression level of the NRF2 downstream anti-oxidative element, heme oxygenase 1
(HO-1) and NAD(P)H quinone dehydrogenase 1 (NQO1) were promoted. Furthermore, the
coimmunoprecipitation (Co-IP) and hydrogen-deuterium exchange mass spectrometry
(HDX-MS) revealed that scutellarin directly bound to KEAP1’s Kelch domain, interrupting
the interaction between KEAP1 and NRF2. Conclusion: Our work indicates that the
scutellarin-based liposomes might be a promising therapeutic approach for ischemic stroke
induced neuronal necrosis.
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Introduction

Stroke stands as the second leading cause of death globally and the
primary source of permanent disability [1, 2]. Ischemic stroke, in
particular, is linked with high incidence, disability rates, and mortality
[3]. During ischemic stroke, the deprivation of oxygen and glucose in
brain tissue initiates the production of inflammatory factors and
reactive oxygen species (ROS), especially superoxide radicals [4–6].
These elements lead to neuronal degeneration and severe tissue
damage, resulting in substantial cytotoxicity [7, 8]. Current clinical
treatments for ischemic stroke center on restoring blood flow through
intravenous thrombolysis and endovascular therapy, complemented
by antioxidants and anti-inflammatory agents for neuroprotection
[9–11]. However, the only Food and Drug Administration
(FDA)-approved thrombolytic agent, rt-PA, has a restricted
therapeutic window [12]. Additionally, small molecule antioxidants
and other drugs have significant limitations, highlighting the urgent
need for safer, more effective long-acting therapies and advanced drug
delivery methods.
Scutellarin is a flavonoid compound found in traditional Chinese

medicinal herbs such as Scutellaria baicalensis, Ligusticum chuanxiong,
and Andrographis paniculata [13, 14]. Over the past three decades,
research has shown that scutellarin exhibits antioxidant,
anti-inflammatory, anticancer, and neuroprotective properties
[15–17]. These effects are particularly notable in addressing oxidative
stress damage in vascular endothelial cells, apoptosis induced by
oxidants and ischemia-reperfusion injury in cardiomyocytes [18–20].
Scutellarin also interacts with various signaling pathways relevant to
cerebrovascular and cardiovascular diseases [21–23]. Despite these
promising attributes, the exact antioxidant mechanisms of scutellarin
remain incompletely understood, posing challenges for its further
development. Additionally, scutellarin’s low water solubility, poor
oral bioavailability, and short half-life further complicate its
development and practical application [24].
Liposomes are a highly recommended drug delivery system, widely

endorsed by the FDA [25]. Their small particle size, amphiphilic
nature, and excellent biocompatibility contribute to high drug-loading
efficiency, enhanced drug stability and bioavailability, and reduced
systemic toxicity [26–28]. These characteristics help minimize
adverse reactions and boost therapeutic efficacy [29, 30]. The
phospholipid structure of liposomes ensures effective interaction with
mammalian cell membranes, facilitating cellular uptake [31, 32].
Encapsulating scutellarin in liposomes (approximately 100 nm in size)
can overcome its poor solubility, low bioavailability, and short

half-life, thereby expanding its potential for clinical applications.
Here, we developed scutellarin-based liposomes, which enhanced its
bioavailability and biocompatibility, serving as an antioxidant switch
to alleviate ischemic stroke injury. Experiments demonstrated that
these scutellarin-based liposomes effectively reduced cellular ROS
levels, alleviated oxidative stress, and mitigated ischemic stroke
injury. Additionally, mRNA and protein expression analyses revealed
that scutellarin-based liposomes can upregulate nuclear factor
E2-related factor 2 (NRF2) protein expression, thereby activating
downstream antioxidant elements such as heme oxygenase 1 (HO-1)
and NAD(P)H quinone dehydrogenase 1 (NQO1).
Co-immunoprecipitation and hydrogen-deuterium exchange mass
spectrometry showed that scutellarin directly binds to the Kelch
domain of the Kelch-like ECH-associated protein 1 (KEAP1),
allosterically regulating KEAP1 and influencing its interaction with
the NRF2 protein, thus enabling its role as an antioxidant switch.

