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NRF2 activation ameliorates 
blood–brain barrier injury 
after cerebral ischemic stroke 
by regulating ferroptosis 
and inflammation
Wei Fan 1, Hongping Chen 1, Meng Li 1, Xuehui Fan 1, Fangchao Jiang 1, Chen Xu 1, 
Yingju Wang 1, Wan Wei 1, Jihe Song 1, Di Zhong 1* & Guozhong Li 1,2*

Arterial occlusion-induced ischemic stroke (IS) is a highly frequent stroke subtype. Nuclear factor 
erythroid 2-related factor 2 (NRF2) is a transcription factor that modulates antioxidant genes. Its role 
in IS is still unelucidated. The current study focused on constructing a transient middle cerebral artery 
occlusion (tMCAO) model for investigating the NRF2-related mechanism underlying cerebral ischemia/
reperfusion (I/R) injury. Each male C57BL/6 mouse was injected with/with no specific NRF2 activator 
post-tMCAO. Changes in blood–brain barrier (BBB)-associated molecule levels were analyzed using 
western-blotting, PCR, immunohistochemistry, and immunofluorescence analysis. NRF2 levels within 
cerebral I/R model decreased at 24-h post-ischemia. NRF2 activation improved brain edema, infarct 
volume, and neurological deficits after MCAO/R. Similarly, sulforaphane (SFN) prevented the down-
regulated tight junction proteins occludin and zonula occludens 1 (ZO-1) and reduced the up-regulated 
aquaporin 4 (AQP4) and matrix metalloproteinase 9 (MMP9) after tMCAO. Collectively, NRF2 exerted 
a critical effect on preserving BBB integrity modulating ferroptosis and inflammation. Because NRF2 is 
related to BBB injury regulation following cerebral I/R, this provides a potential therapeutic target and 
throws light on the underlying mechanism for clinically treating IS.
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Globally, stroke has the second highest mortality rate and is third among the causes of disability-adjusted life-
years (DALYs)1. Stroke poses the greatest health expenditure burdens among low-to-middle-income  countries2. 
Ischemic stroke (IS) occupies ~ 80% of  stroke3. IS may occur because of cerebral ischemia due to cerebral vascular 
thrombosis. The main pathophysiological characteristic of IS blood–brain barrier (BBB) injury that induces 
severe clinical complications. BBB primarily comprises brain microvascular endothelial cells (BMECs), and these 
cells express intercellular junctions, mainly including adherent junction (AJ) and tight junction (TJ)4. The BBB 
refers to the dynamic part of brain-vascular interface for maintaining brain homeostasis and regulating penetra-
tion of solutes in the brain  tissue5. In the case of cerebral ischemia, BBB is injured, which then induces increased 
vascular permeability, leukocyte infiltration, eventually resulting in brain edema and worsening cerebral infarc-
tion during IS. BBB disruption promotes secondary brain injury while enhancing the hemorrhage transformation 
incidence, thereby severely affecting the IS  prognosis6. However, the underlying molecular mechanisms of BBB 
injury in IS are not entirely elucidated.

Nuclear factor erythroid 2-related factor 2 (NRF2), the transcription factor, and basic leucine zipper (bZIP) 
transcription factors can maintain the low expression by degradation and ubiquitination through combina-
tion with kelch-like ECH-associated protein 1 (Keap1), the corresponding negative regulatory  molecule7. The 
elevated oxidative stress level in cells enhances NRF2 dissociation and nuclear translocation; thereafter, NRF2 can 
interact with the antioxidant response elements (AREs) within target gene promoter, eventually up-regulating 
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its transcription. NRF2 binds to small MAF proteins, modulates numerous antioxidant genes, and affects the 
endogenous antioxidant defense  system8–10. Excessive reactive oxygen species (ROS) production is a primary 
mechanism explaining BBB  disruption11. In the brain microvascular system, the activation of NRF2 defense 
pathway is beneficial for preventing BBB disruption and neurological impairment during  IS12. While NRF2 
deficiency can increase the intracellular ROS content, suggesting that it is important for maintaining ROS 
 homeostasis13. Released NRF2 triggers antioxidant protein-encoding gene transcription, including superox-
ide dismutase (SOD), catalase (CAT), heme oxygenase 1 (HO-1), and NAD(P)H: quinone oxidoreductase 1 
(NQO1)14. In addition, NRF2 modulates tissue repair- and remodeling-related and anti-inflammatory genes, 
suggesting that it has functions other than antioxidation and  detoxification15. When NRF2/HO-1 is activated 
within the cerebral microvessels in the peri-infarct area, potent antioxidant effects are observed; consequently, 
the infarction volume decreases, and the BBB injury and neurological deficit in IS mice are  alleviated16. Ferrop-
tosis is the novel regulatory cell death resulting from the excess production of iron-dependent reactive oxygen 
species and lipid  peroxides17. Ferroptosis inhibitors ferrostatin-1 or liproxstatin-1 prevent neuronal damage in 
tMCAO mice  models18,19. We studied the impact of ferroptosis on BBB injury, summarized the progress in the 
ferroptosis-related mechanism, and discussed how diverse ferroptosis-related factors affect the severity of BBB 
injury and prognostic outcome. The results of the present study offer superior therapeutic targets for IS. NRF2 
regulates the key ferroptosis proteins, including the light and heavy chains of ferritin (FTL/FTH1), ferroportin 
(FPN1), SLC7A11, glutathione (GSH), and glutathione peroxidase 4 (GPX4), to inhibit iron overload and lipid 
peroxidation (LPO)20–22. The upregulation of NRF2 expression would reduce inflammation and enhance the 
anti-inflammatory  effect23,24. Actually, NRF2 activation can prevent BBB disruption during cerebral ischemia/
reperfusion (I/R)  injury25.

