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Background: Edaravone dexborneol (Eda-Dex), a promising neuroprotectant composed of edaravone and (+)-borneol, has been clinically applied in stroke treatment. However, the mechanism of action of Eda-Dex remains unclear.Methods: A rat model of cerebral ischemia/reperfusion injury (CIRI) was created through middle cerebral artery occlusion. Neurological scoring, TTC staining, and laser speckle imaging were used to assess neurological deficits, infarct size and cerebral blood flow (CBF). Behavioral tests, including the open field test, the elevated plus maze, and the novel object recognition test, were conducted to assess animal behavior. Western blotting and ELISA were employed to assess levels of expression of components of the NRF2/ARE and NF-κB/AIM2 pathways and of specific cytokines. The levels of oxidative stress markers were analyzed via commercially available kits. HE staining, Nissl staining, and immunohistochemistry were used to assess pathological alterations in the brain.Results: Eda-Dex dramatically reduced the neurological deficit score and cerebral infarct size, increased CBF, and attenuated anxiety-like behavior and improved cognitive function in CIRI rats. Eda-Dex significantly reduced oxidative stress and relieved inflammatory response and it significantly upregulated NRF2, NQO1, HO-1, and SLC7A11 and significantly downregulated NF-κB, AIM2, ASC and caspase 1 in the infarcted brain. Moreover, Eda-Dex clearly reduced pathological damage, rescued neurons, and reduced the activation of microglia and astrocytes.Conclusions: The results of this study confirm that Eda-Dex exerts neuroprotective effects by synergistically inhibiting oxidative stress and inflammation via the NRF2/ARE and NF-κB/AIM2 pathways in CIRI rats.Keywords: edaravone dexborneol, neuroprotection, Nrf2/ARE pathway, NF-κB/AIM2 pathway, cerebral ischemia/reperfusion injury
1 INTRODUCTION
Stroke is currently the second most common cause of death globally and is known for its high incidence, high rate of causing disability, and high fatality rate. Ischemic stroke is the primary type of stroke, accounting for approximate 80% of all stroke cases (Hilkens et al., 2024; Liang et al., 2023). Clinically, the most widely applied treatments for ischemic stroke are vascular recanalization-based strategies, such as reperfusion with recombinant tissue plasminogen activator (rtPA). However, these therapies are limited by potential bleeding risk and narrow time windows for application, and thrombolytic drugs cannot reverse long-term motor and cognitive dysfunction after ischemic stroke (Herpich and Rincon, 2020; Yao et al., 2023). Additionally, studies have shown that swift re-establishment of blood flow following ischemia leads to significant brain impairment known as cerebral ischemia/reperfusion injury (CIRI) (Lee et al., 2017). This condition, which results from a complex interplay among inflammation, oxidative stress, calcium overload, excitatory amino acid toxicity, mitochondrial dysfunction, apoptosis, autophagy, and ferroptosis, highlights the need for multifaceted treatment approaches that target the various pathways involved in CIRI (Lou et al., 2018). Stroke patients usually suffer from serious physical and cognitive impairment. Poststroke cognitive impairment, the prevalence of which ranges from 20% to 80% among stroke patients, is more likely to be ignored than severe physical disability (Hugues et al., 2021).
Edaravone, approved in Japan in 2001, acts as a free radical scavenger and is used in the treatment of acute ischemic stroke (Ishihara and Suzuki, 2016). (+)-Borneol is a component of D-borneolum, which has anti-inflammatory activity and has long been used in China to relieve injury due to ischemic stroke (Dong et al., 2018). Eda-Dex, a new neuroprotective compound that combines edaravone and (+)-borneol in a 4:1 M ratio, was granted approval for use in China in 2020. It has been shown to decrease cerebral nerve damage and expand the treatment window efficiently (Fu R. et al., 2024). It has been hypothesized that Eda-Dex has synergistic antioxidative and anti-inflammatory effects and that it is a potent and cost-effective agent for treating stroke (Wu et al., 2014; Xu et al., 2021).