Material and methods

Reagents and chemicals
Scutellarin (Sut) (CAS: 27740-01-8, Cat No. Y-012-5g) was purchased
from Chengdu Herbpurify (Chengdu, China). Tert-Butyl
hydroperoxide (CAS: 75-91-2, Cat No. B802372-50ml) was purchased
from Macklin (Shanghai, China).
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (CAS: 63-89-8,
Cat No. HY-109506), 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-poly(ethylene glycol)-2000 (DSPE-PEG2000) (CAS:
892144-24-0, Cat No. HY-142979) and cholesterol (CAS: 57-88-5, Cat
No. HY-N0322) were purchased from MedChemExpress (Shanghai,
China). Primary antibodies of anti-KEAP1 (Cat No. 30041-1-AP),
anti-NRF2 (Cat No. 16396-1-AP), anti-HO-1 (Cat No. 10701-1-AP),
anti-NQO1 (Cat No. 11451-1-AP), anti-GAPDH (Cat No. 60004-1-Ig),
anti-Tubulin (Cat No. 66240-1-Ig), anti-Flag (Cat No. 80010-1-RR)
were purchased from Proteintech (Wuhan, China). anti-Flag affinity
matrix (Cat No. A2220) was purchased from Sigma (Shanghai, China).
The enhanced chemiluminescence reagent (Cat No. SQ201) was
purchased from EpiZyme (Shanghai, China). Reactive oxygen species
assay kit (Cat No. CA1410), Hoechst 33342 Stain solution (Cat No.
C0031-1ml), and CCK-8 cell proliferation and cytotoxicity assay kit
(Cat No. CA1210) were purchased from Solarbio Life Science (Beijing,
China). Recombinant human KEAP1 protein was purchased from Sino
Biological (Beijing, China) (Cat No. 11981-HNCB).

Preparation of sut-liposome
DPPC, DSPE-PEG2000, and cholesterol were each dissolved in
chloroform and methanol (2:1 v/v) to prepare stock solutions with
concentrations of 100 mg/mL, 50 mg/mL, and 10 mg/mL,
respectively. To dissolve 1 mg of scutellarin, 60 μL DPPC, 40 μL
DSPE-PEG2000, and 25 μL cholesterol, 3 mL of chloroform and
methanol mixture (3:1 v/v) was added into a 25 mL round-bottom
flask. The components were thoroughly and uniformly mixed before
securing the flask on a vacuum rotary evaporator. The rotation speed
was set to 15 rpm, with the water bath temperature maintained at 30
°C, and the vacuum pump activated to facilitate the removal of the
organic solvent. After 20 min of rotary evaporation, a uniform thin
film formed on the sidewall of the flask. To hydrate the lipid film and
form liposomes, 3 mL of PBS buffer solution was slowly added to the
flask, followed by sonication for 7 min. The resulting hydrated
liposome solution was extruded using a liposome extruder (Avanti,
Birmingham, AL, USA), sequentially passing through polycarbonate
filters of 400 nm and 200 nm to obtain scutellarin-loaded liposomes
with uniform particle sizes. The extrusion process was maintained at a
constant speed. Post-preparation, the liposomes were stored at 4 °C for
subsequent use.

Characterization of sut-liposome
Particle size and potential measurement. The particle size
distributions of the liposomes were determined by dynamic light
scattering, and the superficial charge was expressed as zeta potential
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(ζ). These measurements were performed on undiluted samples using
a Malvern Zetasizer (Zeta PALS, Brookhaven, Rockville, MD, USA).
The morphology and size of the liposomes were examined by
transmission electron microscopy (FEI TECNAI G2 F30, FEI, Hillsboro,
OR, USA).
Encapsulation efficiency determination. The encapsulation
efficiency (EE) of scutellarin and drug loading capacity (DLC) were
calculated using the formulas EE (%) = [Cencapsulation/Ctotal] × 100%
and DLC (%) = [We/Wm] × 100%, where Ctotal is the initial scutellarin
concentration, Cencapsulation is the concentration of encapsulated
scutellarin, and is the quantity of drug in the pharmaceutical
preparation. We represents the quantity of drug in the pharmaceutical
preparation, while Wm stands for the total mass of the preparation. To
prepare a 2 mM stock solution, 0.9 mg of scutellarin was weighed and
dissolved in 1 mL of anhydrous methanol. After gradient dilution of
this stock solution, the absorbance at 335 nm was measured using a
UV-Vis spectrophotometer (Shimadzu, Shanghai, China) to plot a
standard curve for scutellarin. The Sut-liposome obtained from the
first synthesis was centrifuged at 6 °C and 8,000 rpm for 10 min, and
the supernatant was discarded. Methanol (2 mL) was added to disrupt
the liposomes, ensuring complete dissolution of the encapsulated
scutellarin. The solution was then loaded onto an Agilent Captiva
EMR-Lipid filtration column (Agilent, Shanghai, China), allowed to
stand for 5 min, and the liquid was expressed using a syringe to
remove lipid molecules, yielding a scutellarin solution. The
absorbance at 335 nm was measured using a UV-Vis
spectrophotometer, and the encapsulation efficiency and drug loading
were calculated using the standard curve.