Herein, we used the NRF2 activator sulforaphane (SFN), investigated the neurological deficits and infarct 
volume of mice in I/R injury, and eventually studied the protective effect of NRF2 in cerebral I/R damage and 
the associated molecular mechanism in disrupted BBB structure.

Materials and methods
Animal experiments
The SPF-grade C57BL/6 male mice weighing ~ 20–25 g were provided by Liaoning Changsheng Biotechnol-
ogy and treated strictly according to the Laboratory Animal Care guidelines from the First Affiliated Hospital 
of Harbin Medical University, based on the recommendations of the US National Institutes of Health and the 
ARRIVE guidelines (https:// arriv eguid elines. org). All animals were raised at 23–25 °C, 50–60% humidity, as well 
as 12-h/12-h light/dark cycle conditions. They freely consumed food and water.

Transient middle cerebral artery occlusion model (tMCAO) establishment
After giving isoflurane (2–3% oxygen) for anesthesia, each mouse was placed in the supine  position26. A homoeo-
thermic blanket was employed to keep a rectal temperature of 37 °C intraoperatively. Thereafter, an incision was 
made in the cervical midline, followed by the separation of the common carotid artery (CCA), external carotid 
artery (ECA), together with internal carotid artery (ICA) in succession. Then, occlusion of the middle cerebral 
artery (MCA) origin was completed with the Doccol suture (diameter, 0.21 mm) from the ECA incision along 
the bifurcation of ICA and ECA at a depth of ~ 9 ± 1  mm27. The thread was terminated in the case of resistance. 
After suture removal 1 h later, the mice recovered for 6 h, 24 h, 3 d, 5 d, and 7  d28. Sham mice received an identi-
cal procedure without inserting the intraluminal filament. One technician was responsible for performing all 
operations. Sulforaphane (SFN, HY-13755, MCE) was dissolved within dimethylsulfoxide (DMSO, < 2%). For 
the SFN + tMCAO and V + tMCAO groups, each mouse was given an intraperitoneal injection of SFN at 5 mg/
kg or vehicle (DMSO < 2%) during  reperfusion16. Thereafter, the animals were divided into the (1) sham, (2) 
tMCAO, (3) SFN + tMCAO, and (4) V + tMCAO groups.

Neurological deficit evaluation
Neurological deficits were used for assessing the IS severity. At 24-h post-ischemia, neurological deficits were 
scored in a blinded manner, with 0–5: 0 indicating the absence of neurological deficits; 1, forelimb weakness 
and torso turning on ipsilateral side in the case of tail suspension; 2, the inability of left forelimb extension; 3, 
circling on the left side; 4, falling on the contralateral side; and 5, low consciousness level, absence of spontane-
ous activity or death.

Brain water content determination
The wet/dry approach was adopted for measuring brain water content for evaluating brain edema, as described 
in a previous  report29. After sacrifice, the right side of the brain was collected at once. Thereafter, brain weight 
was measured as the wet weight. The samples were further baked using a 100 °C oven till the weight remained 
unchanged. Brain water content (%) = (wet weight − dry weight)/wet weight × 100%.

