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Background: Cerebral infarction often results in post-stroke cognitive impairment, which impairs the quality of life and causes long- 
term disability. Astrocytes, the most abundant glial cells in the central nervous system, have a crucial role in cerebral ischemia and 
neuroinflammation. We explored the possible advantages of interleukin-6 (IL-6), a powerful pro-inflammatory cytokine produced by 
astrocytes, for post-stroke cognitive function.
Methods: Mendelian randomization was applied to analyze the GWAS database of stroke patients, obtaining a causal relationship 
between IL-6 and stroke. Further validation of this relationship and its mechanisms was conducted. Using a mouse model of cerebral 
infarction, we demonstrated a significant increase in IL-6 expression in astrocytes surrounding the ischemic lesion. This protective 
effect of Piezo1 knockout was attributed to the downregulation of matrix metalloproteinases and upregulation of tight junction 
proteins, such as occludin and zonula occludens-1 (ZO-1).
Results: Two-step Mendelian randomization revealed that IL-6 exposure is a risk factor for stroke. Moreover, we conducted 
behavioral assessments and observed that Piezo1 knockout mice that received intranasal administration of astrocyte-derived IL-6 
showed notable improvement in cognitive function compared to control mice. This enhancement was associated with reduced neuronal 
cell death and suppressed astrocyte activation, preserving ZO-1.
Conclusion: Our study shows that astrocyte-derived IL-6 causes cognitive decline after stroke by protecting the blood-brain barrier. 
This suggests that piezo1 knockout may reduce cognitive impairment after brain ischemia. Further research on the mechanisms and IL- 
6 delivery methods may lead to new therapies for post-stroke cognition.
Keywords: cerebral infarction, neuroinflammation, astrocytes, blood-brain barrier, tight junctions

Introduction
Cerebral infarction, commonly referred to as a stroke, is a leading cause of cognitive dysfunction worldwide. The pathophy
siology of cognitive impairment following cerebral infarction is multifactorial, involving various cellular and molecular 
mechanisms. Amongst the key players in this process are astrocytes, the most abundant glial cells in the central nervous 
system.1,2 Astrocytes are crucial for maintaining brain homeostasis and supporting neuronal function. However, following 
cerebral infarction, they undergo phenotypic changes, becoming reactive astrocytes. Reactive astrocytes release inflammatory 
cytokines, chemokines, and reactive oxygen species, contributing to neuroinflammation and exacerbating neuronal damage.3,4

The role of astrocytes in cognitive impairment has gained increasing recognition in recent years. Astrocytes are a type of 
glial cell that provide support and nourishment to neurons in the brain. While traditionally viewed as primarily supportive 
cells, emerging evidence has revealed their active involvement in cognitive processes. Astrocytes play a critical role in 
maintaining the integrity of the blood-brain barrier (BBB), a highly selective barrier that regulates the entry of substances into 
the brain. Dysfunction of the BBB has been implicated in various cognitive disorders, including Alzheimer’s disease.5 

Astrocytes contribute to BBB maintenance by forming end-feet processes that surround the blood vessels and release 
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molecules that regulate the permeability of the barrier. In addition to their role in the BBB, astrocytes are involved in 
neurotransmitter balance and synaptic transmission. They regulate the levels of important neurotransmitters, such as glutamate 
and gamma-aminobutyric acid (GABA), which are crucial for cognitive functions, including learning and memory.6 

Dysregulation of astrocytic glutamate uptake, for example, has been implicated in neurodegenerative diseases and cognitive 
impairments.

Astrocytes secrete neurotrophic factors and neuroprotective molecules, promoting neuronal survival and regeneration. 
Additionally, they contribute to the clearance of neuronal metabolic waste and regulate neuronal activity, maintaining the 
stability of neural circuits. In conclusion, astrocytes play a dual role in the context of cerebral infarction and cognitive 
dysfunction. On one hand, activated astrocytes exacerbate brain damage and contribute to cognitive impairment through their 
inflammatory response. However, the mechanism by which Piezo1 contributes to cognitive dysfunction after cerebral 
infarction remains unclear. We hypothesize that Piezo1 knockout alleviates BBB damage by regulating neuroinflammation, 
thereby mitigating endothelial cell ferroptosis. This study aims to explore the specific mechanisms by which Piezo1 knockout 
improves BBB damage, potentially providing new therapeutic strategies for cognitive recovery after stroke.