Cell culture
HT22 cells, HEK 293T cells, and SH-SY5Y cells (Pricella, Wuhan,
China) were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 15% fetal bovine serum and 1% double-antibody.
Cells were maintained at 37 °C in a 5% CO2 incubator. When the cell
growth density reached 90%, they were digested and passaged with
0.25% trypsin and then inoculated into new culture bottles for
subsequent experiments.

Endocytosis assay
According to the aforementioned liposomes preparation method,
liposomes loaded with Rhodamine B (RhB) were prepared by
hydrating the lipid film with PBS buffer containing Rhodamine B at a
concentration of 0.3 mg/mL. The solution was stirred and dialyzed in
PBS buffer for 24 h to remove unencapsulated Rhodamine B. HT22
cells were seeded in a 12-well plate, and Rhodamine B-loaded
liposomes (10 μL per well) were added to the cells. Hoechst 33342 dye
diluted in DMEM (1:100) was then added. The plate was incubated at
37 °C in the dark for 15 min, after which the dye-containing medium
was aspirated, and each well was washed three times with 500 μL of
PBS. Finally, 500 μL of DMEM was added, and cellular uptake was
observed at 1, 3, and 6 h post-addition of the Rhodamine B-loaded
liposomes using a laser confocal microscope.

CCK-8 cell viability and cytotoxicity assay
HT22 cells were cultured in 96-well plates for CCK-8 experiments.
After culturing for more than 24 h, when cell confluence reached 80%,
sut-liposome were added at varying concentrations for treatment, with
triplicate sets for each group. Three repeats were set for each group.
CCK-8 solution was added, and the cells were cultured for 0.5 h until a
visible yellow color change occurred. The absorbance at 450 nm was
detected using a microplate reader.

ROS generation determination
Intracellular ROS levels were tested in HT22 cells cultured on a
12-well plate and incubated at 37 °C under 5% CO2. After
pretreatment with sut-liposome for 3 h and subsequent incubation
with tert-butyl hydroperoxide for 6 h, DCFM-DA and Hoechst 33342
were added, followed by a 12-min incubation in the dark at 37 °C. The
cells were then collected, washed three times with PBS, and ROS

activity was detected using an inverted fluorescence microscope.

Relative quantification of mRNA by real-time PCR
Total RNA extraction and reverse transcription. Total RNA from
HT22 cells was extracted using Trizol lysis reagent (Solarbio Life
Science, Beijing, China). RNA was reverse transcribed into cDNA using
TransScript® Uni All-in-One First-Strand cDNA Synthesis SuperMix for
qPCR (AU341-02, Transgen, Beijing, China), strictly following the kit’s
instructions. The first strand of cDNA was synthesized at 42–65 °C.
The kit contains DNase to remove genomic DNA from RNA templates.
The prepared cDNA was stored on ice for subsequent steps.
qPCR Primers:
GAPDH-F: 5’-AGGTCGGTGTGAACGGATTTG-3’
GAPDH-R: 5’-GGGGTCGTTGATGGCAACA-3’
Hmox1-F: 5’-GGGGTCGTTGATGGCAACA-3’
Hmox1-R: 5’-CATCACCAGCTTAAAGCCTTCT-3’
Nqo1-F: 5’-AGGATGGGAGGTACTCGAATC-3’
Nqo1-R: 5’-TGCTAGAGATGACTCGGAAGG-3’
qPCR reaction steps. Gene expression levels were detected using
Hieff® qPCR SYBR Green Master Mix (Yeasen, Shanghai, China) on a
CFX96 real-time PCR instrument (Bio-Rad, Shanghai, China).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression was
used as an internal reference, with three replicates per sample. The
reaction system included 8 μL of 2× SYBR Green mix, 0.4 μL of
template cDNA, 2 μL of primers (1.5 μM each), and 5.6 μL of ddH2O.