Nrf2 is a central regulator of the cellular antioxidant defense system and plays an important role in the pathogenesis of cerebral ischemic injury. During oxidative stress, Nrf2 moves into the nucleus, where it forms complexes with antioxidant response elements (AREs) and triggers the activation of target genes such as HO-1, GPX4, NQO1, and SLC7A11 (Dong et al., 2020; Luo et al., 2023). The NF-κB pathway plays a broad regulatory role in pathophysiological processes and is a promising therapeutic target for the treatment of stroke (Wang et al., 2017). Not only can NF-κB activate the expression of proinflammatory and antiapoptotic genes, it can also participate in various types of signal crosstalk during inflammasome activation (Bao et al., 2016; Yi J et al., 2023). The AIM2 inflammasome is an essential mediator of neuroinflammation and provides a valuable therapeutic target for ischemic stroke (Fu Y. et al., 2024). On the basis of the above evidence, we hypothesized that Eda-Dex protects neurological function in CIRI rats by synergistically inhibiting oxidative stress and inflammation through targeting of the NRF2/ARE and NF-κB/AIM2 pathways.
2 MATERIALS AND METHODS
2.1 CIRI model
All animal procedures used in this study were approved by the Animal Care and Use Committee of Changsha Medical University. SD rats (male, 250–280 g) were purchased from Hunan SJA Laboratory (Changsha, China). The animals were randomly divided into three groups: a sham group, a Veh + CIRI group and an Eda-Dex + CIRI group. The CIRI model was created via middle cerebral artery occlusion (MCAO) following Longa’s technique (Longa et al., 1989). Briefly, the rats were anesthetized with pentobarbital sodium (30 mg/kg, i.p.), and the right middle cerebral artery of each rat was occluded with a nylon suture (Cinontech, Beijing, China). After a 2-h period of occlusion, the suture was removed to allow reperfusion. The CIRI rats were intraperitoneally administered 4 mL/kg Eda-Dex (2 mg/mL eladavone and 0.5 mg/mL (+)-borneol; Simcere Pharmaceutical Group, Nanjing, China) once a day for 7 consecutive days. The dosages of Eda-Dex used were determined based on drug specifications and the results of previous studies (Hua et al., 2015). A detailed flowchart of the animal experiment is presented in Figure 1.
[image: Figure 1]FIGURE 1 | Procedure used in the animal experiment. CIRI model rats were established by MCAO surgery. CBF was monitored before MCAO, immediately after MCAO and after reperfusion and on the 7th day after MCAO. Eda-Dex (4 mL/kg) was administered to the model rats once daily for 7 consecutive days. Infarct area, inflammatory factors, oxidative stress factors, expression of relevant signaling pathways, and histopathological changes were analyzed 24 h after MCAO. Neurological function was evaluated on the 7th day. Animal behavioral tests were started on the 8th day.
2.2 Neurological deficit scoring
Neurological impairment was evaluated according to the following criteria: 0, normal; 1, weak forelimbs; 2, turning in a circle to the diseased side; 3, inability of the affected side to bear weight; and 4, inability to move (Shah et al., 2006). Rats that received scores of 0 or 4 were excluded from the subsequent experiments.
2.3 Laser speckle imaging
Cerebral blood flow (CBF) was analyzed using a laser speckle imaging system (RWD Life Technologies, Shenzhen, China). The relative CBF in the region of interest (ROI) is presented as the ratio of the CBF in the right hemisphere to that in the left hemisphere.
2.4 2,3,5-Triphenyltetrazolium chloride (TTC) staining
Briefly, fresh brains were frozen at −20°C for 20 min, and each brain was cut into 5 slices with a thickness of 2 mm. The slices were stained with 1% TTC (Solarbio Life Sciences, Beijing, China) solution at 37°C for 30 min and fixed in 4% paraformaldehyde at 4°C overnight. The infarct size was determined using ImageJ (Media Cybernetics, Bethesda, MD, United States).
2.5 Open field test (OFT)
Following a 2-hour acclimation period, the rats were gently placed in the central area of the open field and allowed 5 min of unrestricted movement. The travel distance and the time spent in the central area were recorded via Smart 3.0 (Panlab, Spain) (Zhang et al., 2023a).
2.6 Elevated plus maze (EPM)
Following a 2-hour acclimation period, the rats were gently positioned in the central area facing the open arm and allowed 5 min of unrestricted exploration. The amounts of time spent in the open and closed arms of the maze were recorded (Zhang H. et al., 2024).
