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TianmaGouteng yin attenuates ischemic stroke-induced brain injury by inhibiting the AGE/RAGE pathway
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Abstract: Background: Ischemic stroke is characterized by permanent or transient obstruction of blood flow, leading to a growing risk factor and health burden. Tianmagouteng yin (TMG) is commonly used in Chinese medicine to treat cerebral ischemia. The aim of this study was to investigate the neuroprotective effects of TMG against ischemic stroke. Methods: Either permanent middle cerebral artery occlusion (pMCAO) or sham operation was performed on anesthetized Wistar male rats (n = 36). Results: Results demonstrated that TMG administration reduced the infarction volume and mitigated the neurobehavioral deficits. Hematoxylin and eosin (HE) staining and Prussian blue staining revealed that TMG attenuated tissue disruption and microbleeds in hippocampus tissues. In addition, TMG down-regulated the receptor of advanced glycation end products (RAGE) and p-JAK2. It also inhibited the concentrations of advanced glycation end products (AGEs), ferritin, malondialdehyde (MDA), and reactive oxygen species (ROS). Conclusion: As repetitive clinical trials of neuroprotectants targeting stroke have failed previously, our results suggested that the natural product, TMG, can probably help in the vicious cycles of ischemic stroke pathology.
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Introduction

Stroke is a major cause of physical disability and the second primary cause of global death, making up 5.2% of all deaths worldwide (Iadecola et al., 2020; Zhao et al., 2022b). The incidence of stroke is predicted to rise from about 3% of the US population in 2012 to about 4% by 2030, leading to an annual cost of approximately $200 billion (Iadecola et al., 2020). Stroke is mainly classified into ischemic or hemorrhagic stroke (Paul and Candelario-Jalil, 2021). Although the two types of stroke are severe and common, ischemic stroke is more prevalent, accounting for 87% of all stroke cases in the US (Barthels and Das, 2020). Ischemic stroke is caused by arterial blockages, commonly due to blood clots lodged in one of the arteries in the brain (Barthels and Das, 2020). Ischemic stroke and cerebral infarction can cause diverse degrees and types of brain injury, including cerebral tissue lesions and structural damage, and neuronal death and impairments (Zhao et al., 2022b). The pathological mechanisms of ischemic stroke are complicated. Oxidative stress and inflammation have been demonstrated to be the key mechanisms in the onset and development of ischemic stroke (Chen et al., 2020). Although neuroprotectants have exhibited therapeutic potential in experimental stroke models, the application of such neuroprotective treatments from animal models to humans is yet to yield a beneficial result (Paul and Candelario-Jalil, 2021). In the past few years, multiple neuroprotectants have been tested in clinical trials, however, the outcomes remain largely unknown. Unfortunately, molecules like Natalizumab and NA-1 have failed in phase II and phase III clinical trials, respectively (Paul and Candelario-Jalil, 2021). Currently, recombinant tissue plasminogen activator is still the only drug available for therapy for ischemic stroke (Tao et al., 2020). Nevertheless, individuals suffering from stroke symptoms must receive this treatment within 4.5 h or face the potential risk of hemorrhagic transformation, making it applicable to less than 10% of stroke patients (Barthels and Das, 2020; Tao et al., 2020). Therefore, it is imperative to develop more effective and practical therapeutic drugs and approaches for ischemic stroke.

Traditional Chinese herbal medicines have been found advantageous to attenuate or treat many diseases. So far, several traditional Chinese herbal formulas have exhibited their great potential to treat ischemic stroke such as BuyangHuanwu decoction (Gao et al., 2021) and Pien-Tze-Huang (Huang et al., 2021). Tianmagouteng yin (TMG) is a traditional Chinese herbal medicine, which is primarily composed of Gastrodia elata (Tianma) and Uncaria rhynchophylla (Gouteng). It is commonly used to treat cerebral ischemia and brain-related disorders (Xian et al., 2016). Extracts of Gastrodia elata or its active components possess various pharmacological effects, such as memory improving and neuroprotective activities (Heese, 2020). Besides, a recent study has revealed the neuroprotective effect of Uncaria rhynchophylla extracts on cerebral ischemia in rats (Deng et al., 2021). Although the neuroprotective role of TMG has been documented, the molecular mechanisms underlying TMG activity against ischemic stroke are still incompletely understood.