Western blotting
After the specified treatment period, cells and supernatants were
collected directly into centrifuge tubes. Following centrifugation at
6,500 rpm for 5 min at 4 °C, the cells were washed three times with
PBS and lysed in RIPA buffer. Protein samples were then separated
using 12% SDS-PAGE and transferred to nitrocellulose membranes.
The membranes were blocked with 5% skimmed milk for 30 min at
room temperature and incubated overnight at 4 °C with primary
antibodies. All primary antibodies, including anti-KEAP1, anti-NRF2,
anti-HO-1, anti-NQO1, anti-FLAG, anti-GAPDH, and anti-Tubulin,
were diluted at a ratio of 1:1,000. The membranes were washed three
times with TBST (120 rpm, 6 min per wash) and then exposed to
horseradish peroxidase-conjugated secondary antibodies (60 rpm, 60
min). The primary antibodies anti-KEAP1, anti-NRF2, anti-HO-1,
anti-NQO1, and anti-FLAG were rabbit-derived, while anti-GAPDH
and anti-Tubulin were mouse-derived. Secondary antibodies, either
goat anti-rabbit or goat anti-mouse, were selected according to the
source of the primary antibodies, with all secondary antibodies diluted
at a ratio of 1:5,000. Signals were detected using enhanced
chemiluminescence reagent, and fold changes in protein levels were
analyzed using ImageJ software.

Ligand fishing
Epoxy-activated SepharoseTM 6B microspheres were pre-washed in
PBS buffer, mixed with scutellarin solution or solvent, and incubated
at 30 °C for 16 h. SH-SY5Y cells were lysed with cell lysis buffer, and
the supernatant was incubated with the drug-coupled medium
overnight at 4 °C. The medium was then washed three times with PBS,
and the samples were boiled in SDS loading buffer. The target proteins
were separated by protein gel electrophoresis and visualized by silver
staining. Specific proteins were identified by mass spectrometry.

Bio-layer interferometry assay (BLI)
The Octet RED96e system (Molecular Device, ForteBIO, Shanghai,
China) was used to characterize the binding kinetics and affinity
between proteins and small molecules. Both wild-type and mutant
Kelch proteins were purified, biotinylated, and diluted to a
concentration of 50 μg/mL. These proteins were then immobilized on
SSA sensors. After blocking and washing, the sensors were placed in
wells containing different concentrations of scutellarin in a kinetic
buffer. Program settings default to programs that bind proteins and
small molecules in the system. Binding signals were recorded and
analyzed using OctetHT V10.0 software. The goodness of fit (R²) was
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calculated, with values close to 1 indicating an excellent fit.

Coimmunoprecipitation (Co-IP)
HEK 293T cells were inoculated into four 6 cm dishes and pre-cultured
in an incubator at 37 °C with 5% CO2 for 24 h. The cells were then
transfected with pcDNA3.1 or KEAP1-FLAG plasmid using
polyethyleneimine reagent. The drug treatment group was incubated
with 30 μM scutellarin for 3 h. After incubation, adherent cells were
collected into centrifuge tubes and lysed in 700 μL lysis buffer for 60
min on ice. The lysate was then centrifuged at 12,000 rpm for 30 min,
and the supernatant was transferred to a new centrifuge tube.
anti-FLAG affinity matrix (40 μL) was added to the supernatant and
incubated overnight at 4 °C. After incubation, the lysates were washed
three times with PBS, and the supernatant was discarded. The proteins
were eluted with glycine buffer (pH = 2), boiled in SDS loading
buffer, and analyzed by western blotting.

Hydrogen-deuterium exchange mass spectrometry (HDX-MS)
Purified Kelch protein (a structural domain of the KEAP1 protein) was
pre-incubated with scutellarin or DMSO at 4 °C overnight. After
dilution with D2O buffer, the protein was equilibrated and quenched
with an ice-cold buffer. The quenched sample was rapidly digested
with immobilized pepsin and desalted using a C18 column. Peptide
separation was achieved on a Thermo-Dionex Ultimate 3000 HPLC
system, and mass spectrometry was performed using a Thermo
Scientific Q Exactive system. The raw data were processed using
Proteome Discoverer software, and the degree of deuterium
incorporation in peptides was analyzed using HDExaminer software.

Network pharmacology analysis
Target Collection. The chemical structure and CAS number of
scutellarin (CAS number 27740-01-8) were used to retrieve target data
from PubChem (https://pubchem.ncbi.nlm.nih.gov/), Swiss Target
Prediction (http://www.swisstargetprediction.ch/) and PharmMapper
were employed to predict potential targets of scutellarin, while
ischemic stroke-related targets were identified using databases such as
OMIM (http://omim.org/), GeneCards (http://www.genecards.org/),
DrugBank, and TTD.
PPI Network Construction. A Venn diagram was created to compare
the intersection of scutellarin and ischemic stroke targets. The
intersecting targets were imported into the STRING database
(https://string-db.org/) to construct a protein-protein interaction
(PPI) network. The network was analyzed to identify key proteins.
GO and KEGG analysis. Gene Ontology (GO) was performed using
the DAVID database (https://string-db.org/) to determine the
potential biological processes, cellular components, molecular
functions, and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis identifies key pathways related to the
treatment of ischemic stroke that are influenced by scutellarin.