2.7 Novel object recognition (NOR) test
In the adapting phase, the rat was placed in the testing box, which contained two identical objects, and allowed to move freely for 5 min. At the start of the testing phase, the rat was removed from the box, and one of the existing objects was replaced by a novel object. The rat was then returned to the box and allowed to explore freely for 10 min. The time the animal spent sniffing or climbing each object was recorded. The discrimination ratio was calculated according to the following formula: (Time Novel-Time Familiar)/(Time Novel+Time Familiar) (Jaiswal et al., 2019).
2.8 Enzyme-linked immunosorbent assay (ELISA)
The levels of IL-6 (product number: MM-0190R1), IL-1β (product number: MM-0047R1) and TNF-α (product number: MM-0180R1) in the ischemic cortex were measured using Meiman® ELISA kits (Jiangsu, China). The standards were prepared by gradient dilution of the original density standard. A total of 50 μL of standard was added to the wells. A total of 2 μL of supernatants of cortex homogenate was mixed 48 μL of sample diluent and added to the wells. The plate was incubated at 37°C for 30 min followed by washing 5 times. A total of 50 μL HRP-conjugate reagent was added to each well except for the blank well. The plate was incubated at 37 °C for 30 min followed by washing 5 times. Chromogen Solution A (50 μL) and Chromogen Solution B (50 μL) were sequentially added to each well. The plate was incubated at 37°C for 15 min. The reaction was stopped by adding 50 μL stop solution to each well. The absorbance was measured at 450 nm. The concentrations (pg/mg prot) of individual cytokines were calculated based on standard curves.
2.9 Reactive oxygen species (ROS) analysis
ROS were detected via an ROS assay kit (Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s instructions. The absorbance was measured at an excitation wavelength of 500 nm and an emission wavelength of 525 nm. The ROS level is reported as the fold change in the absorbance value relative to the value obtained for the sham group.
2.10 Malondialdehyde (MDA) analysis
MDA levels were measured via an MDA assay kit (Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s instructions. The optical density (OD) at 532 nm was measured. MDA (nM/mgprot) = OD Sample×10 nM/(OD Standard–OD Blank)/protein concentration.
2.11 Total antioxidant capacity (T-AOC) analysis
T-AOC was measured using a T-AOC assay kit (Sangon Biotech, Shanghai, China). The OD at 515 nm was measured according to the manufacturer’s instructions. T-AOC (μM/mg prot) = 1.414×(OD Blank–OD Sample+0.0081)/protein concentration.
2.12 Western blotting
Protein was isolated from ischemic cortex and measured via the BCA method. The samples were separated via SDS‒PAGE and transferred to nitrocellulose membranes. The membranes were subsequently blocked with 5% nonfat milk for 1 h and incubated with primary antibodies at 4°C overnight. The primary antibodies used included anti-NRF2 (1:500, D121053, Sangon Biotech, Shanghai, China), anti-HO-1 (1:200, D220756, Sangon Biotech, Shanghai, China), anti-NQO1 (1:500, D161049-0025, Sangon Biotech, Shanghai, China). anti-SLC7A11 (1:500, D262619, Sangon Biotech, Shanghai, China), anti-GAPDH (1:1000, D110016, Sangon Biotech, Shanghai, China), anti-AIM2 (1:1000, 20590-1-AP, ProteinTech Group, Chicago, United States), anti-ASC (1:1000, 30641-1-AP, ProteinTech Group, Chicago, United States), anti-caspase 1/p20/p10 (1:500, 22915-1-AP, ProteinTech Group, Chicago, United States). After being washed 3 times with TBST, the membranes were incubated with Alexa Fluor 680-conjugated donkey anti-rabbit IgG (1:10000, D110016, Sangon Biotech, Shanghai, China) and washed again. The bands were visualized on an Odyssey CLx system (Li-COR, United States), quantified using ImageJ and normalized to GAPDH.
2.13 HE staining, Nissl staining and immunohistochemistry
The brains were fixed in 4% paraformaldehyde overnight, sequentially dehydrated in 15% sucrose, 30% sucrose and 35% sucrose (12 h each), and embedded in Tissue-Tek® O.C.T. (Sakura Finetek, United States) for frozen sectioning. The morphology and structure of the lesions were examined via HE staining (Sangon Biotech, Shanghai, China). The pathological changes were observed under a microscope, and the percentage of the total area that showed pathology was assessed [29]. Nissl staining was performed using a Nissl staining kit (Solarbio, Beijing, China). The number of Nissl bodies was then calculated. The primary antibodies used in immunohistochemistry were an anti-GFAP polyclonal antibody (1:200, ab7260, Abcam, United States) and anti-Iba-1 antibody (1:200, 019-19741, Wako, Japan). Five sections were randomly chosen, and the number of positive cells per field was determined.