Advanced glycation end products (AGEs) and their receptor RAGE are implicated in the pathological process of neuro-inflammation in ischemic stroke complications (Liu et al., 2021). Interestingly, the latest network pharmacological analysis reveals the crucial role of the AGE/RAGE signaling pathway in anti-ischemic stroke mechanisms (Wang et al., 2023). The interplay between AGEs and cell surface receptors including RAGE can lead to the activation of certain signaling pathways and the overproduction of cytokines, chemokines, and other inflammatory mediators that ultimately trigger inflammation (Yu et al., 2018b). As a member of the immunoglobulin superfamily, RAGE is the most investigated receptor of AGEs. Its expression counts on the cell type and is modulated in reaction to the alterations of the extracellular environment (Yu et al., 2018b). Apart from AGEs, RAGE can bind with multiple ligands, such as high-mobility group box 1 and S100 proteins, resulting in pathological processes, including inflammation (Oshima et al., 2022). A recent study has indicated that inhibition of the AGE/RAGE axis could mitigate ischemic injury (Wang et al., 2021). However, the specific mechanisms of the AGE/RAGE pathway in anti-ischemic stroke and the role of TMG remain to be explored.

Janus kinase 2 (JAK2) is an important signal transduction protein that can be activated by ischemic stress (Zhong et al., 2021). Further, the interaction between RAGE and the JAK2 pathway has been revealed in research (Sun et al., 2022). Based on these facts, we hypothesized a possible crosstalk between RAGE and JAK2 underlying TMG alleviating ischemic stroke-induced injury.

In this work, we employed a permanent middle cerebral artery occlusion (pMCAO) model to figure out the neuroprotective effects of TMG in ischemic stroke. Besides, the oxidative stress mechanism and the AGE/RAGE pathway were explored. This study aimed at further investigating the therapeutic effects of TMG on brain injury induced by ischemic stroke and related mechanisms, thereby providing novel strategies for the treatment of ischemic stroke.

Materials and Methods

Animal model establishment

A total of 36 specific pathogen-free Wistar rats (male, 10–12 weeks old, 250–300 g) were obtained from GemPharmatech Co. Ltd., Nanjing, China. All rats were housed in cages under a 12-h light/dark cycle at a temperature of 22°C–25°C and a relative humidity of 40%–60% with free access to water and food. All experimental procedures were approved by the Institutional Animal Care and Use Committee, The First Affiliated Hospital of Zhejiang Chinese Medical University (Zhejiang Provincial Hospital of Traditional Chinese Medicine). Rats were anesthetized with isoflurane to perform pMCAO. The right common carotid artery (CCA), external carotid artery (ECA), and internal carotid artery (ICA) of rats were isolated through a cervical midline incision. The proximal CCA and distal ECA were ligated, meanwhile, a 4-0 nylon suture was inserted from the right CCA to the ICA and then to the circle of Willis for artery occlusion. Rats of the sham group were subjected to the same surgical procedures without artery occlusion treatment. The body temperature of rats was continually monitored and maintained at 37°C. All rats were sacrificed by chloroform anesthesia.

Drug administration and experimental groups

To determine the effects of TMG on ischemic stroke-induced brain injury, rats were arbitrarily separated into six groups (n = 6 per group): the sham + normal saline (NS) group, the model + NS group, the TMG + NS group, the model + N-Benzyl-4-chloro-N-cyclohexylbenzamide (FPS-ZM1) group, the TMG + FPS-ZM1 group, and the butylphthalide (NBP) + NS group. Rats in the sham + NS group served as the control, whereas rats in the remaining groups were subjected to pMCAO. After 6 h of surgery, rats in the model + NS group were administered saline intraperitoneally and by gavage. Rats in the TMG + NS group were treated with saline intraperitoneally and 288.6 mg/kg TMG by gavage. Rats in the model + FPS-ZM1 group were administered 1 mg/kg FPS-ZM1 intraperitoneally and saline by gavage. Rats in the TMG + FPS-ZM1 group were administered 1 mg/kg FPS-ZM1 intraperitoneally and 288.6 mg/kg TMG by gavage. Rats in the NBP + NS group were treated with saline intraperitoneally and NBP by gavage. All rats were weighed daily after surgery and the weight was expressed in grams. All the tissue samples were collected after seven days of administration.

Zea Longa neurological deficit score measurement

Neurological deficit was assessed after 6 h of pMCAO surgery and every day during treatment, according to the Zea Longa neurological deficit score scale (Longa et al., 1989). It is described here with: 0, no neurologic deficit symptoms, activity is completely normal; 1, mild neurologic deficit, unable to fully extend the opposite front paw; 2, moderate neurologic deficit, turning to the opposite side when crawling; 3, severe neurologic deficit, tilt towards the opposite side when crawling; 4, loss of consciousness, inability to crawl; 5, death.

