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Neuroinflammation plays a key role in the progression of secondary brain injury after ischemic stroke, and exosomes have been increasingly recognized to eliminate inflammatory responses through various mechanisms. This study aimed to explore the effect and possible mechanism of human umbilical vein endothelial cells derived exosomes (H-EXOs) on neuroinflammation. We established a transient middle cerebral artery occlusion/reperfusion (tMCAO/R) in male rats and oxygen-glucose-deprivation/reoxygenation (OGD/R) model in cultured neurons to mimic secondary brain injury after ischemic stroke in vivo. H-EXOs were administered at the same time of reperfusion. Results showed that the production of pro-inflammatory cytokines TNF-α, IL-1β, and IL-6, and the transcription factor Krüppel-like factor 14 (KLF14) were significantly increased both in rat brain tissue and cultured neural cells after ischemic-reperfusion (I/R) injury. H-EXOs treatment significantly improved the cultured cell viability, reduced infarct sizes, mitigated neurobehavioral defects, and alleviated the expression of pro-inflammatory cytokines compared with the control group, indicating that H-EXOs exerted anti-inflammatory effect against I/R injury. Further studies revealed that the anti-inflammatory effect of H-EXOs could be weakened by small-interfering RNA (siKLF4) transfection. KLF14 was a protective factor produced during cerebral ischemia-reperfusion injury. In conclusion, H-EXOs protect neurons from inflammation after I/R injury by enhancing KLF14 expression.
Keywords: HUVEC, exosomes, brain ischemic, KLF14, inflammation
INTRODUCTION
Ischemic stroke is often caused by vascular blockage. The most common treatments for ischemic injuries rely on the immediate restoration of blood flow which is limited by the narrow time frame and invasiveness of the surgical procedures (Prabhakaran et al., 2015). Additionally, the subsequent reperfusion of the blood flow can lead to a secondary injury, termed as reperfusion injury, mainly owing to a series of pathological changes induced by ischemia-reperfusion, including blood-brain barrier (BBB) disruption, increased excitotoxicity, oxidative stress, inflammation, and mitochondrial dysfunction (Parvez et al., 2022). Of these events, the inflammatory reaction occurs initially in the acute phase and continues to escalate during the course of the injury. The main effects of inflammation are the destruction of the BBB, damage to neurons, and acceleration of vascular aging, all of which can exacerbate brain tissue damage and are related to the severity and prognosis of stroke (Kunz et al., 2010; Yang et al., 2021). In the clinical setting, the current treatment strategy for ischemic stroke relies on thrombolysis. However, thrombolytic therapy itself exacerbates the occurrence of inflammation and may cause greater damage to patients with ischemic stroke. Thus, the inhibition of inflammation is of great significance for the treatment of ischemic stroke (Wong and Crack, 2008; Shi et al., 2021).
Neuroinflammation participates in the whole pathophysiological process of cerebral ischemia (Kelly et al., 2018). Numerous studies have shown that stem cells can reduce delayed neuronal degeneration by inhibiting inflammatory responses. The neural factors secreted by stem cells can also regulate the inflammatory response after an infarction. Using stem cell transplantation to treat cerebral infarction may promote endogenous nerve regeneration and the self-repair of brain tissue. But stem cells have heterogeneity, which directly affects the therapeutic effect. Furthermore, some stem cell therapies have safety risks, mainly including tumorigenicity, abnormal immune response, and unexpected differentiation. Compared to stem cells, exosome-based cell-free therapies are gaining more attention because they effectively avoid the risks of low survival, strong immune rejection, and high mutational tumorigenicity associated with direct stem cell therapy (Verweij et al., 2019). Exosome is an extracellular vesicle with a diameter of about 40–140 nm that transmits biological information between cells, owing to its special structure and contents (including cell surface proteins and various components within cells such as DNA, RNA, lipids, metabolites, etc.) (Ferguson et al., 2018; Kalluri and LeBleu, 2020). Given their excellent biological characteristics, including biocompatibility, stability, low toxicity, low immunogenicity, and efficient exchange of molecular cargos, exosomes can be potentially applied for disease treatment (Patel et al., 2021; Wan et al., 2022; Xie et al., 2022). Recent studies demonstrated that exosomes derived from berberine-pretreated astrocytes, bone marrow-derived mesenchymal stem cells, endothelial progenitor cells, and neural stem cells can suppress neuroinflammation after stroke through different mechanisms (Liu et al., 2021; Ding et al., 2023; Pan et al., 2023; Peng et al., 2023). Studies suggested that exosomes have protective effects on the brain by inhibiting inflammatory responses following ischemic stroke and have broad application prospects.