Statistical analysis
All results were analyzed with GraphPad Prism 10 and are presented
as mean values ± SD. Statistical significance was determined using
the Student’s T test or one-way ANOVA test. The statistical
significance was indicated at a P value < 0.05. (ns, no significance; *P
< 0.05; **P < 0.01; ***P <0.001; ****P <0.0001).

Results

Network pharmacology analysis and molecular
Network pharmacology analysis was conducted to identify potential
targets of scutellarin in the treatment of ischemic stroke. A total of 144
target proteins related to scutellarin were identified, and 1,105
ischemic stroke-related targets were obtained. Intersection analysis
yielded 49 potential targets for further exploration (Figure 1A). PPI
network analysis of these targets, conducted using the STRING tool,
revealed a network of 49 nodes and 267 edges. The topological
analysis identified the top 10 core targets, including GSTP1,
proto-oncogene tyrosine-protein kinase src (SRC), tumor necrosis

factor (TNF), mitogen-activated protein kinase 14 (MAPK14),
caspase-8 (CASP8), etc. (Figure 1B). GO functional analysis (Figure
1C) and KEGG pathway enrichment implicated (Figure 1D) key
biological processes such as inflammatory response regulation and
ROS metabolism, with significant involvement in the MAPK, NF-κB,
and TNF signaling pathways. The biological functions obtained by GO
analysis and the main proteins of relative pathways were selected in
the network (Figure 1E). The main proteins in the pathway obtained
by GO analysis were selected for molecular docking with scutellarin.
Although not in the enrichment results, KEAP1, a key factor in the
antioxidant pathway, also underwent molecular docking. Use
CB-dock2 software to predict the molecular docking location of
scutellarin and six proteins, including KEAP1, GSTP1, SRC, TNF,
MAPK14, and CASP8. And the lowest free energy conformation was
selected for docking (Figure 2A–2F). The Vina score provided by the
website indicates the binding energy of protein and scutellarin
docking. Outcomes are selected based on the lowest binding energy.
Specifically, KEAP1 and scutellarin show a vina score of −10.3
kcal/mol; GSTP1 and scutellarin have a vina score of −7.7 kcal/mol;
SRC and scutellarin present a vina score of −9.7 kcal/mol; TNF and
scutellarin exhibit a vina score of −6.7 kcal/mol; MAPK14 and
scutellarin show a vina score of −7.6 kcal/mol; and CASP8 and
scutellarin have a vina score of −7.1 kcal/mol.

Preparation and characterization of scutellarin liposomes
Scutellarin liposomes were synthesized using the thin-film hydration
method, followed by extrusion through 400 nm and 200 nm
polycarbonate membranes. The resulting scutellarin liposomes were
characterized for morphology, particle size, and stability.
Transmission electron microscopy (TEM) confirmed the spherical
morphology of the liposomes (Figure 3A). Dynamic light scattering
analysis revealed an average particle size of 126.5 nm with a
polydispersity index of 0.179, indicating a uniform and narrow size
distribution (Figure 3B). The Zeta potential, measured at 25 °C in an
aqueous solution at pH 7, averaged −39.7 mV (Figure 3C), suggesting
good colloidal stability. The UV-visible absorption spectrum of
scutellarin liposomes showed a peak at 335 nm, corresponding to the
characteristic absorption peak of free scutellarin, confirming
successful encapsulation within the liposomal structure (Figure 3D).
Scutellarin’s UV absorption peaks at 285 nm and 335 nm were used to
establish a standard curve for quantifying encapsulation efficiency.
The absorbance at 335 nm was selected due to its stronger correlation
with scutellarin concentration. Post-filtration, the lysed liposomal
solution was diluted 10-fold, yielding an absorbance value of 2.42 at
335 nm. Applying this value to the standard curve, the encapsulation
efficiency of scutellarin in the liposomes was calculated to be 88.77%,
with a drug loading efficiency of 8.98%. Stability studies in various
media, including ddH2O, phosphate-buffered saline, and culture
medium supplemented with 10% fetal bovine serum, demonstrated
that the average particle size change over a 14-day period remained
below 10%, indicating excellent stability under both physiological and
non-physiological conditions (Figure 3E).
To assess cellular uptake, RhB was encapsulated within the
liposomes, and fluorescence microscopy was used to monitor
internalization in HT22 cells. Cell nuclei were counterstained with
Hoechst 33342 (blue fluorescence), while RhB provided a red
fluorescence signal indicative of liposome presence. One hour
post-incubation, minimal red fluorescence was detected within the
cells. However, after 3 h, there was a significant increase in
intracellular red fluorescence, which further intensified at 6 h,
confirming efficient endocytosis of scutellarin liposomes by HT22 cells
(Figure 3G). The cytotoxicity of scutellarin liposomes on HT22 cells
was evaluated using the CCK-8 assay. HT22 cells were treated with
scutellarin liposomes at concentrations ranging from 10 to 150 μL/mL.
The results demonstrated that cell viability remained above 95%
across all tested concentrations, with no significant decrease observed
even at the highest concentration of 150 μL/mL. This indicates that
scutellarin liposomes are non-cytotoxic to normal cells within the
experimental concentration range (Figure 3F).
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Figure 1 Network pharmacology analysis results. (A) The Venn diagram depicts the intersection of scutellarin target points and ischemic stroke
target points. (B) The PPI network diagram of potential targets of scutellarin in the treatment of ischemic stroke. (C) GO analysis. (D) KEGG
pathway enrichment analysis. (E) Scutellarin biological functions and biomolecular networks, describing the underlying biological mechanisms of
scutellarin. ROS, reactive oxygen species; TNF, tumor necrosis factor; NOX4, NADP(H) oxidase 4; GSTP1, glutathione S-transferase pi 1; SRC,
proto-oncogene tyrosine-protein kinase src; MAPK14, mitogen-activated protein kinase 14; CASP8, caspase-8.