2.14 Statistical analysis
Statistical analysis was performed by GraphPad Prism software version 8.0.2 (San Diego, CA, United States). Normality of the data was tested by the Shapiro-Wilk test. Homogeneity of variance was tested by the Bartlett’s test. The data were expressed as the means±SEMs. Multiple comparisons were analyzed by one-way ANOVA with Tukey’s post hoc test. Comparison between the two groups was analyzed by unpaired Student’s t-test. p < 0.05 was considered to indicate statistical significance.
3 RESULTS
3.1 Eda-Dex lowered neurological scores, minimized cerebral infarct size, and enhanced CBF in CIRI rats
Neurological function was assessed on the 7th day following CIRI. The rats in the sham group behaved normal without any obvious neurological impairment (data not shown). The neurological scores of the animals in the CIRI group were ranging from 1 to 3 and were significantly reduced by Eda-Dex (p = 0.049) (Figure 2A). According to the TTC results, normal rats showed no obvious infarct area. Notable infarct area was induced by CIRI, whereas the infarct area was significantly reduced by Eda-Dex (p = 0.047) (Figures 2B, C). Laser speckle imaging revealed that the CBF in the right hemisphere of the brain obviously decreased after MCAO. After administration of Eda-Dex for 7 consecutive days, the CBF of the animals in the Eda-Dex+CIRI group was significantly greater than that of the animals in the CIRI group (F = 24.74, p = 0.046) (Figures 2D, E).
[image: Figure 2]FIGURE 2 | Influences of Eda-Dex on neurological deficits, CBF, and infarct area. (A) Neurological function scoring. CIRI resulted in obvious neurological deficits, whereas Eda-Dex significantly improved neurological function. The data are presented as the means±SEMs and were analyzed by unpaired Student’s t-test (n = 11). (B, C) Infarct area was analyzed by TTC staining. CIRI resulted in obvious infarction in the right hemisphere of the brain, whereas Eda-Dex significantly reduced the infarct area. The data are presented as the means±SEMs and were analyzed by unpaired Student’s t-test (n = 6). (D, E) CBF was monitored by laser speckle imaging. The CBF in the right hemisphere of the brain obviously decreased after MCAO. The CBF was significantly improved on the 7th day. The data are presented as the means±SEMs and were analyzed by one-way ANOVA followed by Tukey’s post hoc test (n = 6). *p < 0.05, and **p < 0.01 versus the sham group; #p < 0.05, and ##p < 0.01 versus the veh + CIRI group.
3.2 Eda-Dex attenuated anxiety-like behavior and cognitive impairment in CIRI rats
The OFT results revealed no notable differences in travel distance among the three groups, suggesting that behavioral dysfunction was attributed to CIRI rather than locomotion alterations (Figure 3A). Compared with the sham group, the CIRI group presented a significant reduction in time spent in the central area (p = 0.0008), whereas administration of Eda-Dex significantly inhibited this decrease (F = 8.65, p = 0.038) (Figure 3B). EPM revealed that CIRI rats spent significantly less time in the open arms of the maze than did the rats in the sham group (p = 0.0073) and that the time spent in the open arms by the rats that received Eda-Dex was significantly different (F = 6.06, p = 0.042) (Figure 3C). The NOR test revealed that the CIRI group presented a significant decrease in discrimination ratio (p = 0.028), and this was reversed by administration of Eda-Dex (F = 4.65, p = 0.048) (Figure 3D). The data above suggest that Eda-Dex effectively alleviates anxiety-like behavior and enhances learning and memory capability in CIRI rats.