The exosomes employed herein were derived from human umbilical vein endothelial cells (HUVECs), which are primary cells isolated from umbilical veins. HUVECs offer several advantages, such as easy isolation, a sufficient source, low immunogenicity, strong proliferative ability, and no ethical disputes. The blood in umbilical venous is usually arterial blood, which contains a certain amount of oxygen and nutrients (Yamaguchi et al., 1996). In addition, HUVECs synthesize and secrete various cytokines and chemicals which can regulate vasodilation and contraction, platelet aggregation, coagulation, etc. (Yamaguchi et al., 1998; Yildirim et al., 2005; Li et al., 2006). Overall, it indicates that exosomes derived from HUVEC (simply called H-EXOs) can be potential employed for ischemic stroke treatment, but more research are needed to strengthen that. Herein, we aim to explore the effect and underlying mechanism of H-EXOs on inflammation after reperfusion in cerebral ischemic injury.
In the present study, we performed transient right middle cerebral artery occlusion/reperfusion (tMCAO/R) model in rats and oxygen-glucose deprivation/re-oxygenation (OGD/R) model in cultured neural cells to simulate brain injury with I/R. We found that H-EXOs significantly protected the brain from ischemic damage by suppressing the production of pro-inflammatory factors and the phosphorylation of the P65 subunit of the nuclear factor kappa B (NF-κB). We also found that the H-EXOs have anti-inflammatory effects, at least in part, via upregulating the transcription factor Krüppel-like factor 14 (KLF14). Together, our findings provide a new experimental evidence of the pathophysiological mechanism underlying ischemic stroke, and highlight new potential targets for the prevention and treatment of ischemic brain injury.
MATERIALS AND METHODS
The materials and reagents used in the experiment are detailed in Supplementary Table S1.
1. Cell Culture: Mouse hippocampal neuronal HT22 cell line and human umbilical vein endothelial cells (HUVEC) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% Penicillin-Streptomycin at 37 °C in a 5% CO2 incubator. The culture medium was changed daily to maintain cell viability.
2. Extraction and Identification of Exosomes: The exosomes were isolated through size exclusion chromatography (SEC) and subsequently gathered via ultracentrifugation. In brief, a chromatography column filled with porous gel particles was used for size-exclusion chromatography. Samples passed through the column, and substances larger than the gel particle pore size were unable to enter the pores and were washed out through the gaps between the gel particles. Substances smaller than the gel particle pore size entered the interior pores. In exosomes isolation, the larger-sized exosomes were eluted first, while smaller-sized free proteins and impurities took longer to elute, effectively separating them from the exosomes, then the pellets were collected by ultracentrifugation at 120,000 g for 90 min.
3. Exosome fluorescence labeling and internalization experiments: The exosomes were labeled using the PKH26 Red Fluorescent Probe as per the provided instructions (Liu et al., 2023). Subsequent tail vein injections in MCAO/R-injured rats were performed using fluorescently labeled exosomes. Brain sections were taken 4 h later. HT22 neuronal cells were cultured on circular slides. Then, luorescently labeled exosomes were added to the well for 12 h. Make a glass coverslip mounted on a glass microscope slide. Fluorescent images were taken using confocal microscopy.
4. Establishment of the OGD/R injured model: The OGD/R injured model was created using the methods previously described with some modifications (Wang et al., 2018). HT22 cells were cultured with 1 mM Na2S2O4 (oxygen scavenger) in sugar-free DMEM for 4 h, then subjected reperfusion for 12 h to construct a stable OGD/R-injured model.
5. Detection of cell viability: 3 - (4,5 - dimethylthiazol - 2 - yl) −2,5 - diphenyl - 2H - tetrazolium bromide (MTT) test was used to assess cell viability. The cultured cells were cultured in a 96-well plate with a density of 4×103 cells per well, then exposed to OGD/R treatment and other relevant protocol. 10 μL of 0.5% MTT solution prepared from MTT powder was added to each well and incubated for 4 h in a CO2 incubator. Next, a 100 μL solution of 10% SDS, which was made from SDS powder, was introduced into each well of the culture. This process was allowed to proceed for a duration of 12 h, following which the absorbance at 570 nm was determined using an enzyme meter.
6. Cell Transfection: The transfection of siRNA was conducted by employing the Lipofectamine 2000 reagent in accordance with the guidelines provided by the manufacturer. KLF14 siRNA and negative controls were obtained from Ribobio. The sequences used for cell transfection are as follows: 5′- GCA​ACA​AGG​CCT​ACT​ACA​A -3′. KLF14 overexpression lentivirus was purchased from Genechem, and transfection was performed according to the manufacturer’s instructions.