Figure 2 Molecular docking results of scutellarin and six main proteins. (A) Molecular docking results of scutellarin and KEAP1. (B) Molecular
docking results of scutellarin and GSTP1. (C) Molecular docking results of scutellarin and SRC. (D) Molecular docking results of scutellarin and
TNF. (E) Molecular docking results of scutellarin and MAPK14. (F) Molecular docking results of scutellarin and CASP8. KEAP1, Kelch-like
ECH-associated protein 1; GSTP1, glutathione S-transferase pi 1; SRC, proto-oncogene tyrosine-protein kinase src; TNF, tumor necrosis factor;
MAPK14, mitogen-activated protein kinase 14; CASP8, caspase-8.
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Figure 3 Preparation and characterization of scutellarin liposomes. (A) The TEM images of scutellarin-loaded liposomes. Scale bar = 100 nm
(B) Hydrated particle size analysis of scutellarin liposomes. (C) The Zeta potential distribution of scutellarin liposomes. (D) The ultraviolet
absorption image of scutellarin with liposomes. (E) The hydration particle size detection of scutellarin liposomes was placed in different solvents
over 14 d. (F) The cell viability of HT22 cells treated with scutellarin liposomes of different concentrations. (G) The confocal fluorescence images of
HT22 cells effectively take up scutellarin liposomes. Scale bar = 50 μm. PDI, polymer dispersity index; RhB, Rhodamine B.

Scutellarin liposomes-mediated antioxidant cellular assay and
assessment of mRNA and protein expression levels
The ability of scutellarin liposomes to reduce intracellular ROS was
assessed using the DCFH-DA probe. In the control group, minimal
green fluorescence was observed, indicating low basal ROS levels. In
contrast, the model group treated with tertiary butyl hydroperoxide
showed a significant increase in green fluorescence, reflecting
elevated ROS levels and successful induction of oxidative stress
(Figure 4A). Treatment with scutellarin liposomes resulted in a
marked reduction in green fluorescence, bringing ROS levels close to
those of the control group (Figure 4B). These results suggested that
scutellarin liposomes effectively alleviate oxidative stress by reducing
intracellular ROS levels. In addition, we detected the efficacy of
scutellarin liposomes in the oxygen-glucose deprivation/reperfusion
model of HT22 cells. The results showed that after treatment, the