Evans blue extravasation
With the purpose of analyzing BBB permeability changes, the mice were exposed to intraperitoneal injection with 
2% Evans blue solution at 4 mL/kg. Following reperfusion for 24 h, normal saline was added for heart perfusion. 
Then, the dissected brain tissues were subjected to homogenization and centrifugation to collect supernatants 
for measurements using a spectrophotometer at 620 nm.

https://arriveguidelines.org


3

Vol.:(0123456789)

Scientific Reports |         (2024) 14:5300  | https://doi.org/10.1038/s41598-024-53836-0

www.nature.com/scientificreports/

Infarct area determination
Mice were sacrificed to collect brain tissues, which were later prepared in seven sheets (1-mm in thickness) from 
the anterior top of the frontal lobe. Thereafter, sheets were incubated with 2% 2,3,5-triphenyltetrazolium chloride 
solution (TTC, Solarbio) in dark under 37 °C for half an hour, followed by fixation with 4% paraformaldehyde. 
Later, a camera was used to acquire photographs of the brain sections, and ImageJ software was used for deter-
mining the infarction volume as follows: infarction volume (%) = (contralateral hemisphere volume − ipsilateral 
hemisphere non-infarct volume)/contralateral hemisphere volume × 100%.

Western blot (WB) analysis
Right brain tissue was homogenized with the use of RIPA lysis buffer (Beyotime, China) which involved protease 
and phosphatase inhibitors (Beyotime, China). Then, the tissues were subjected to centrifugation at 12,000×g 
for 15 min. The BCA protein detection kit (Beyotime, China) was adopted for measuring protein contents. 
Thereafter, 30 µg proteins were loaded for separation using 10% or 12.5% SDS-PAGE before electrotransfer on 
polyvinylidene difluoride (PVDF) filters. Thereafter, nonfat 5% milk was added to block the membranes for 
1 h. The membranes were cut prior to hybridization with antibodies. Then the membrances were followed by 
overnight incubation at 4 °C using primary antibodies: anti-NRF2 (1:1000, ab62352, Abcam), anti-Occludin 
(1:1000, 27260-AP, Proteintech), anti-AQP4 (1:1000, 16473-1-AP, Proteintech), anti-MMP9 (1:1000, 16375-1-
AP, Proteintech), anti-ZO-1 (1:1000, 21773-1-AP, Proteintech), anti-ACSL4 (1:2000, 22401-1-AP, Proteintech), 
anti-XCT(1:2000, 26864-1-AP, Proteintech), anti-GPX4 (1:3000, 67763-1-Ig, Proteintech), anti-GAPDH (1:50000, 
60004-1-Ig, Proteintech), anti-p-NF-κB (1:1000, AF2006, Affinity), anti-IL-18 (1:1000, 10663-1-AP, Proteintech), 
and anti-IL-1β (1:1000, AF4006, Affinity). After washing by TBST, membranes were incubated using horseradish 
peroxidase-labeled secondary antibodies for 60 min. In addition, an enhanced chemiluminescence detection kit 
was adopted for protein signal visualization. ImageJ was used for signal quantification, with GAPDH as the refer-
ence. The western blot original images are provided as Supplementary Fig. S1 available with this article online.

Quantitative real-time PCR
We adopted Trizol reagent (Invitrogen, Thermo Fisher Scientific) for extracting total brain tissue RNA, which 
was further prepared reverse transcribed to cDNA using reverse transcriptase ((TIANGEN, China) in line with 
specific protocols. Quantitative PCR was conducted with the use of a SYBR green kit (TIANGEN, China) and 
a PCR machine instrument (BioRad, Singapore). The sequences of the primers used are shown below: AQP4, 
forward (F): CTT TCT GGA AGG CAG TCT CAG, reverse (R): CCA CAC CGA GCA AAA CAA AGAT; MMP9, F: 
CTG GAC AGC CAG ACA CTA AAG, R:CTC GCG GCA AGT CTT CAG AG; ZO-1, F: GCC GCT AAG AGC ACA GCA 
A, R: TCC CCA CTC TGA AAA TGA GGA; Occludin, F: TTG AAA GTC CAC CTC CTT ACAGA, R: CCG GAT AAA 
AAG AGT ACG CTGG; and GAPDH, F: AGG TCG GTG TGA ACG GAT TTG, R: TGT AGA CCA TGT AGT TGA 
GGTCA. Finally, the gene level was analyzed using the  2–∆∆Ct approach.

Immunohistochemistry
After dewaxing, paraffin-embedded sections were rehydrated, and subject to incubation using 0.3% hydrogen 
peroxide. Thereafter, the sections were heated with a citric acid solution for 4 min within the pressure cooker to 
achieve antigen retrieval. After 30-min blocking using 5% BSA, the 5-µm sections were subjected to overnight 
incubation with primary antibodies (Proteintech), including anti-ZO-1 (1:50, 21773-1-AP), anti-AQP4 (1:100, 
16473-1-AP), and anti-MMP9 (1:50, 16375-1-AP) under 4 °C, before another 30-min incubation with the sec-
ondary antibody (PV-6002; Zhongshan Biotechnology) at 37 °C. Finally, diaminobenzidine (DAB, ZLI-9018; 
Zhongshan Biotechnology) was added to develop color, and the microscope was employed for section observa-
tion. Integrated optical density (IOD) values were explored with Image-Pro Plus 6.0.