7. MCAO/R Model: Adult male SD rats used in this study, weighted 250–280 g were obtained from the Model Animal Research Center of Nantong University and received ethical approval for animal experimentation (No. S20231219-001). Premade poly-L-lysine-coated sutures were purchased from Cionotech. In brief, rats were anesthetized with isoflurane, and after skin preparation, a minor surgical cut was performed along the centerline of the neck. The right common carotid artery was exposed, and a small cut was made in it. The suture was inserted through this cut, advanced into the internal carotid artery, and ultimately reached the middle cerebral artery, where it was secured using a pre-tied ligature. After 2 h of blockage, the rats were followed by reperfusion for 24 h. During the surgery, the rectal temperature of the rats was maintained at 36.5°C ± 0.5°C, and their respiration and heartbeat were monitored. Follow-up experiments were conducted using rats with Longa behavioral scores of 1–3 (Mahemuti et al., 2023).
8. Measurement of Cerebral Infarct Volume: 2, 3, 5-triphenyltetrazolium chloride (TTC) staining was performed 24 h after MCAO surgery. Brains from each group of rats were rapidly put on ice and sliced into approximately 2 mm-thick sections. These slices were then placed in a 2% TTC solution prepared with TTC powder at 37 °C for 30 min. Normal brain tissue appeared red, while ischemic brain tissue appeared white (Tang et al., 2024). The total area of the infarct in each section was calculated and presented as a percentage of the volume of the unaffected area: infarct volume (%) = [(volume of the healthy side hemisphere - volume of the uninjured area on the affected side)/volume of the healthy side hemisphere] × 100%.
9. Longa Score: 24 h after completion of the MCAO model, the examiner used the Longa behavioral test to evaluate the neurological impairment score (Longa et al., 1989). The Longa Score was evaluated using a scale ranging 0–5. A score of 0 indicated the absence of any neurological deficits. A score of 1 indicated the inability to fully extend the left forepaw. Circling to the left when walking was assigned a score of 2. Falling to the left while walking corresponded to a score of 3. A score of 4 indicated the inability to walk spontaneously and a lack of consciousness. Higher scores on this scale were indicative of more severe neurological damage.
10. Nissl Staining: Morphology and distribution of neurons in the ischemic penumbra following 24 h post-reperfusion were observed using cresyl violet (Nissl) staining (Li et al., 2023). The experimental procedure strictly followed the manufacturer’s instructions for cresyl violet dye. Observations and photographs were made using a Leica microscope.
11. RT-qPCR: Total RNA was extracted from cells and brains using TRIzol reagent. Reverse transcription was performed with RT-qPCR according to the HiScript II Q RT SuperMix for qPCR (+gDNA wiper) kit with the Taq Pro Universal SYBR qPCR Master Mix, reverse transcription with RT-qPCR was performed. RT-qPCR reactions were run on a Bio-Rad CFX96. The 18S gene was considered as an internal reference. The relative expression levels were assessed using the 2−ΔΔCT method. Primer sequences are detailed in Supplementary Table S2.
12. Western blot: The samples underwent separation through either 10% or 12.5% SDS-PAGE gel electrophoresis and were subsequently moved into PVDF membranes. Following this, the membranes were immersed in 5% skim milk for a duration of 2 h and then probed with anti-CD63 mouse monoclonal, anti-TSG101 rabbit monoclonal, rabbit monoclonal anti-KLF14, anti-NF-κB p65 rabbit monoclonal, anti-phosphorylation NF-κB p65 rabbit monoclonal, and anti-β-actin mouse monoclonal at 4 °C overnight. Subsequently, membranes were incubated with anti-mouse IgG-HRP or anti-rabbit IgG-HRP for 2 h at room temperature. Protein signals were detected using a highly sensitive ECL chemiluminescence substrate and analyzed with a Tanon 5,200 Multi system.
13. Statistical Analysis: The data is displayed as mean ± SD, unless specified otherwise. Statistical analyses were employed by GraphPad Prism. Statistical analysis among more groups were determined by One-way ANOVA. p-value less than 0.05 was considered statistically significant.
RESULTS

1. Characterization of H-EXOs
Exosomes are defined as small membrane vesicles with a diameter of 40–140 nm and a circular shape (Simons and Raposo, 2009). H-EXOs in this study are within a median diameter of 118 nm and the size distribution is shown in Figure 1A. The concentration of this isolated exosomes are about 1.1×1014 particles/mL. Exosomes should express transmembrane proteins such as CD63 and endosome proteins such as TSG101 (Lötvall et al., 2014), and we confirmed that our isolated exosomes H-EXOs expressed both CD63 and TSG101, meanwhile our results showed that the negative control Calnexin was not expressed in H-EXOs (Figure 1B). Purified H-EXOs were examined using transmission electron microscopy (TEM), which revealed their typical cup-shaped and clear lipid bilayer structure (Figure 1C).