Materials and Methods
Study Design
We first conducted two-sample Mendelian randomization analysis (TSMA) on the following causal associations: the 
association between inflammatory factors and stroke. We applied multiple testing significance thresholds to evaluate the 
associations between blood metabolites and diseases, resulting in significant causal associations and potential causal associa
tions. Subsequently, we performed MR-BMA analysis on the TSMR results that met the criteria: the quantity of TSMR 
results≥2 and passed sensitivity analysis to select potential causal associations and significant causal associations.7

Data Source
The GWAS data on immune cell used in this study came from a large metabolomics dataset recently released by the UK 
Biobank. The GWAS data for stroke came from a large-scale multi-ethnic meta-analysis based on the 1000 Genomes 
Project. The stroke database, labeled ebi-a-GCST90018864, comprises 11,929 stroke patients and 472,192 controls. The 
database contains information on a total of 24,174,314 SNPs.

Genetic Instrumental Variable Selection
The core component of Mendelian randomization studies involves utilizing single nucleotide polymorphisms (SNPs) as 
instrumental variables (IVs). SNPs, serving as IVs, can overcome confounding factors inherent in observational research, 
provided that we obtain effective IVs through stringent selection criteria. For immune cell and inflammatory factors, P<5×10−6 

represents the threshold for selecting genetic predictive factors. Secondly, we computed the F-statistic for each genetic 
instrumental variable and selected IVs with F>10. To minimize bias introduced by linkage disequilibrium (LD), we grouped 
all SNPs based on a linkage disequilibrium threshold of r2<0.001 within a distance of ±10,000 kb. This grouping process was 
performed in 800 genomes of the European reference panel separately, limited to SNPs with a minor allele frequency >0.01. 
Finally, we ensured that the impact of a SNP on a specific outcome and exposure is adjusted to the same allele, ensuring allele- 
specific harmonization. Additionally, we excluded palindromic SNPs from the analysis.8

MCAO Mice Model
The model creation involved the use of male C57 mice with a weight range of 15–20g. Administer pentobarbital sodium 
anesthesia to fully anesthetize the mice, ensuring complete relaxation. Make a skin incision and superficial cut on the neck of 
the mouse to expose the carotid artery and jugular vein. Use a surgical microscope to separate and ligate the external and 
internal carotid arteries adjacent to the carotid artery to block blood flow to the brain. Carefully remove the ligature after 
confirming the blockage of blood flow, ensuring it no longer obstructs the blood flow. Suture the wound to ensure complete 
closure and allow the mouse to recover in a warm and dry environment. Perform neuroimaging techniques and behavioral tests 
to validate the effectiveness of the brain ischemia model.
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To verify the regulatory relationship between Piezo1 and IL-6, it was divided into Control group, MCAO group, 
MCAO group+Piezo1 knockout group, and Piezo1 group.

To verify the regulatory relationship between Piezo1 and IL-6 and GPX4, IL-6R alpha was added to the body and 
divided into Control group, MCAO group, MCAO group+Piezo1 knockout group, MCAO group+Piezo1 knockout+IL- 
6Ra group, IL-6Ra group (IL-6 receptor agonist, sIL-6R group).

Immunofluorescence
For tissue immunofluorescence, brain tissue sections (20um) were deparaffinized and hydrated prior to antigen retrieval. 
The renal sections were then blocked with 10% bovine serum albumin for 1 hour at room temperature. The slides were 
incubated overnight at 4°C with anti-IL-6 (1:100, AiFang, AF06790), anti-TNF-α (1:100, AiFang, AF06294), and AE1 
(Santa Cruz, sc-81,714).9,10

Enzyme-Linked Immunosorbent Assay (ELISA)
Elisa kits were employed to detect the levels of FTH, FTL, ZO-1, Occludin, GPX4, and FSP1. Follow the specific 
operating instructions provided in the reagent kit manual, and record the results using an excel spreadsheet.