[image: Figure 3]FIGURE 3 | Influences of Eda-Dex on animal behavior. (A) Travelling distance was analyzed by OFT. There no obvious differences in travelling distance among the three groups. Anxiety-like behavior was analyzed by (B) OFT and (C)EPM. CIRI resulted in a significant reduction in the time spent in the central area or the open arms, whereas Eda-Dex significantly inhibited this increase. (D) Learning and memory ability was analyzed via the NOR test. The discrimination ratio was significantly decreased by CIRI and significantly increased after Eda-Dex treatment. The data are presented as the means±SEMs and were analyzed by one-way ANOVA followed by Tukey’s post hoc test (n = 10–11). *p < 0.05, **p < 0.01, and ***p < 0.001 versus the sham group; #p < 0.05 versus the veh + CIRI group.
3.3 Eda-Dex decreased the levels of inflammatory cytokines in CIRI rats
The levels of IL-6 (Figure 4A), IL-1β (Figure 4B) and TNF-α (Figure 4C) in the supernatants of the ischemic cortex homogenate were markedly elevated in CIRI rats compared with those in the sham group (p = 0.033; p = 0.030; p = 0.002). Treatment with Eda-Dex significantly suppressed this increase (F = 4.97, p = 0.046; F = 7.62, p = 0.0054; F = 5.81, p = 0.034).
[image: Figure 4]FIGURE 4 | Influences of Eda-Dex on inflammation and oxidative stress. (A–C) Influences of Eda-Dex on inflammatory factors, including IL-6, IL-1β, and TNF-α. The levels of the inflammatory factor were significantly increased in response to CIRI and significantly reduced after Eda-Dex treatment. (D–F) Influences of Eda-Dex on oxidative stress associated factors, including ROS, MDA, and T-AOC. The levels of ROS and MDA were significantly increased and the level of T-AOC was significantly decreased in response to CIRI, whereas Eda-Dex reversed the effects of CIRI. The data are presented as the means±SEMs and were analyzed by one-way ANOVA followed by Tukey’s post hoc test (n = 6). *p < 0.05, and **p < 0.01 versus the sham group; #p < 0.05, and ##p < 0.01 versus the veh + CIRI group.
3.4 Eda-Dex decreased the levels of ROS and MDA, and increased the level of T-AOC in CIRI rats
ROS (Figure 4D) and MDA (Figure 4E) levels in the supernatants of the ischemic cortex homogenate were significantly greater in the animals in the CIRI group than in those in the sham group (p = 0.038; p = 0.026), and this increase was significantly suppressed by administration of Eda-Dex (F = 4.98, p = 0.039; F = 5.22, p = 0.047). T-AOC activity was markedly lower in the CIRI group than in the sham group (p = 0.0033), and this decrease was effectively prevented by administration of Eda-Dex (F = 8.16, p = 0.049) (Figure 4F). These data suggest that Eda-Dex potently inhibits the overactivation of oxidative stress that is induced by CIRI.
3.5 Eda-Dex activated NRF2/ARE signaling in CIRI rats
The expression of NRF2/ARE signaling in the ischemic cortex was analyzed by Western blotting. As shown in Figure 5, NRF2 levels increased substantially in the animals that received Eda-Dex treatment (F = 10.20, p = 0.03). The levels of HO-1, NQO1 and SLC7A11 were also significantly increased after Eda-Dex administration (F = 8.31, p = 0.027; F = 6.20, p = 0.038; F = 9.12, p = 0.038). These results suggest that Eda-Dex inhibits oxidative stress by targeting the NRF2/ARE pathway.
[image: Figure 5]FIGURE 5 | Influences of Eda-Dex on the NRF2/ARE signaling pathway. (A) Representative images of Western blotting and quantification of the expression levels of (B) NRF2, (C) HO-1, (D) NQO1, and (E) SLC7A11. Eda-Dex significantly increased the expression levels of these proteins in CIRI rats. The data are presented as the means±SEMs and were analyzed by one-way ANOVA followed by Tukey’s post hoc test (n = 3). *p < 0.05 versus the sham group; #p < 0.05 versus the veh + CIRI group.
3.6 Eda-Dex suppressed the NF-κB/AIM2 pathway in the ischemic cortex of CIRI rats
The expression of NF-κB/AIM2 signaling in the ischemic cortex was further analyzed. As shown in Figure 6, the levels of p-NF-κB, AIM2, ASC and caspase-1 were significantly greater in the Veh + CIRI group than in the sham group (p = 0.017; p = 0.0027; p = 0.017; p = 0.046), and Eda-Dex administration significantly inhibited these increases (F = 8.98, p = 0.043; F = 18.44, p = 0.011; F = 8.98, p = 0.043; F = 7.50, p = 0.029).