[image: Figure 1]FIGURE 1 | Characterization of H-EXOs and their internalization by cells. H-EXOs can enter MCAO/R-treated brain tissue and can be taken up by HT22 cells. (A) NTA of H-EXOs. (B) Western blot detection of exosome markers CD63, TSG101 and negative control Calnexin. (C) TEM images of exosomes of H-EXOs. Scale bar, 50 nm. (D) Immunofluorescence staining showing PKH26-labeled exosomes (red) in brain slice of MCAO-R injured rat. Nuclei stained blue by DAPI. Scale bar, 50 µm. (E) Immunofluorescence staining showing PKH26-labeled exosomes (red) in HT22 cells. Cells nucleus were stained with DAPI (blue). Scale bar, 50 µm.
Because the interaction between H-EXOs and their target tissues or cells is important for the therapeutic effect (van Niel et al., 2018), so we tested whether H-EXOs are taken up by ischemia-reperfusion injured brain tissues of rats and HT22 cells. HT22 is a sub-line derived from parent HT4 cells that were originally immortalized from cultures of primary mouse hippocampal neurons, which is widely used as an ideal hippocampal neuronal model (Zaulyanov et al., 1999; Pascual et al., 2012). MCAO/R-injured rats were injected with 1 mL PKH26-labeled H-EXOs from tail vein at the same time of reperfusion. Four hours later, the rats were sacrificed and the brain tissues were sampled. Confocal microscopy analysis revealed no red fluorescence in the brain tissue sections of the control rats. However, red fluorescence was evident in the brain tissue sections of the rats from the experimental group (PKH26-labeled H-EXO). Thus, PKH26-labeled H-EXOs could reach the brain tissue of rats after MCAO/R injury (Figure 1D). Furthermore, the PKH26-labeled H-EXOs were added to the wells of HT22 cells for 12 h. The labeled exosomes were found in HT22 cells and located in the cytoplasm, indicating their complete internalization. As showed in Figure 1E, almost all HT22-cells became positive for PKH26. These results suggested that our isolated H-EXOs are able to enter the penumbra region of the cerebral cortex of rats after tMCAO operation and be taken up by cultured HT22 cells.
Taken together, we successfully isolated H-EXOs for the following study.
2. H-EXOs significantly inhibited the production of pro-inflammatory molecules and protected neurons from MCAO/R injury in rats
First, to validate the protective effect of H-EXOs treatment against brain ischemia, we performed MCAO surgery in rats, as previously described. Ten rats were randomly assigned to the sham (received the same procedure as MCAO but without artery occlusion), MCAO/R, or MCAO/R + H-EXOs group. After 24 h of reperfusion, neurological deficits were examined by the Longa’s score. We found that the MCAO/R group had a score of about 3, while the group treated with H-EXOs had neurological scores between 1 and 2 (Figure 2A). Subsequently, TTC staining of the rat brain was performed to determine infarct volume. As shown in Figure 2B, the red area is normal brain tissue, while the white area is infarcted due to ischemia. The infarct area in the MCAO/R group accounted for about 40% of the total brain volume, while that in the H-EXOs group accounted for about 20% of the total brain volume (Figure 2C), indicating that H-EXOs remarkably reduced cerebral infarction volume. Previous studies have suggested that ischemic-vulnerable areas include the hippocampus, cortex, thalamus, and other parts. Among various types of cells, neurons have the highest sensitivity to ischemia. In order to confirm whether H-EXOs could reduce neuronal damage from MCAO/R injury, morphological changes in neurons were investigated by Nissl staining. We found that the MCAO/R group had collapsed neuronal cell structure, the presence of vacuoles around cells, nuclear condensation, and reduced Nissl bodies. In contrast, most of the neurons from the H-EXO-treated group showed a relatively intact morphology, with only a few cells displaying nuclear condensation and reduced Nissl bodies (Figure 2D). Similar changes were also observed in the CA1 region of the rat hippocampus, which is enriched with neurons (Figure 2E). All the above results suggested that H-EXOs can protect neurons from ischemia-reperfusion injury.
[image: Figure 2]FIGURE 2 | H-EXOs attenuate brain damage and inhibit inflammation in the right cortical ischemic penumbral areas of MCAO2h/R24h rats. (A) Neurological deficit scores of rats with MCAO/R injury in different groups. H-EXOs were administrated at the time of reperfusion. Neurological deficits were evaluated using the Longa score 24h after reperfusion (n = 10). (B) Coronal brain sections were stained by TTC in the sham group, MCAO/R group, and H-EXOs group, along with quantification of infarct volumes (C) (n = 5). (D) Microscopic images of Nissl-stained rat brain cortex. Scale bar, 100 μm. (E) Microscopic images of Nissl-stained rat brain hippocampal CA1 region. Scale bar, 100 μm. (F–H) RT-qPCR detect the level of TNF-α, IL-1β, and IL-6 in the ischemic penumbral area of the right cerebral cortex of MCAO2h/R24h rats after tail vein injection with H-EXOs for 24h (n = 5). (I) Western blot detection of NFκB P65 and PP65 levels in the ischemic penumbral area of the right cerebral cortex of MCAO2h/R24h rats after tail vein injection of H-EXOs for 24h. (J) Quantification of western blot results in (J) (n = 3). The data underwent analysis using a one-way ANOVA method. *p < 0.05, ***p < 0.001.