Morris Water Maze
The Morris water maze has been instrumental in studying spatial learning and memory deficits, as well as the effects of 
genetic manipulations, drug treatments, and environmental factors on cognitive function. Escape latency: The time it 
takes for the animal to find and climb onto the hidden platform. It is typically measured for each trial and can provide 
information about the animal’s learning curve over time. Path length: The distance traveled by the animal to reach the 
hidden platform. It can indicate the efficiency of navigation and the ability to find the platform. Probe trial: This is 
a separate trial conducted after the learning phase, where the hidden platform is removed. The animal’s exploration and 
search for the platform’s previous location are observed. This measure assesses memory retention and spatial memory 
consolidation.

Statistics
Statistical analysis Statistical analysis was conducted using Graphpad prism 9.0. Data were expressed as the means ± 
standard error (SE). Comparisons between multiple groups were performed using one-way analysis of variance 
(ANOVA). P < 0.05 was considered statistically significant.

Results
Instrument Variables Included in Analysis
The selection criteria mentioned above were used to extract valid instrumental variables from immune cell and 
inflammatory factors GWAS. All Single Nucleotide Polymorphisms (SNPs) utilized in the analysis had an F-statistic 
greater than 10.

Two-Sample Mendelian Randomization (MR) Analysis
Establishing significance thresholds for multiple testing for each level of immune cell categories. The significance 
thresholds for immune cell categories were determined as follows: Fibroblast growth factor 5 levels, Interleukin-6 levels, 
Neurturin levels, Caspase 8 levels.

Significant Causal Association
In the MR analysis of immune cell, inflammatory factors and stroke, upon applying the multiple testing significance 
threshold, we identified 2 immune cell displaying significant causal associations with stroke. Fibroblast growth factor 5 
levels (OR=0.9, CI=0.83–0.99, IVW), Interleukin-6 levels (OR=1.11, CI=1.07–1.14, IVW), Neurturin levels (OR=0.90, 
CI=0.83–0.97, IVW), Caspase 8 (OR=1.13, CI=1.02–1.26, IVW) levels showed a significant association with stroke. In 
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Two-Sample Mendelian Randomization (TSMR), we have identified inflammatory factors that exhibit potential causal 
associations with stroke (Figures1–3).

Sensitivity Analyses
In subsequent studies, we excluded the potentially causal associations with inconsistent directions but retained those with 
significant causal associations despite the inconsistency. We approached these results cautiously in further analyses. No 
evidence of horizontal pleiotropy was found in the causal associations based on the intercept from MR-Egger analysis. 
The Cochran’s Q statistic indicated heterogeneity, but as previously mentioned, the inverse variance-weighted method 
with multiplicative random effects can account for the heterogeneity in the causal estimates. The leave-one-out analysis 
identified causal associations that are influenced by specific SNP variants. After removing these causal associations, we 
performed MR-PRESSO analysis on the remaining associations.

Piezo1 Knockout Improves Cognitive Dysfunction Following MCAO
The water maze experiment was conducted to assess the behavioral performance of mice. The pathway of crossing the 
platform is illustrated in (Figure 4A–C). The measurements included escape latency, number of platform crossings, 
distance in the target zone, and percentage of distance in the target zone. In comparison to the control group, the MCAO 

Figure 1 Forest plots showed the causal associations between stroke and inflammation factor traits. 
Abbreviations: IVW, inverse variance weighting; CI, confidence interval.

Neurturin levels

Interleukin−6 levels

Fibroblast growth factor 5 levels

0.8 0.9 1.0 1.1 1.2 1.3
95% Confidential Interval

method

MR Egger

Maximum likelihood

Inverse variance weighted

Ischemic stroke || id:ebi−a−GCST90018864

Figure 2 Forest plots of various Mendelian methods demonstrated the causal links between stroke and immune cell characteristics. 
Abbreviations: IVW, inverse variance weighting; MR, Egger method; TSMR, Two-Sample Mendelian Randomization; CI, confidence interval.
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group demonstrated prolonged escape latency, decreased number of platform crossings, and reduced distance in the target 
zone. However, treatment with Piezo1 knockout improved these conditions (Figure 4D–G).