Double-immunofluorescence analysis
The 4% paraformaldehyde was added to fix brain sections before 20-min permeabilization using 0.2% Triton 
X-100. Later, primary antibodies were added to incubate sections overnight under 4 °C, including anti-CD31 
(Santa Cruz, sc-376764, 1:100), anti-ZO-1 (Abmart, TA5145, 1:100), anti-occludin (Wanlei, WL01996, 1:50), 
anti-MMP9 (Wanlei, WL03096, 1:50), and anti-AQP4 (Proteintech, 16473-1-AP, 1:100) antibodies, the 7-µm 
sections were further incubated with suitable secondary antibodies (BOSTER, BA1089, and BA1105, 1:100) in 
dark under ambient temperature for 3 h. Cell nuclei were stained using DAPI (Abcam, ab104139). In addition, 
the fluorescence microscope (Nikon, Y-TV55, JAPAN) was adopted for imaging, while ImageJ was used for ana-
lyzing immunofluorescence. This study selected the regions surrounding ischemia in the ischemic hemisphere 
for imaging. This assay was double-blinded, and different researchers were responsible for image reading and 
statistical analysis.

Iron and glutathione (GSH) level detection
Ischemic brain tissues were homogenized. The supernatants were harvested to determine the iron and GSH 
contents. Every operation was performed using the Iron (Cat#A039–2–1) and Reduced Glutathione (Cat#A006) 
Detection Kits (Nanjing Jiancheng Bioengineering Institute, China) in line with specific guidance.

Lipid peroxidation (LPO) analysis
Brain tissue was prepared following the aforementioned description. Thereafter, at 24-h post-MCAO, the LPO 
level within brain tissue lysates surrounding infarct area was identified based on the LPO kit (Nanjing Jiancheng 
Bioengineering Institute Cat#A106–1, China), in line with the manufacturer’s protocol. Data were expressed as 
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micromoles/gram total protein (µmol/g prot). Then, with the purpose of measuring protein content, we used 
BCA protein assay reagent kit (Beyotime, China).

Measurement of malondialdehyde and superoxide dismutase levels
Following the manufacturer’s protocols, we assessed malondialdehyde (MDA) and superoxide dismutase (SOD) 
levels with the lipid peroxidation MDA assay kit (Beyotime, China, S0131S) as well as total SOD assay kit (Beyo-
time, China, S0109).

Reactive oxygen species production
ROS level was measured. DCFH-DA Dye was diluted using DMSO and loading buffer solution till 10 µmol/L. 
Thereafter, DCFH-DA was supplemented to incubate tissues at 37 °C for 3 h. In addition, to analyze fluorescence 
intensity, a fluorescence microscope was employed.

Transmission electron microscopy
Transmission electron microscopy (TEM, Japan Electron microscopy Hitachi, H-7650) was performed to ana-
lyze ultrastructure in the peri-infarct area 24 h post-ischemia. First, 4% paraformaldehyde solution was added 
for mouse perfusion. Second, the tissue was prepared in 1  mm3 cubes and steeped within 2.5% glutaraldehyde 
and 1% osmic acid. After a series of operations, including dehydration, embedding, and slicing, lead citrate and 
uranyl acetate were added for section staining. Fields from every sample were randomly viewed to calculate the 
ferroptotic mitochondrial number.

Statistical analysis
GraphPad Prism software 8.0 was employed to perform statistical analysis. Results were shown to be 
means ± SEM. One-way ANOVA and Tukey post hoc test were adopted for analyzing differences between the 
two groups. p < 0.05 implied statistical significance.

Ethics approval
The animal study was reviewed and approved by the Committee of the First Affiliated Hospital of Harbin Medi-
cal University.

Results
NRF2 is downregulated following tMCAO
NRF2 was downregulated following tMCAO. To analyze whether NRF2 was associated with cerebral I/R injury, 
we analyzed NRF2 expression within right mouse brain at diverse time points post-tMCAO. According to WB, 
NRF2 protein expression decreased over time. NRF2 began to decline in the 6th hour and reached its lowest 
level (p < 0.0001) at 24 h (Fig. 1A) in comparison with the sham group.