[image: Figure 6]FIGURE 6 | Influences of Eda-Dex on the NF-κB/AIM2 pathway. (A) Representative images of Western blotting and quantification of the expression levels of (B) p-NF-κB, (C) AIM2, (D) ASC, and (E) caspase-1. The expression levels of these proteins were significantly increased in response to CIRI, and were significantly decreased by the Eda-Dex treatment. The data are presented as the means±SEMs and were analyzed by one-way ANOVA followed by Tukey’s post hoc test (n = 3). *p < 0.05, and **p < 0.01 versus the sham group; #p < 0.05 versus the veh + CIRI group.
3.7 Eda-Dex ameliorated pathological injury and protected neurons in CIRI rats
The impact of Eda-Dex administration on pathological alterations in the infarcted cortex was assessed via HE and Nissl staining. As shown in Figure 7A, the nerve cells in the control animals appear neatly organized and structurally sound. In the animals in the CIRI group, neuronal structure is severely damaged, the nuclei of the cells are deformed and atrophied, the number of nerve cells is reduced, and the cells are loosely arranged. Compared with that in the CIRI group, neuronal structure was obviously restored, and the histology of the damaged tissues was dramatically improved by Eda-Dex treatment (F = 74.00, p = 0.015) (Figure 7B). Nissl staining revealed a significant loss of neurons in the infarct cortex of the CIRI group compared with the sham group (p < 0.01). Compared with CIRI, Eda-Dex treatment significantly increased the number of rescued neurons in the infarct cortex (F = 13.94, p = 0.032) (Figures 7C, D).
[image: Figure 7]FIGURE 7 | Influences of Eda-Dex on pathological changes in the infarct cortex. (A) Representative HE stained images of the right cerebral cortex of the animals in the three groups. (B) Pathologic score according to the HE images. Eda-Dex obviously restored neuronal structure and improved the histology of the damaged tissues. (C) Representative Nissl stained images of the right cerebral cortex in the three groups. (D) Number of Nissl bodies. Eda-Dex significantly increased the number of neurons in the infarct cortex. The data are presented as the means±SEMs and were analyzed by one-way ANOVA followed by Tukey’s post hoc test (n = 3). **p < 0.01, and ****p < 0.0001 versus the sham group; #p < 0.05 versus the veh + CIRI group. Scale bar = 50 μm.
3.8 Eda-Dex suppressed the activation of astrocytes and microglia in CIRI rats
The populations and morphological characteristics of astrocytes and microglia in the infarct cortex were evaluated by immunochemistry. In the sham group, the number and volume of astrocytes were small, whereas the number of astrocytes in the model group was significantly greater (p = 0.011), the cell volume was greater, and the cellular protrusions were more numerous and thicker. After Eda-Dex intervention, the number of astrocytes decreased significantly (F = 10.12, p = 0.049), the cell volume decreased, and the number of protrusions decreased (Figures 8A, B). The number of microglia in the sham group was small, and the microglia that were present had branched and elongated protrusions. The number of microglia in the Veh+CIRI group was significantly greater than that in the sham group (p = 0.0025); the microglia had more numerous and thicker protrusions, the connections among the protrusions were greater, and the volume of the microglia was greater. After Eda-Dex intervention, the number of microglia decreased significantly (F = 17.96, p = 0.024), and the protrusions became thinner (Figures 8C, D). The above data suggest that Eda-Dex effectively attenuates the overactivation of astrocytes and microglia in CIRI rats.
[image: Figure 8]FIGURE 8 | Effects of Eda-Dex on the activation of microglia and astrocytes. The quantity and morphology of microglia and astrocytes were analyzed by immunochemistry. Eda-Dex significantly decreased GFAP-positive cells (A, B) and Iba1-positive cells (C, D), suggesting that Eda-Dex could protect microglia and astrocytes against overactivation in CIRI rats. The data are presented as the means±SEMs and were analyzed by one-way ANOVA followed by Tukey’s post hoc test (n = 3). *p < 0.05 versus the sham group; #p < 0.05 versus the veh + CIRI group. Scale bar = 50 μm.