Piezo1 Knockout Alleviates Astrocyte-Induced Neuroinflammation Following MCAO
In comparison to the control group (Figure 5A–C), the protein expression levels of IL-6 were upregulated in the 
hippocampus region of brain tissue at 3 days after MCAO (Figure 5D–L). However, administration of Piezo1 knockout 
inhibited the expression of IL-6 (Figure 5M). The results demonstrated that MCAO treatment induced TNF-α immunor
eactivities in mice. Nevertheless, Piezo1 knockout therapy reduced the expression levels of TNF-α. Furthermore, 
compared to the control group, the MCAO group exhibited a significant increase in the protein expression level of 
TNF-α, but Piezo1 knockout treatment restored the expression of TNF-α (Figure 5N–Z).
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Figure 4 Piezo1 knockout improves cognitive dysfunction following MCAO.The water maze experiment was conducted to evaluate the behavioral performance of mice. 
The pathway of crossing the platform is depicted in (A–C) . The measurements included escape latency, number of platform crossings, distance traveled in the target zone, 
and percentage of distance traveled in the target zone. Compared to the control group, the MCAO group exhibited prolonged escape latency, reduced number of platform 
crossings, and decreased distance in the target zone. However, treatment with Piezo1 knockout ameliorated these conditions (D–G). *P <0.05, N=3.
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Piezo1 Knockout Improves Ferroptosis and Blood-Brain Barrier Permeability
Elisa quantified the ferroptosis by endothelial cells. The MCAO group reduced the expression levels of ZO-1, occludin, 
GPX4, FSP1 and increased the expression levels of FTH, and FTL in comparison to the control group. Following 

Figure 5 Piezo1 knockout alleviates astrocyte-induced neuroinflammation following MCAO.The protein expression levels of IL-6 were found to be upregulated in the 
hippocampal region of brain tissue at 3 days after MCAO compared to the control group (A–C), (D–L). In contrast, administration of RPR suppressed the expression of IL-6 
(M). The results revealed that MCAO treatment induced TNF-α immunoreactivity in mice.However, Piezo1 knockout therapy decreased the expression levels of TNF-α. 
Additionally, the MCAO group showed a significant increase in the protein expression level of TNF-α compared to the control group, while Piezo1 knockout treatment 
restored the expression (N–Z). *P <0.05,**P <0.01, ***P <0.005, Scale bars: A–X 50 μm.
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intervention with Piezo1 knockout, the expression levels of ZO-1, occludin, GPX4, FSP1 increased and the expression 
levels of FTH and FTL decreased (Figure 6A–F).

Piezo1 Knockout Did Not Affect the Changes in ROS in Lung Tissue
Figure 7A–L depict the ROS expression in lung tissues across various groups. The bar chart M revealed that the MCAO 
group did not induce significant alterations in lung ROS levels compared to the control group.

The Knockout of Piezo1 Did Not Induce Noticeable Damage to the Target Organs
Figure 8A–D display the outcomes of HE staining performed on myocardial tissue. MCAO can lead to architectural 
disarray in myocardial tissue, whereas Piezo1 knockout does not interfere with myocardial fiber structure. Figure 8E–H 
present the findings from Masson’s staining of cardiac tissue. MCAO can aggravate myocardial cell fibrosis, whereas 
Piezo1 knockout intervention does not exacerbate it. Figure 8I–L show that Piezo1 knockout has no effect on the kidneys, 
while 8M-8P shows that Peizo1 has no effect on oxidative stress in the kidneys.

Piezo1 Knockout Improves ZO-1 and Occludin by Inhibiting the IL-6/GPX4 Pathway
We assume that Piezo1 protects the blood-brain barrier by inhibiting the IL-6/GPX4 pathway. To determine this 
hypothesis, the effects of Piezo1 on the blood-brain barrier and iron death were first verified. At 3 days, the protein 
expression levels of GPX4, FSP1, ZO-1, and Occludin were measured in the brain using Western blotting. Compared 
with the control group, after 3 days of MCAO modeling, FSP1 levels were significantly upregulated in optical density, 
while GPX4, ZO-1, and Occludin levels were significantly downregulated. However, Piezo1 knockout significantly 
reduced FSP1 expression and increased GPX4, ZO-1, and Occludin levels (Figure 9A–E). After adding additional sIL- 
6R, a specific IL-6 receptor agonist, compared to the MCAO+Piezo1 knockout group, FSP1 expression was upregulated, 
while occludin levels were significantly downregulated. Therefore, in vivo data confirms that Piezo1 protects the blood- 
brain barrier by inhibiting the IL-6/GPX4 pathway (Figure 9F–H).