NRF2 activation attenuates cerebral I/R injury in mice
To investigate if SFN conferred the neuroprotection against I/R injury, this study measured neurological defi-
cit score, infarct volume, and brain water content at 24 h post-ischemia. As shown in Fig. 1B, SFN apparently 
decreased the neurological functions of the brain in relative to 24 h-tMCAO group (p < 0.01). To assess the 
cerebral edema because of cerebral I/R injury, the current study measured brain water content in mice. At 24 h 
post-tMCAO, brain water content notably increased (p < 0.01) in relative to that of sham group (Fig. 1C), and 
that noticeably decreased in mice of 24 h-tMCAO group given SFN (p < 0.01). After SFN injection, lower cellular 
water content was observed than V + 24 h-tMCAO group (p < 0.01). Evans blue staining was performed to analyze 
BBB infiltration. Relative to the sham group, Evans blue leakage was apparently increased following tMCAO 
(p < 0.001) and reduced following the SFN treatment (p < 0.001) (Fig. 1D). Therefore, the NRF2 activator reduced 
BBB permeability. Compared with 24 h-tMCAO, the mice showed decreased infarction volume after the SFN 
treatment (p < 0.05) (Fig. 2A,B). The obtained findings suggested that SFN protected the brain from I/R damage.

SFN up-regulated Occludin and ZO1 levels in mice following tMCAO
Endothelial cells in CNS-nourishing capillaries are closely connected with each other via tight junctions, which 
are crucial in keeping the BBB  intact30. We studied TJ-associated genes and proteins using qRT-PCR and WB. 
Based on the results, the ZO-1 and occludin protein expression notably reduced at 24-h post-ischemia compared 
with sham group (p < 0.01, p < 0.05, respectively). SFN treatment ameliorated MCAO-mediated alterations of the 
ZO-1 and occludin expression (p < 0.01 and p < 0.05, separately) (Fig. 3A,B). qRT-PCR results indicated reduced 
ZO-1 and occludin mRNA expression of MCAO group on the first day (p < 0.001), indicating impaired BBB 
integrity post-IS. SFN upregulated ZO-1 and occludin transcription expression (p < 0.01, p < 0.001) (Fig. 3C). IOD 
analysis on ZO-1-positive staining revealed that SFN administration increased ZO-1 positive staining relative 
to V + 24 h-tMCAO and 24 h-tMCAO treatments (p < 0.001) (Fig. 3D). As the fluorescence microscopy analysis 
indicate, endothelial marker CD31 was co-localized with the TJ proteins, which were used to label the microves-
sels in mouse brain slices. Consequently, ZO-1 and occludin were coexpressed with CD31, which significantly 
decreased after 24 h-tMCAO within peri-infarct area (p < 0.05, p < 0.0001). Nonetheless, the SFN + 24 h-tMCAO 
group showed significantly increased colocalization relative to the 24 h-tMCAO group (p < 0.01, p < 0.0001, 
separately) (Fig. 4C,D), conforming to WB and qRT-PCR assay results. Based on the aforementioned results, 
SFN preserved BBB integrity following tMCAO.
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SFN decreased MMP9 and AQP4 Levels following tMCAO
The dynamic changes in the BBB components, including MMP9 and AQP4, were compared in mice after tMCAO. 
To assess whether NRF2 activation affects MMP9 and AQP4 in cerebral I/R, WB, qRT-PCR, immunohistochemi-
cal staining, and double-immunofluorescence staining were performed. Relative to sham group, WB results indi-
cated that MMP9 and AQP4 of 24 h-tMCAO group were upregulated (p < 0.0001). In relative to 24 h-tMCAO 
and V + 24 h-tMCAO groups, SFN administration decreased MMP9 levels (p < 0.0001, p < 0.001, separately) 
(Fig. 5A). Additionally, MMP9 mRNA expression was determined, which suggested that 24 h-tMCAO group 
showed upregulation relative to sham group (p < 0.001), but NRF2 activation decreased MMP9 transcription level 