viability of HT22 cells could be restored to about 89% of the control
group at most (Figure 4C).
To explore the mechanism through which scutellarin liposomes
reduce intracellular ROS, the expression of antioxidant response
element (ARE)-related genes and proteins was examined. Quantitative
PCR analysis revealed a significant upregulation of Hmox1 (2.7-fold)
(Figure 4D) and Nqo1 (2.3-fold) (Figure 4E) gene expression following
treatment with scutellarin liposomes. Western blot analysis further
demonstrated that there was a substantial increase in the expression of
NRF2, HO-1, and NQO1 proteins. Compared to the model group,
NRF2 levels increased by 1.6-fold (Figure 4F), HO-1 by 1.5-fold
(Figure 4G), and NQO1 by 1.3-fold (Figure 4H). This indicates that
scutellarin liposomes activate the KEAP1-NRF2-ARE signaling
pathway by inhibiting NRF2 degradation and enhancing the
expression of downstream antioxidant proteins.
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Figure 4 Scutellarin liposomes-mediated antioxidant cellular assay and assessment of mRNA and protein expression levels. (A) The
confocal fluorescence images of intracellular ROS in HT22 cells stained with the DCFH-DA probe. Scale bar = 50 μm. (B) Corresponding
quantitative analysis of relative ROS level (n = 3). (C) The cell viability of OGD/R HT22 cells treated with scutellarin liposomes of different
concentrations. (D) Quantitative analysis of Hmox1 gene mRNA levels (n = 3). (E) Quantitative analysis of Nqo1 gene mRNA levels (n = 3). (F)
Immunoblotting and quantitative analysis of NRF2 protein (n = 3). (G) Immunoblotting and quantitative analysis of HO-1 protein (n = 3). (H)
Immunoblotting and quantitative analysis of NQO1 protein (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. ROS, reactive oxygen
species; DCFH-DA, 2’,7’-Dichlorodihydrofluorescein diacetate; NRF2, nuclear factor E2-related factor 2; NQO1, NAD(P)H quinone dehydrogenase
1; HO-1, heme oxygenase 1; t-BHP, tert-butyl hydroperoxide; Sut, scutellarin.

Experimental validation that scutellarin is a non-covalent
inhibitor of the KEAP1-NRF2 interaction
A ligand fishing experiment was conducted to identify intracellular
proteins interacting with scutellarin. Scutellarin was immobilized on
epoxy-functionalized microspheres, followed by incubation with lysed
cell extracts (Figure 5A). Unbound proteins were washed away, and
the bound proteins were analyzed using SDS-PAGE and silver staining
(Figure 5B). Mass spectrometry of the enriched proteins identified
KEAP1 as a significantly enriched target, suggesting a direct
interaction between scutellarin and KEAP1.
We purified both the wild-type Kelch domain and a mutant variant

of the protein. The mutant Kelch domain included substitutions at key
residues (Y334A, R380A, N382A, N414A, R415A, Y572A, and S602A),
which are known to be critical for binding with NRF2 and
conventional KEAP1 inhibitors. To assess the binding affinity of
scutellarin with these Kelch domains, we utilized Bio-Layer
Interferometry. The results revealed that Scutellarin binds to the
wild-type Kelch domain with an affinity of 26.10 μM (R² = 0.99).

However, the binding affinity to the mutant Kelch domain was
significantly reduced (Figure 5C).
The interaction between KEAP1 and NRF2 was further confirmed
using co-immunoprecipitation assays. Cells transfected with
KEAP1-Flag were incubated with scutellarin, and the resulting
complexes were immunoprecipitated using anti-Flag magnetic beads.
In the absence of scutellarin, NRF2 was readily co-precipitated with
KEAP1. However, upon scutellarin treatment, the amount of NRF2
associated with KEAP1 decreased by over 50%, indicating that
scutellarin effectively disrupts the KEAP1-NRF2 interaction (Figure
5D).
Hydrogen-deuterium exchange mass spectrometry was performed to
investigate the structural changes in the Kelch domain of KEAP1 upon
scutellarin binding. Significant increases in deuterium exchange were
observed in the peptide segments L342-L355, S555-I566, and
D394-G423, indicating that scutellarin binding induces
conformational changes that expose these regions on the protein
surface (Figure 5E).
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Figure 5 Experimental validation that scutellarin is a non-covalent inhibitor of the KEAP1-NRF2 interaction. (A) Microspheres before and
after binding with scutellarin. Scale bar = 100 μm. (B) SDS-PAGE Silver staining image. (C) In vitro detection of KEAP1-Kelch domain with
scutellarin using BLI. (D) In HEK 293T cells, the effect of scutellarin on the KEAP1-NRF2 interaction was assessed: Left: Co-IP results diagram;
Right: Quantitative analysis of NRF2 content variation. (E) The hydrogen-deuterium exchange mass spectrometry results and binding schematic
diagram of scutellarin with the Kelch domain of KEAP1. ****P < 0.0001. KEAP1, Kelch-like ECH-associated protein 1; NRF2, nuclear factor
E2-related factor 2; Sut, scutellarin; Mut, mutant variant; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; WT, wild-type.
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Discussion