Next, to explore the underlying mechanisms of the protective effects of H-EXOs on rat brain tissues during ischemic-reperfusion injury, we assessed the expression of pro-inflammatory cytokines IL-1β, IL-6, and TNF-α in penumbra areas of cerebral cortex of MCAO/R rats by RT-qPCR. The results showed that the mRNA levels of IL-1β, IL-6, and TNF-α in rat brains after MCAO/R injury were apparently higher than those in the brains of the sham-operated rats, and H-EXOs treatment reduced the increased levels of these factors (Figures 2F–H). The NF-κB signaling pathway is an important inflammation pathway (Zhao et al., 2021). When stroke occurs, the NF-κB inflammatory signaling pathway is activated to stimulate the phosphorylation of P65 protein to p-P65, and then p-P65 enters the nucleus to further induce the release of inflammatory factors including TNF-α, IL-1β and IL-6 etc. (Singh and Singh, 2020). Therefore, we examined the phosphorylation of P65 in the penumbra region of the cerebral cortex in rats. The level of P65 phosphorylation was significantly increased after MCAO/R but suppressed by H-EXOs (Figures 2I, J). In summary, H-EXOs can effectively alleviate the production of inflammatory factors and protect neurons in brain tissue of rats from MCAO/R injury.
3. Internalized H-EXOs dramatically reduced the production of pro-inflammatory factors and protected cultured HT22 neuronal cells from OGD/R injury
To confirm the protective effect of H-EXOs on injured neuronal cells, HT22 cells were cultured with conditional medium which contains 1 mM Na2S2O4 and sugar-free medium without FBS for 2 h and then cultured in DMEM medium with 10% FBS for 12 h to construct the OGD/R model (Gao et al., 2020). To verify the therapeutic effect of H-EXOs on OGD/R, OGD/R-treated HT22 cells were incubated with different dosages of H-EXOs. As shown in Figure 3A, HT22 cell viability was significantly decreased about 50% in the OGD/R group compared with the control group. 1×1012 particles/mL of H-EXOs had no obvious therapeutic effect, and 5×1012 particles/mL of H-EXOs significantly improved cell viability, but there was no better therapeutic effect when the dosage reached 1×1013 particles/mL. Therefore, the optimal effective dosage of H-EXOs was 5×1012 particles/mL. RT-qPCR results also confirmed that OGD/R injury significantly increased the production of TNF-α, IL-1β, and IL-6, which were apparently downregulated in the H-EXOs treated-cells (Figures 3B–D). We also measured the P65/p-P65 protein levels in HT22 cells and found that H-EXOs treatment markedly reduced the protein expression of phosphorylated P65 (p-P65) induced by OGD/R (Figures 3E, F). These results indicated that H-EXOs inhibit OGD/R-induced inflammatory responses in HT22 cells.
4. The expression of KLF14 was increased by H-EXOs, which turns out to be a protective factor produced during cerebral ischemia-reperfusion injury
[image: Figure 3]FIGURE 3 | H-EXOs prevent cultured HT22 neuronal cells from OGD/R injury. (A) The therapeutic effects of different doses of H-EXOs were tested after OGD4h/R12h by using MTT assay (n = 6). (B–D) RT-qPCR detect the change of TNF-α, IL-1β, and IL-6 mRNA expression in HT22 cells after OGD/R injury (n = 5). (E) Western blot detection of NFκB P65 and p-P65 level in HT22 cells caused by OGD/R injury and its quantification in (F) (n = 3). The data underwent analysis using a one-way ANOVA method. *p < 0.05, **p < 0.01, ***p < 0.001.
Transcription factor KLF14 is a member of the KLF family and exerts anti-inflammatory effects in many diseases, such as sepsis, atherosclerosis, and immune-mediated hepatic injury, etc. We wonder whether the anti-inflammatory effects of H-EXOs are related to KLF14. First, we tested the expression of KLF14 in the brain tissue of rats and cultured HT22 cells suffering from I/R injury. The results of RT-qPCR and Western blot indicated that the expression of KLF14 in the OGD/R group was significantly increased compared with that in the control group, and the expression of KLF14 in the H-EXOs group was further increased, about a 1.5-fold increase compared with the OGD/R group (Figures 4A–C). Similar results were observed in vivo experiments. H-EXOs significantly increased the levels of KLF14 mRNA and protein in the ischemic penumbra region of the cerebral cortex, respectively, about 2.5-fold and 1.5-fold compared with the MCAO/R group (Figures 4D–F). Summarizing the results given above, KLF14 expression was significantly increased in brain tissue and cultured cells after injury, and further increased with H-EXOs treatment.