Figure 1.  NRF2 expression in diverse time periods within mouse brain tissues post-tMCAO. NRF2 activation 
ameliorated cerebral ischemic reperfusion injury. (A) NRF2 protein expression detected by western blot 
(n = 4). (B) Neurological deficit scores in mice evaluated at 24 h post-tMCAO (n = 4). (C) Brain water content 
measured by the wet/dry approach for assessing brain edema (n = 4). (D) Evans blue dye leakage quantified 
using a spectrophotometer (n = 4). The results are indicated to be means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001 and N.S. nonsignificant versus the sham group.
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(p < 0.01) (Fig. 5B). Conforming to the above results, immunohistochemical staining exhibited the same trend for 
MMP9 in WB (Fig. 5C). Meanwhile, after treatment with SFN, the AQP4 protein expression decreased relative to 
24 h-tMCAO and V + 24 h-tMCAO groups (p < 0.001, p < 0.01, separately) (Fig. 5A). In addition, the 24 h-tMCAO 
group showed elevated AQP4 mRNA transcript expression in comparison with sham group (p < 0.01); however, 
NRF2 activation decreased AQP4 transcript expression (p < 0.05) (Fig. 5B). Meanwhile, the immunohistochemi-
cal analysis of AQP4 showed the same trend (Fig. 5D). Increased MMP9 expression in I/R was related to the 
compromised BBB  integrity31. Relative to sham group, the immunofluorescence of MMP9 surrounding cerebral 
ischemic area in 24 h-MCAO group was remarkably elevated, while that in SFN + 24 h-tMCAO group apparently 
declined (p < 0.0001) (Fig. 6C). AQP4, the water channel protein that can be detected in astrocyte end feet within 
the brain, can be applied in observing BBB  dysregulation32. According to Fig. 6D, AQP4 shows colocalization 
with CD31 within mouse brain tissues, and double-immunofluorescence was observed along the blood vessels. 
Relative to the sham group, AQP4 distribution around the blood vessels increased after 24 h-tMCAO (p < 0.01). 
After SFN injection, the immunofluorescence of AQP4 within the peripheral region of the blood vessels decreased 
(p < 0.01), suggesting that NRF2 activation was related to AQP4 deregulation (Fig. 6D). Combinedly, these results 
showed that SFN reduces BBB permeability among stroke mice.

NRF2 regulates BBB Damage by inhabiting ferroptosis and inflammation
To determine how SFN affected inflammatory responses in I/R, the p-NF-κB, IL-18, and IL-1β levels were meas-
ured using WB. The WB results demonstrated that p-NF-κB, IL-18, and IL-1β expression was drastically elevated 
within brain tissue after 24 h-tMCAO relative to sham group (p = 0.003, p = 0.0005, p < 0.0001, respectively); 
however, these effects could be blocked by the NRF2 activator (p = 0.0304, p = 0.0039, p = 0.0001, separately) 
(Fig. 7A,B). For determining the effect of SFN on ferroptosis regulating BBB in the MCAO mice, several critical 
factors, including GPX4, ACSL4, and XCT, which are the key proteins related to regulating ferroptosis. Therefore, 

Figure 2.  NRF2 activator reduced infarction volume in mice brain tissue post-tMCAO. (A, B) Typical images 
showing TTC-stained brain sections and quantification of infarct volume in different groups (n = 4). Results are 
represented to be means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 and N.S. nonsignificant versus 
the sham group. Scale bar = 5 mm.
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the current study explored the relevant protein expression following I/R. In relative to the sham group, the expres-
sions of GPX4 and XCT were prominently reduced following 24 h of reperfusion (p < 0.001, p < 0.05, respec-
tively), and ACSL4 expression was simultaneously increased (p < 0.0001). When NRF2 was activated by SFN, 

Figure 3.  NRF2 activation elevated ZO-1 and occludin levels within mouse brain tissue post-tMCAO. ZO-1 
and occludin protein (A,B) and mRNA (C) expression of sham, 24 h-tMCAO, SFN + 24 h tMCAO, and V + 24 h- 
tMCAO groups (n = 4). (D) Immunohistochemical study of ZO-1 in the sham, 24 h-tMCAO, SFN + 24 h 
tMCAO, and V + 24 h tMCAO groups (n = 4). The results are suggested to be means ± SEM. *p < 0.05; **p < 0.01; 
***p < 0.001; ****p < 0.0001 and N.S. nonsignificant versus the sham group. Scale bar = 100 µm.
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the decrease of GPX4 and XCT elevated (p < 0.001, p < 0.01, separately). In comparison, ACSL4 protein expres-
sion reduced (p < 0.001) (Fig. 7C,D). Ferroptosis-related factors such as iron, GSH, LPO, MDA, and SOD were 
detected using the kit. Relative to 24 h-tMCAO group, SFN + 24 h-tMCAO administration notably attenuated 
the increase in iron, LPO, and MDA levels resulting from IS (p < 0.05, p < 0.05, p < 0.01, separately) (Fig. 8A,B). 
Relative to 24 h-tMCAO group, the IS-induced reduced GSH and SOD levels were significantly alleviated in the 
SFN + 24 h-tMCAO group (p < 0.05, p < 0.01, separately) (Fig. 8A,B). SFN treatment improved ROS accumulation 