Discussion
Stroke results in severe disabilities and mobility issues worldwide, and the development of effective new drugs is 
urgently needed for stroke-related cognitive dysfunction.11,12 In this study, we demonstrated that Piezo1 knockout can 
improve neurological deficits in a mouse model of MCAO and inhibit oxidative stress and inflammation in the damaged 
hippocampus, which is caused by ischemic stroke. Importantly, Piezo1 knockout does not have any adverse effects on the 
heart, lungs, kidneys, or other organs.

In recent years, several studies have highlighted the crucial role of astrocytes in ischemic brain injuries.13,14 For 
example, reactive astrocytes can produce and release pro-inflammatory mediators, which may lead to neuronal death and 
the progression of infarction. In this study, our focus was on astrocytes to gain insights into novel mechanisms through 
which Piezo1 affects neurological function. Our Mendelian randomization study revealed a correlation between IL-6 and 
cognitive function prognosis after ischemic stroke, and animal experiments showed increased IL-6 expression after 
MCAO, which was reduced after Piezo1 knockout. This represents the first evidence of the IL-6/GPX4 pathway 
triggering an inflammatory response in astrocytes in the presence of Piezo1. Importantly, Piezo1 knockout leads to 
reduced IL-6 and TNF-α production in astrocytes, which subsequently activates ferroptosis in endothelial cells, resulting 
in the reduction of tight junction proteins and the disruption of the blood-brain barrier.

Endothelial cell ferroptosis play a significant role in cerebral ischemia injury.15,16 Numerous studies have investigated the 
safety and therapeutic efficacy of the iron chelator and antioxidant drugs, such as deferoxamine (DFO) or N-acetylcysteine 
(NAC), in patients experiencing ischemic stroke. In individuals with moderate hematoma volume (HV) after intracerebral 
hemorrhage (ICH), a higher proportion of those treated with DFO attained a modified Rankin Scale score of 0–2 compared to 
those receiving a placebo, although this effect was not statistically significant for patients with small or large HVs.17,18 Early 
oral administration of NAC following acute ischemic stroke has demonstrated improved outcomes in terms of acute 
neurological deficits and disability, primarily attributable to its antioxidant and anti-inflammatory properties.19 

Furthermore, selenium supplementation has been shown to effectively inhibit GPX4-dependent iron-related cell death and 
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Figure 6 Piezo1 knockout improves ferroptosis and blood-brain barrier permeability.Ferroptosis was quantified by Elisa in endothelial cells. Interventions with Piezo1 
knockout resulted in increased expression levels of ZO-1, occludin, and GPX4, while decreasing the expression levels of FTH, FSP1, and FTL (A–F). Compared to the 
control group, the MCAO group increased the expression levels of FTH (A) and FTL (B), decreased the expression levels of GPX4 (E) and increased the expression levels of 
FSP1 (F).. The expression of occludin and ZO-1 in each group is shown in E and F. ***P <0.05, ****P <0.01. Scale bars: A–X 50 μm.
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endoplasmic reticulum stress-induced cell death by enhancing GPX4 expression subsequent to ischemic stroke.20 These 
findings propose that targeting ferroptosis following IRI may hold promise as a potential therapeutic approach for ameliorating 
neuronal injury.

Ferroptosis, mediated by reactive oxygen species (ROS)-induced lipid peroxidation, has been implicated in the progres
sion of cerebral infarction in recent years.21 Given the significant role of ferroptosis in the development of cerebral infarction, 
we examined the markers of ferroptosis in the mouse hippocampus and observed that ferroptosis occurs during cerebral 
infarction. GPX4, as an antioxidant enzyme, plays a crucial role in neutralizing lipid peroxidation and protecting cell 
membrane fluidity.22 Increasing evidence suggests that GPX4 reduces the accumulation of lipid hydroperoxides, thereby 
inhibiting ferroptosis. Some studies have found that GPX4 maintains the activation of Treg cells and suppresses anti-tumor 
immunity by preventing lipid peroxidation and iron deficiency anemia. Another study indicated that cAMP response element- 
binding protein (CREB) inhibits iron deficiency anemia by stimulating GPX4 transcription.23 Therefore, enhancing GPX4 
expression in cerebral infarction may be an effective approach to inhibit its progression.