Scutellarin, a flavonoid compound, is a bioactive component found in
traditional Chinese medicines such as Scutellaria baicalensis and
Lamprocapnos spectabilis. Scutellarin is a potential drug for combating
oxidative stress damage in various diseases; however, its direct target
protein has not yet been identified. The core finding of this study is
the development of scutellarin-based liposomes as an antioxidant
switch to mitigate neuronal damage caused by ischemic stroke.
Moreover, its direct target protein and mechanism of action have been
demonstrated. The research shows that these scutellarin liposomes can
significantly reduce intracellular ROS levels, alleviate oxidative stress,
and activate downstream antioxidant factors such as HO-1 and NQO1
by upregulating NRF2 protein, thereby providing neuroprotective
effects and resisting OGD/R injury. Furthermore, experimental results
confirmed the direct binding of scutellarin to the KEAP1 protein
through co-immunoprecipitation and HDX-MS, revealing that it
allosterically regulates KEAP1 and influences its interaction with
NRF2.
The novelty of this study lies in the combination of the traditional

Chinese medicine component scutellarin with modern nanomedicine
delivery systems (liposomes), which not only improves the
bioavailability and compatibility of scutellarin but also overcomes its
limitations of poor water solubility and short half-life. Additionally,
the study delves into the role of scutellarin in the antioxidant
mechanisms, particularly in the KEAP1-NRF2 signaling pathway,
providing new insights and methods for treating neurodegenerative
diseases such as stroke.
Scutellarin has limitations in clinical application due to its poor

water solubility, low bioavailability, and short half-life. To overcome
these drawbacks, we developed scutellarin-loaded liposomes to
improve the drug’s stability and biocompatibility. Our experimental
results show that these liposomes have a uniform particle size
distribution, good stability, and high encapsulation efficiency.
Toxicity assays and endocytosis studies in HT22 cells indicate that
these liposomes are effectively internalized and exhibit low toxicity
within the tested concentration range, providing a solid foundation for
further research. Ischemic stroke injury is mainly caused by excessive
intracellular accumulation of ROS, which leads to significant damage
to cellular structures and DNA. To evaluate scutellarin’s therapeutic
potential in ischemic stroke, we assessed its antioxidant efficacy at the
cellular level. Our findings demonstrated that scutellarin liposomes
significantly reduced ROS levels in induced cells, confirming their
antioxidant capacity.
The KEAP1-NRF2-ARE signaling pathway is a crucial defense

mechanism against oxidants and xenobiotics. In normal conditions,
KEAP1 homodimers bind to NRF2, leading to its ubiquitination and
subsequent proteasomal degradation, thus preventing NRF2 from
translocating to the nucleus. However, during oxidative stress, this
interaction is disrupted, enabling NRF2 to escape degradation, move
to the nucleus, and bind to the ARE element, which in turn promotes
the expression of antioxidant genes like Hmox1 and Nqo1. We
hypothesize that scutellarin directly interacts with the Kelch domain
of KEAP1, allosterically modulating its interaction with NRF2. This is
likely to enhance the expression of downstream antioxidant elements
such as HO-1 and NQO1, reducing intracellular ROS levels and
alleviating cellular oxidative stress. Co-immunoprecipitation, ligand
fishing experiments, and Bio-layer interferometry assays confirmed
that scutellarin disrupts the KEAP1-NRF2 interaction by binding to the
KEAP1 Kelch domain. These findings were supported by HDX-MS
experiments. We validated the molecular mechanism of scutellarin
through multiple analyses. At the mRNA and protein levels, studies
showed that scutellarin liposomes significantly upregulated the
expression of Hmox1 and Nqo1 genes. Additionally, NRF2, HO-1, and
NQO1 proteins were also significantly increased, while KEAP1
expression remained relatively unchanged.
Despite the achievements of this study, several limitations exist. The

research scope is limited, mainly concentrating on cell experiments

and lacking comprehensiveness for the whole animal model and in
vivo environment. Although scutellarin based liposomes show
potential in cell experiments, there is insufficient exploration of
potential treatment method limitations such as long-term safety and
drug interactions in clinical applications. For future directions, an
in-depth study of the mechanism is required. This includes
understanding its role in ischemic stroke treatment through details
with KEAP1-NRF2-ARE and other relevant pathways. The drug
delivery system should be optimized considering scutellarin’s
properties. This can be achieved by improving liposomes or exploring
other methods to enhance solubility, bioavailability, and stability. In
vivo experiments need to be conducted to study pharmacokinetics,
pharmacodynamics, treatment effects, and safety, providing a basis for
clinical applications.
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