Figure 4.  SFN upregulates ZO-1 and occludin levels after tMCAO within mice. (A,B) Typical images showing 
double immunofluorescence staining with DAPI (blue)/ZO-1 (green) (A) and occludin (green) (B)/CD31 (red) 
colocalization (n = 4). (C,D) Immunofluorescence analysis of ZO1 and occludin (n = 4). The results indicate 
means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 and N.S. nonsignificant versus the sham group. 
Scale bar = 100 µm.
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Figure 5.  NRF2 activation lowers MMP9 and AQP4 levels within mouse brain tissues post-tMCAO. MMP9 
and AQP4 protein (A) and mRNA (B) expression of sham, 24 h-tMCAO, SFN + 24 h tMCAO, and V + 24 h 
tMCAO groups (n = 4). Immunohistochemical study of MMP9 (C) and AQP4 (D) of sham, 24 h-tMCAO, 
SFN + 24 h tMCAO, and V + 24 h tMCAO groups (n = 4). The results are indicated to be means ± SEM. *p < 0.05; 
**p < 0.01; ***p < 0.001; ****p < 0.0001 and N.S. nonsignificant versus the sham group. Scale bar = 100 µm.
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and ferroptotic changes in mitochondrial morphological features relative to the 24 h-tMCAO group (Fig. 8C,D). 
These findings suggest that BBB was alleviated when SFN was administered due tNRF2 activation inhibiting 
ferroptosis and the inflammatory response.

Discussion
IS leads to BBB integrity deterioration and enhances permeability, which later aggravates ischemic brain tissue 
injury. Endothelial BBB represents the primary interface between the CNS and peripheral blood-derived cells, 
significantly affecting normal neuronal activity and CNS  homeostasis33,34. BBB destruction following cerebral 

Figure 6.  SFN decreased MMP9 and AQP4 levels in mice post-tMCAO. (A,B) Typical images showing double 
immunofluorescence staining (n = 4) for DAPI (blue)/MMP9 (green) (A) and AQP4 (green) (B)/CD31 (red) 
colocalization. (C,D) Immunofluorescence analysis of MMP9 and AQP4 (n = 4). The results are suggested to be 
means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 and N.S. nonsignificant versus the sham group. 
Scale bar = 100 µm.
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ischemia induces inflammatory cell and factor infiltration, thus causing brain  edema35. Maintaining BBB integrity 
is important in maintaining brain function while suppressing unfavorable ischemic progression.

Currently, NRF2 activation is identified as the potential target for cerebrovascular events like ischemic stroke. 
To explore the effect of NRF2 on cerebral I/R injury, NRF2 expression was identified at diverse time points post-
tMCAO. WB revealed that NRF2 protein was decreased in the 24 h-tMCAO (p < 0.0001 vs. the sham group). 
It was also suggested that NRF2 protein expression was lower in the experimental group compared with sham 
group at 3d-tMCAO, 5d-tMCAO, 7d-tMCAO, but the difference was not significant (p = 0.4583, p = 0.0603, 
p = 0.7059, respectively). Therefore, brain tissue was extracted at 24 h post-tMCAO. NRF2 exerts a crucial effect 
on managing excess oxidative stress post-IS. It is related to pathways such as PI3K/AKT, Keap1, NF-κB, and HO-1 
and suppresses oxidative stress, resists inflammation, maintains mitochondrial homeostasis, and protects BBB 
to alleviate cerebral I/R36–40. ASIV protects BBB integrity via a process that involves the NRF2  pathway41. NOM 
prevents cerebral I/R-mediated BBB deregulation and neurological deficits via the NRF2  pathway42. Therefore, 
NRF2 is potentially related to regulating BBB injury after IS.

TJs build the physical and metabolic barrier that restricts molecule movement between the brain and blood, 
thus maintaining cerebral  homeostasis43. Promoting TJ protein production to increase intercellular contacts is the 
response of the endothelial cells toward the elevated paracellular permeability and cytoarchitectural  changes44. 
ZO-1 and Occludin levels are decreased after experimentally inducing cerebral embolism within the separated 
rat brain  capillaries45. Dimethyl fumarate (DMF), an NRF2 activator, prevents TJ destruction and decreases 
matrix metalloproteinase (MMP) activity within brain tissue. Nonetheless, NRF2 silencing deteriorates TJ ZO-1 
delocalization in the case of stroke and reduces DMF protection, suggesting that NRF2 exerts a vital role in pro-
tecting BBB  integrity46. In this study, NRF2 critically affected brain edema and BBB destruction post-tMCAO. 
Neurological deficits were alleviated, and BBB integrity was improved after the NRF2 treatment. Further analyz-
ing NRF2 as the novel target for developing the anti-cerebral infarction therapeutic target and discovering novel 
drugs will be a significant future research direction.