4 DISCUSSION
Stroke patients commonly suffer from neurological dysfunction and poststroke cognitive impairment (PSCI), manifesting as depression, anxiety, and impaired learning and memory ability. Current therapies for neurological and cognitive dysfunction caused by stroke are controversial because of the complexity of stroke (Filler et al., 2024). Neuroprotectants that target multiple pathways have shown potential in stroke treatment. During ischemic stroke, an irreversible necrotic core and a penumbra surrounding the core are formed. Current findings suggest that the penumbra can be rescued by timely treatment with neuroprotective reagents (Belayev et al., 2018; Hui et al., 2024).
Both clinical and basic studies have demonstrated that Eda-Dex is an effective neuroprotective agent for ischemic stroke treatment. Multiple pathways, including inflammation, oxidative stress, and apoptosis, were involved in the protective effects of Eda-Dex (Chen Z. et al., 2024; Hu X et al., 2023). In consistent to these studies, our data obtained from animal experiments showed that Eda-Dex dramatically attenuated neurological deficits, alleviated brain damage and improved CBF in CIRI rats. Accordingly, pathological injury and neurons loss were obviously ameliorated by Eda-Dex. Overactivation of microglia and astrocytes after ischemic stroke is involved in the process of neuroinflammation (Orihuela et al., 2016). A recent study showed that Eda-Dex could promote the transformation of microglia and astrocytes from pro-inflammatory (M1/A1) phenotype to anti-inflammatory (M2/A2) phenotypes (Wang et al., 2024). According to our immunohistochemical results, the number of microglia and astrocytes increased dramatically, and their morphology changed obviously after CIRI, whereas Eda-Dex effectively prevented the excessive activation.
The influence of Eda-Dex on cognitive function after stroke was subsequently explored via behavioral tests. Although drugs such as cholinesterase inhibitors and memantine have shown beneficial effects in individuals with poststroke cognitive impairment, the effects of these drugs are still controversial (O'Sullivan et al., 2023). Eda-Dex has been confirmed to potentially improve cognitive function in various models of disease, including models of bilateral carotid artery stenosis, vascular dementia, and ischemic stroke (Li L. et al., 2023; Zhang J. et al., 2023; Zhang et al., 2023c). Previou studies have shown that anxiety is prevalent after stroke and is closely related to PSCI (Ruthmann et al., 2025; Liu et al., 2023; Tan et al., 2024). Therefore, the anxiety-like behavior in CIRI rats was analyzed by OFT and EPM test in our study. The results showed that the CIRI rats spent significantly less time in the central area in OFT and in the open arms in EPM compared with the normal rats, indicating that CIRI led to anxiety-like behavior. Eda-Dex greatly prolonged the time spent by rats in the central area during the OFT and the time spent in the open arms in the EPM test, suggesting that Eda-Dex administration can attenuate anxiety-like behaviors. It has been reported that animals that have experienced stroke exhibit obvious learning and memory deficits (Bu et al., 2019). The NOR test results obtained in our study revealed that CIRI rats presented obvious learning and memory deficits, whereas Eda-Dex administration effectively ameliorated learning and memory impairments in CIRI rats. The above data confirm that Eda-Dex potently improves neurological function, attenuates anxiety-like behavior and PSCI in CIRI rats.
Eda-Dex combines the activities of edaravone and (+)-borneol and has both antioxidative stress and anti-inflammatory functions (Shi et al., 2022). NRF2 is recognized as a key oxidative stress regulator and moderate expression of NRF2 is conducive to reducing brain injury and promoting long-term recovery from brain injury after cerebral ischemia (Liu et al., 2019). Studies revealed that Eda-Dex potently activates NRF2 by inhibiting Keap1 (Zhang et al., 2023c) or activating MKP-1 (Zhang et al., 2022) and effectively attenuates cerebral ischemic injury. In the meanwhile, the downstream molecules of NRF2, such as HO-1, SLC7A11, and GPX4, by which Eda-Dex exserts anti-oxidative stress function, have been investigated is ischemic stroke (Xu et al., 2022; Xiao et al., 2024). In our study, the transcripts of NRF2, including HO-1, NQO1, and SLC7A11, were systematically analyzed. HO-1 has multiple activities and plays a protective role in brain tissue (Dang et al., 2022; Zhang Y. et al., 2024). NQO1 uses NAPDH as an electron donor to reduce quinones and thus prevents the formation of oxygen free radicals during the oxygenation reaction (Yang et al., 2024). Notably, recent studies suggest that genes related to ferroptosis, such as SLC7A11, are also transcriptional targets of NRF2 (Dodson et al., 2019; Chen et al., 2023; Li et al., 2019; Li et al., 2022; Xiang et al., 2024). Our results revealed that Eda-Dex significantly activated NRF2 and upregulated the downstream proteins. In addition, we found that Eda-Dex potently decreased ROS and MDA and elevated T-AOC in CIRI rats. The above data suggested that Eda-Dex alleviates oxidative stress by activating the NRF2/ARE pathway. Although the expression of SLC7A11, were found to be upregulated by Eda-Dex, the mechanism of Eda-Dex in ferroptosis in ischemic stroke is still to be investigated.