[image: Figure 4]FIGURE 4 | H-EXOs can induce KLF14 expression which is an endogenous regulator involved in the pathophysiology of the inflammatory response in ischemic stroke. (A) RT-qPCR analysis KLF14 mRNA change level of HT22 cells caused by OGD/R injury (n = 5). (B) Western blot analysis of KLF14 protein expression in HT22 cells after injury. (C) Statistical analysis of (B) (n = 3). (D) RT-qPCR analysis of KLF14 level in the right cortical ischemic penumbral areas of MCAO2/R24h rats after H-EXOs treatment (n = 5). (E) Western blot detection of KLF14 level in the right cortical ischemic penumbral areas of MCAO2h/R24h rats after H-EXOs treatment and its quantification in (F) (n = 3). (G) RT-qPCR detection of KLF14 expression in HT22 cells treated with LVs-KLF14 and LVs-NC after OGD4h/R12h (n = 5). (H) Western blot detection of KLF14 expression in HT22 cells after transfection with LVs-KLF14 and LVs-NC after OGD4h/R12h and its quantification in (I) (n = 3). (J) MTT assay in HT22 cells treated with LVs-KLF14 and LVs-NC after OGD4h/R12h (n = 6). (K–M) RT-qPCR detect the TNF-α, IL-6, and IL-1β expression level of HT22 cells treated with LVs-KLF14 and LVs-NC after OGD4h/R12h (n = 5). (N) RT-qPCR test KLF14 expression level in HT22 cells treated with siKLF14 and siNC after OGD4h/R12h (n = 5). (O) Western blot detection of KLF14 expression in HT22 cells after siKLF14 and siNC transfected after OGD4h/R12h and its quantification in (P) (n = 3). (Q) Cell viability of HT22 cells treated with siKLF14 and siNC after OGD4h/R12h were detected using MTT assay. (n = 6). (R–T) RT-qPCR detect TNF-α, IL-6 and IL-1β change level in HT22 cells treated with siKLF14 and siNC after OGD4h/R12h (n = 5). The data underwent analysis using a one-way ANOVA method. *p < 0.05, **p < 0.01, ***p < 0.001.
Next, to confirm whether the increase of KLF14 expression is potentially a protective factor or a pathogenic factor, we regulated the expression of KLF14 in HT22 cells by using the lentivirus vector KLF14 (LVs-KLF14) for overexpressing and a small-interfering RNA (siKLF4) for downregulation. After transfection, we detected the HT22 cell viability and the expression of pro-inflammatory factors. Compared with the LVs-NC group, the expression levels of KLF14 mRNA and protein significantly increased about 2-fold both in the normal cultured and OGD/R-injured HT22 cell groups with LVs-KLF14, indicating that overexpressing KLF14 transfection was successful (Figures 4G–I). Even though overexpressing KLF14 did not affect normal cell viability, the survival of OGD damaged cells was promoted by KLF14 overexpression (Figure 4J). Meanwhile, the results of RT-qPCR showed that there was no significant difference in the expression levels of pro-inflammatory factors TNF-α, IL-1β, and IL-6 between the LVs-KLF14 group and the LVs-NC group under non-OGD/R culture conditions (Supplementary Figure S1A). However, after OGD/R treatment, the expression level of pro-inflammatory factors in the LVs-KLF14 group was dramatically lower over 50% than that in the LVs-NC group (Figure 4K–M). These results suggested that overexpressing KLF14 can suppress the expression of pro-inflammatory factors. To further confirm the anti-inflammatory effect of KLF14, we also used a small-interfering RNA (siKLF4) to repress KLF14 expression in HT22 cells, and the cells treated with siKLF14 exhibited lower KLF14 mRNA and protein expression (about 65% reduction) both in the normal cultured and OGD/R-injured HT22 cells groups (Figure 4N–P). The results of the MTT assay demonstrated that the cell viability of siKLF14 transfected cells was lower than that of siNC transfected cells (about 15% reduction). After OGD/R injury, the cell viability of siKLF14 transfected cells was much lower than that of the siNC transfected group (about 30% reduction, Figure 4O). The results of RT-qPCR exhibited no significant difference in the expression levels of pro-inflammatory factors from the siKLF14 group and the siNC group (Supplementary Figure S1B). However, after OGD/R, cells transfected with siKLF14 showed higher levels of pro-inflammatory factors than the cells transfected with siNC (about two to three fold increase, Figure 4P).