In addition, MMP9, a gelatinase belonging to the MMP family, regulates BBB maintenance and structural 
components, like junctional proteins, extracellular matrix proteins, and basement  membrane47. In the transient 

Figure 7.  SFN alleviated BBB disruption and brain damage by inhibiting inflammation and ferroptosis. (A,B) 
The p-NF-κB, IL-18, and IL-1β protein expression was measured with the application of WB (n = 4). (C,D) 
ACSL4, XCT, and GPX4 protein expression was measured with the application of WB (n = 4). Results are 
indicated to be means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 and N.S. nonsignificant versus the 
sham group.
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focal cerebral ischemia models, MMP9 mRNA knockdown in rats or MMP9 genetic deletion in mice remarkably 
decreased edema and BBB disruption, which is related to the lower TJ protein degradation (like ZO-1)48,49. MMP9 
activation and upregulation lead to deregulated BBB integrity through TJ protein degradation and inflammation 

Figure 8.  NRF2 activation suppressed ferroptosis in cerebral I/R mice. (A,B) Iron, LPO, GSH, MDA, and SOD 
levels were determined using relevant commercially available kits (n = 4). (C) Typical images showing ROS using 
the fluorescent probe DCFH-DA. Scale bar = 100 µm. (D) Typical TEM images in the peri-infarct region 24 h 
post-cerebral ischemic reperfusion. Red arrows suggest rupture of the neuronal outer mitochondrial membrane 
rapture and mitochondrial cristae reduction or disappearance. Scale bar = 1 µm. Results are suggested to be 
means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 and N.S. nonsignificant versus the sham group. 
(E) Schematic of the study. Activation of NRF2 decreases cerebral I/R BBB damage by inhibiting ferroptosis and 
inflammation.
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 modulation50,51. The MMP up-regulation time course, particularly MMP9, is closely related to the maximum 
BBB  disruption52.

AQP4, a water channel protein, shows polarized expression in the astroglial endfeet around brain microves-
sels, which affects brain water  balance53. Suppressing AQP4 via TGN-020 enhances neurological recovery by 
suppressing brain edema in the early stage and mitigating AQP4 depolarization and peri-infarct astrogliosis 
in the subacute stage post-stroke54. AQP4 expression is significantly increased within the brain post-cerebral 
 infarction55,56. In MCAO animals, AQP4 silencing alone decreased the infarction volume while improving neuro-
logical activity and neuronal  survival57,58. Herein, AQP4 mRNA and protein expression increased post-tMCAO. 
The immunofluorescence analysis revealed that AQP4 expression surrounding blood vessels was up-regulated 
following cerebral ischemia. After activating NRF2, AQP4 expression was inhibited, illustrating the involvement 
of NRF2 in AQP4 downregulation.

Inflammatory factors like TNF-α activate NF-κB and MMPs to destroy  BBB59,60. Proinflammatory cytokines 
TNF-α, NO, IL-1β, and prostaglandins are related to BBB integrity disruption in  IS61,62. TNF-α and IL-1β pro-
mote AQP4 expression within the IS model, generating the positive feedback loop for amplifying brain injury 
in  IS63–65. DMF, the NRF2 activator directly contributing to sustaining endothelial TJs, suppresses inflammatory 
factor  levels46. In addition, tert-butyl hydroquinol (t BHQ), an NRF2 activator, remarkably decreases caspase-1, 
IL-18, and IL-1β levels post-tMCAO66. Ferroptosis, the novel regulatory cell death type, results from excess lipid 
peroxide and iron-dependent ROS accumulation. Lipid peroxidation, iron accumulation, and increased ROS 
are related to barrier  dysfunction67. Our study showed that the SFN treatment alleviated BBB disruption and 
brain damage by inhibiting inflammation and ferroptosis. SFN protects against neurological deficits and BBB 
disruption during  IS16,68. However, further studies on protecting BBB via NRF2 are necessary. SFN represents 
the strong natural NRF2 activator with neuroprotection and BBB permeability during acute stroke. Figure 8E 
shows the schematic. This study has several limitations as well. First, when we constructed the tMCAO model, 
doppler was not used to comfirm MCAO. What’s more, since the small sample and known surgical variability 
size, we should increase a greater number of specimens to prove our study (S1). Besides, more clinical pathol-
ogy samples of human patients with ischemic stroke are further needed to verify the role of NRF2 in the future.

Conclusion
To conclude, the present study showed that the upregulated NRF2 protects against BBB integrity destruction 
during cerebral I/R injury via regulating of inflammation and ferroptosis. Moreover, the findings of the current 
study highlight the novel possible therapeutic targets and mechanisms underlying BBB destruction after cerebral 
I/R injury. Combinedly, SFN, a specific activator of NRF2, may become an effective therapeutic approach for 
cerebral ischemia and reperfusion.

Data availability
The original contributions presented in the study are included in the article material, further inquiries can be 
directed to the corresponding author/s.
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