Neuroinflammation causes a secondary wave of damage to the brain following ischemic stroke. The NF-κB pathway has been suggested to be involved in inflammatory response during ischemic stroke (Wróbel-Biedrawa and Podolak, 2024; Chen et al., 2019). NF-κB plays a key role in the initiation of the inflammasome, which has been shown to play an important role in the pathogenesis of ischemic stroke (Long et al., 2023; Olsen et al., 2021).
The AIM2 inflammasome, which is composed of AIM2, ASC and caspase-1, is one of the most widely studied inflammasome. Clinical studies have shown a significant increase in the number of penumbral AIM2+/CD68+ cells in stroke patients (Matsuyama et al., 2020). In animal models of stroke and cell models of oxygen‒glucose deprivation/reperfusion, the AIM2 inflammasome is significantly activated, and this is accompanied by neuronal pyroptosis (Liang et al., 2020). By inhibiting microglial pyroptosis through regulation of the AIM2, the neuroinflammatory response and ischemic brain injury can be alleviated, and nerve function can be improved (Li et al., 2020). AIM2-induced cell death is the main cause of neuronal death and that knockout of AIM2 significantly improved spatial learning and memory capability in mice (Kim et al., 2020). Recent studies suggested that inhibition of NF-κB/AIM2 signaling pathway contributed to attenuating neuroinflammation and improving neurological function in intracerebral hemorrhage (Li X. et al., 2023) and ischemic stroke (Zhao et al., 2024).
The inhibitory effect of Eda-Dex on NF-κB in a previous study have been confirmed in several studies (Huang et al., 2024; Chen W. et al., 2024). However, the regulatory effect of Eda-Dex on NF-κB/AIM2 pathway is still unknown. Our results showed that Eda-Dex significantly downregulated the protein levels of p-NF-κB, AIM2, ASC, and caspase-1 and suppressed the production of inflammatory cytokines. The data suggests that Eda-Dex may attenuate neuroinflammation by targeting the NF-κB/AIM2 pathway.
In this study, the work presented here analyzed the protective effect of Eda-Dex on neurological function in stroke through synergistic anti-inflammatory and antioxidant effects, and explored the underling mechanisms in CIRI rats. The data showed that Eda-Dex potently attenuates oxidative stress and inflammation in the ischemic brain and that the NRF/ARE and NF-κB/AIM2 pathways may be involved in these processes. This study provides new experimental evidence for the mechanism of Eda-Dex in neurological protection for CIRI, and provides new theoretical support for the clinical usage of Eda-Dex in ischemic stroke. However, this study has certain limitations. First, given the complexity of stroke pathogenesis, the relevance of crosstalk between the NRF/ARE pathway and the NF-κB/AIM2 pathway during PSCI is still unclear. Second, although this study confirmed that Eda-Dex has regulatory effects on both of these pathways, the specific effects of Eda-Dex on its target molecules have not yet been clarified. Ultimately, this research relies on animal models, and additional clinical studies are necessary to validate the findings.
5 CONCLUSION
Eda-Dex administration potently attenuated cerebral damage, protected neurological function, attenuated anxiety-like behavior and improved cognitive function by synergistically inhibiting oxidative stress and inflammation through targeting of the NRF2/ARE and NF-κB/AIM2 pathways in CIRI rats (Figure 9). Eda-Dex is a promising neuroprotectant for treating ischemic stroke.
[image: Figure 9]FIGURE 9 | Mechanism underlying the anti-inflammatory and anti-oxidative stress effects of Eda-Dex in the CIRI model.
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