In conclusion, KLF14 is a protective factor that is produced during cerebral ischemia-reperfusion injury. H-EXOs treatment increased KLF14 expression after I/R injury.
5. H-EXOs played anti-inflammatory roles by upregulating KLF14
To investigate whether KLF14 was related to the anti-inflammatory effects of H-EXOs, we regulated KLF14 expression with siKLF4 transfection in OGD/R-injured HT22 neural cells and then incubated them with H-EXOs. We found that, with siKLF14 treatment, the expression of KLF14 mRNA and protein induced by H-EXOs separately decreased to 60% and 40%, compared with the siNC treatment (Figures 5A–C). To better confirm whether KLF14 is involved in mediating the anti-inflammation effect of H-EXOs, we tested cell viability by the MTT assay and pro-inflammatory factors expression by RT-qPCR. The results showed that siKLF4 transfected cells with H-EXOs treatment presented cell viability decreased to 85% and pro-inflammatory cytokines expression increased to 2.5-fold of H-EXO-treated siNC cells (Figures 5D–G). Collectively, H-EXOs exerted anti-inflammatory effects in neurons after ischemic stroke via upregulating the expression of KLF14.
[image: Figure 5]FIGURE 5 | Interference with KLF14 alleviates H-EXOs-mediated anti-inflammatory effects. (A) RT-qPCR detection of KLF14 levels in HT22 neuronal cells after treatment with OGD/R + H-EXOs + siNC or OGD/R + H-EXOs + siKLF4 (n = 5). -- (B) Western blot detection of KLF14 levels in HT22 neuronal cells after treatment with OGD/R + H-EXOs + siNC or OGD/R + H-EXOs + siKLF4 and its quantification in (C) (n = 3). (D) MTT assay assessing cell viability in HT22 cells after treatment with siKLF4 and siNC following OGD4h/R12h and H-EXOs treatment (n = 5). (E–G) RT-qPCR detection of TNF-α, IL-1β, and IL-6 mRNA expression in HT22 cells after treatment with siKLF4 and siNC following OGD4h/R12h and H-EXOs treatment (n = 5). All the data were analyzed by one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001.
DISCUSSION
Inflammatory response is a hallmark of ischemic stroke onset, especially after reperfusion, which initiates rapidly and lasts for a long time, thereby providing a long window period for treatment (Justin et al., 2018; Kelly et al., 2018). Therefore, understanding the mechanism of post-stroke inflammation and regulating it will be a highly potential stroke treatment strategy (Shi et al., 2021). An increasing number of studies nowadays demonstrated the vital role of exosomes in maintaining the ischemic injured brain structure and function, given their unique lipid bilayer structure and diverse cargos (He et al., 2018). Here, we showed that H-EXOs protected the brain from tMCAO/R injury in rats and OGD/R injury in cultured neuronal cells through the suppression of the inflammatory response, suggesting that H-EXOs is a promising therapeutic biological agent for I/R injury. Although several recent studies have indicated the potential therapeutic effects of exosomes derived from post-ischemic HUVECs in the treatment of ischemic stroke, more studies are warranted to explore new directions. Some researchers believe that the different times of ischemic preconditioning may result in varying metabolomics differences (Baranovicova et al., 2020). The role of H-EXOs without pretreatment remains unconfirmed, which contains different factors and chemical substances. Thus, herein, we explored the role and underlying mechanism of H-EXOs on cerebral inflammation in I/R injured rats.
The increased levels of IL-1β, TNF-α and IL-6 and the phosphorylation of P65 are the key phenomena that reflect the degree of injury caused by an inflammatory response (Li et al., 2014; Wang et al., 2020). Ischemic stroke results in an increase in the secretion of inflammatory factors, which activates the NF-κB pathway and promotes P65 phosphorylation, thereby further stimulating the production of inflammatory factors (Kong et al., 2022; Luo et al., 2022). In our study, the levels of IL-1β, TNF-α and IL-6, and the phosphorylation of P65 were significantly increased in the rat brain tissue and cultured HT22 cells after ischemia-reperfusion injury (Figures 2F–H; Figures 3B–D), which is consistent with other researchers’ findings (Althurwi et al., 2022). H-EXOs significantly inhibited the upregulation of these inflammatory factors’ expression. Previous studies have demonstrated that neurons, especially in the CA1 area of the hippocampus, are particularly sensitive to ischemic damage. Nissl staining was performed to assess the morphological changes present in the injured areas of the rat brain. Our result indicated that most neurons from the H-EXO-treated rats showed a relatively intact morphology, with only a few cells displaying nuclear condensation and reduced Nissl bodies, compared with those from the rats without H-EXO-treatment (Figure 2D). Collectively, we confirmed that H-EXOs could protect neurons from ischemia-reperfusion injury through the suppression of the inflammatory response.