Recent findings have identified the role of the voltage-gated channel Piezo1 in the regulation of neuroinflammation.24 

We hypothesized that Piezo1 may improve cerebral infarction by regulating GPX4 expression levels through the 
secretion of the inflammatory factor IL-6, thus inhibiting endothelial cell ferroptosis. As expected, our research revealed 
a significant decrease in GPX4 expression in a mouse model of cerebral infarction, which was reversed by Piezo1 
knockout. It is widely believed that the excessive release of inflammatory factors is closely associated with disease 
occurrence. Increasing evidence suggests that FSP1 is regulated by inflammatory factors. In this study, we found that the 
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Figure 7 Piezo1 knockout did not affect the changes in ROS in lung tissue.The figures (A–L) illustrate the expression of ROS in lung tissues among different groups. 
Statistical analysis showed no significant changes in lung ROS levels induced by the MCAO group in comparison to the control group. The bar chart (M) shows that the 
application of Piezo1 knockout did not worsen lung injury. NS: No statistics.
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levels of FSP1 are regulated by IL-6, and additional IL-6 receptor agonist (sIL-6R) downregulated FSP1 expression 
while upregulating Occludin expression.

Limitation
Our study provides valuable insights for future clinical and animal experiments. However, our research has some 
limitations. Firstly, GWAS summary data represent lifetime genetic exposure. Therefore, further clinical studies and 

Figure 8 The knockout of Piezo1 did not induce noticeable damage to the target organs.Figures 8A-8D show the results of HE staining of myocardial tissue. Compared to 
the control group myocardium (A) MCAO may lead to myocardial fiber ruptures (B) while additional Piezo1 gene intervention did not affect the disrupted myocardial fiber 
structure (C and D). Figures 8E-8H show the results of Masson staining of heart tissue. Compared to the control group myocardium (E), MCAO may worsen myocardial cell 
fibrosis (F), while Piezo1 gene deletion intervention did not significantly improve the myocardial fibrosis condition (G and L). Figures 8I-8L demonstrate the results of HE 
staining for kidney tissue. Compared to the control group kidney tissue (I), the MCAO group kidney tissue did not show significant structural disruption (J), while Piezo1 
gene deletion intervention did not exacerbate kidney damage (K and L). Figures 8M-8P illustrate the kidney oxidative stress situation. Compared to the control group (M) 
the MCAO group can cause an increase in kidney mtROS expression (N) and Piezo1 gene deletion intervention did not significantly improve the kidney oxidative stress 
situation (O and P).
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Figure 9 Piezo1 knockout improves ZO-1 and Occludin by inhibiting the IL-6/GPX4 pathway.Panel (A) shows the immunoreactive bands of GPX4, FSP1, ZO-1, and 
Occludin. Panels (B–E) are bar graphs indicating that after 3 days of MCAO treatment, FSP1 expression increased while GPX4, ZO-1, and Occludin expression decreased. 
Knockout of Peizo1 can reverse this situation. Panel (F) shows the immunoreactive bands of FSP1 and Occludin. Panels (G and H) are bar graphs showing that compared to 
the control group, after 3 days of MCAO treatment, FSP1 expression increased and Occludin expression decreased. Knockout of Peizo1 can reverse this situation. After 
adding additional IL-6R agonist, compared to the MCAO+Piezo1 knockout group, FSP1 expression increased and Occludin expression decreased. **P < 0.05. ***P <0.01, 
****P <0.005, N=4.
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animal experiments are needed to investigate causality inferences derived from Mendelian randomization analysis, 
whether they can represent the impact of short-term changes in inflammatory factors on the host. Secondly, the data 
we analyzed only included individuals of European descent, and caution should be exercised when extrapolating our 
results to other populations, necessitating validation in diverse ethnic groups. Thirdly, larger-scale prospective, rando
mized controlled clinical trials on Piezo1 inhibitors and cognitive impairment need to be conducted in the future.

Conclusion
In summary, in this study, we discovered that Piezo1 may inhibit endothelial cell ferroptosis by suppressing IL-6/GPX4, 
thereby preventing the progression of cerebral infarction.
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IL-6, interleukin-6; GPX4, glutathione peroxidase 4; ZO-1, zonula occludens-1; BBB, blood-brain barrier; GABA, glutamate 
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