We wondered the underlying mechanism of the anti-inflammatory action of H-EXOs involved in I/R injury. Extensive evidence suggests that the role of exosomes in ischemic stroke may be associated with the function as messengers in intercellular communication. During the treatment process for cerebral ischemia, exosomes secrete a variety of factors and modulate the expression of endogenous target genes (Cheng et al., 2021; Guo et al., 2021; Huang et al., 2021). Therefore, we wanted to know the factors that are involved in the anti-inflammatory effect of H-EXOs. We have previously shown that transcription factor KLF14 expression is upregulated in primary neurons after OGD45min/R6h injury (Shi et al., 2017). KLF14, as one of the KLF family members, which is widely expressed in many tissues and involved in the regulation of many cellular processes, including embryogenesis, proliferation, differentiation, apoptosis, etc. (Chen et al., 2020). KLF14 has a role in immune regulation, but has different regulatory functions in different disease states (Xie et al., 2017; Du et al., 2021), and the reduction of KLF14 expression was found to increase the expression of inflammatory factors TNF-α, IL-1β, and IL-6. This effect could be reversed by KLF14 overexpression (Hu et al., 2018; Chen et al., 2019; Yuan et al., 2022). Based on the above, we wonder whether the anti-inflammatory effects of H-EXOs are related to KLF14. In the present study, we observed an increase in the expression of KLF14 in the rat brain tissue and HT22 cells after I/R injury (Figures 4A–F). The role of KLF14 in cerebral ischemic injury has not yet been studied. To fill the blank, we overexpressed and downregulated the expression levels of KLF14 in OGD/R treated HT22 cells.The results indicated that KLF14 overexpression improved cell viability and suppressed the inflammatory response of HT22 cells after OGD/R (Figure 4J–M). Meanwhile KLF14 downregulation by using siRNA led to a reduction in cell viability and an elevated inflammatory response (Figure 4Q–T). Taken together, KLF14 is involved in the pathological process of brain I/R injury and exerts protective effects by inhibiting the production of pro-inflammatory factors. This finding underscores the pathological mechanism of ischemic stroke and provides a new therapeutic strategy.
In this study, the treatment with H-EXOs after I/R injury further increased the expression of KLF14 (Figures 4A–F). Neurons are susceptible to damage after ischemic stroke, and it is of great importance to study them, so in the present study we examined the changes in KLF14 expression in neuronal cells after ischemia-reperfusion injury. Whether there are changes in KLF14 expression in other types of cells needs to be explored in more experiments. The increased KLF14 in H-EXOs treated cells may come from the exosomes or from their induction. To give an explicit answer, we tested the protein level of KLF14 in H-EXOs but could not observe any strong signal (Supplementary Figure S2), which may suggest that H-EXOs induced the expression of KLF14 in neuronal cells after I/R injury, and whether there is more KLF14 protein expression in the exosomes secreted by ischemia preconditioned HUVEC needs to be further investigated. Besides, siKLF14 reversed the anti-inflammatory effect of H-EXOs (Figures 5D–G). Overall, H-EXOs exerted anti-inflammatory effects in neurons after ischemic stroke via upregulating the expression of KLF14.
In the present study, we investigated that H-EXOs could partially inhibit the inflammatory responses after I/R injury. The pathophysiology of brain ischemia-reperfusion injury is terribly complicated, involving various mechanisms, including excitotoxicity, oxidative stress, neuroinflammation, and apoptosis (Qin et al., 2022). It is known that KLF14 overexpression suppresses inflammatory effects by inhibiting P65 transcription (Liu et al., 2022). However, H-EXOs treatment did not change the expression of P65 but inhibited the phosphorylation of P65 in our study. Maybe H-EXOs regulate P65 expression with other mechanisms. Recent studies suggested that the expression of KLF14 can be influenced by the activated transforming growth factor β (TGF-β) pathway (Gonzalez et al., 2013; Chen L. et al., 2023) or microRNAs, and it also can regulate other miRNAs (Li et al., 2020; Chen X. Z. et al., 2023). It is very likely that the miRNAs from H-EXOs regulate KLF14 expression, and this hypothesis will be confirmed by our further study. We will also elucidate whether H-EXOs exert other important effects at different stages of the pathological processes of ischemic stroke. Although exosomes have been proposed as a therapeutic approach and potential biomarkers for stroke (Otero-Ortega et al., 2019; Jafarzadeh-Esfehani et al., 2020; Yang et al., 2021), the clinical application is still limited. Thus, it is important to validate the effects of H-EXOs treatment in other animal models of brain ischemic stroke to promote its clinical application.
In conclusion, our research suggests that KLF14 might be a potential target for the treatment of cerebral ischemic injury, and H-EXOs are promising to be a therapeutic strategy for ischemic stroke.
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