2, 3, 5-triphenyltetrazolium chloride staining

Rats were injected with 40 mg/kg sodium pentobarbital intraperitoneally, and the brains of rats were immediately removed and frozen at −20°C for 30 min. Coronal slices (2 mm) were stained with 2% 2, 3, 5-triphenyltetrazolium chloride (TTC) for 20 min at 37°C in dark. Then, sections were fixed with 4% paraformaldehyde solution for 1 h. Normal brain tissues were stained in red, and the infarct area (cerebral infarction) was unstained. The percentage of cerebral infarction was calculated as follows: area of cerebral infarction (%) = infarct area/total area of the slice × 100 (Li et al., 2015).

Hematoxylin and eosin staining

Hematoxylin and eosin (HE) staining for histopathological observation was conducted as standard histological protocol (Yu et al., 2018a). Specifically, the hippocampus tissues of rats were fixed in 4% paraformaldehyde for 24 h. Then, the tissues were dehydrated in graded concentrations of ethanol (50%, 70%, 85%, 95%, and 100%), paraffin-embedded, and sliced into 5 μm sections. After deparaffinization, the sections were stained with hematoxylin for 5 min and eosin for 2 min. Then, the sections were mounted and photographed under a light microscope (DMi8, Leica, Wetzlar, Germany).

Prussian blue staining

Paraffin-embedded hippocampus sections were de-waxed and rehydrated. Sections were then stained with a Prussian blue staining kit (Servicebio, Wuhan, China) for 15 min. After removing the excess dye, sections were further stained with hematoxylin for 30 s. Then, sections were dehydrated, made transparent, and observed under a fluorescence microscope (DMi8, Leica).

Enzyme linked immunosorbent assay

Brain tissues were isolated from rats and were homogenized using an extraction solution. The tissue homogenate was centrifuged for 10 min at 3,000 g and 4°C. The obtained supernatant was collected for Enzyme Linked Immunosorbent Assay (ELISA). Levels of AGEs, ferritin, ROS, and MDA in brain tissue supernatants were detected using ELISA (R&D Systems, Minneapolis, MN, USA).

Quantitative real-time PCR

Hippocampus tissue samples were homogenized in TRIzol reagent (Invitrogen, Carlsbad, CA). Quantitative real-time polymerase chain reaction (qRT-PCR) was performed as previously reported (Marín-Prida et al., 2013). Primer sequences used for qRT-PCR were as follows: RAGE-F: 5′-ACA GAA ACC GGT GAT GAA GGA-3′, RAGE-R 5′-TGT CGT TTT CGC CAC AGG AT-3′; β-actin-F: 5′-CAT CTG CTG GAA GGT GGA CA-3′, β-actin-R: 5′-GAG AGG GAA ATC GTG CGT GAC-3′. The relative mRNA expression of RAGE was calculated using the 2−∆∆Ct method. β-actin was used as an internal control.

Western blot assay

Total protein was extracted from the hippocampus tissues of rats using radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime, Shanghai, China, No. P0013B) and quantified using the bicinchoninic acid assay (BCA) kit (Beyotime, No. P0010S). After electrophoresis (80 V, 2 h), proteins were transferred to polyvinylidene fluoride (PVDF; Roth, Karlsruhe, Germany) membranes, followed by blocking with 5% skim milk in TBST solution for 1 h. Membranes were incubated with rabbit anti-RAGE monoclonal antibody (1:1,000, Abcam, No. ab216329), rabbit anti-JAK2 monoclonal antibody (1:1,000, Abcam, No. 108596), rabbit anti-p-JAK2 monoclonal antibody (1:1,000, Abcam, No. 32101), and mouse anti-β-actin monoclonal antibody (1:1,000, Abcam, No. 8245) at 4°C overnight, followed by incubating with corresponding secondary antibodies for 1 h. Specific protein bands were visualized using the ECL reagent (GE Healthcare, Munich, Germany). Secondary antibodies used in western blotting were goat anti-rabbit IgG (H + L) conjugated to horseradish peroxidase (HRP) (1:100, Multi Science, No. 70-GAR0072) and goat anti-mouse IgG (H + L) conjugated to HRP (1:100, Multi Science, No. 70-GAM0072).

Statistical analyses

Data in this study were presented as the mean ± standard deviation. Statistical analyses were carried out using SPSS 17.0 software (IBM Corp., Armonk, NY, USA). Differences between two groups were analyzed by Student’s t-test, while those among more than two groups were analyzed by one-way analysis of variance (ANOVA) and then by the Student-Newman-Keuls test. p < 0.05 was considered to be statistically significant.

Results

TMG improved neurological function and body weight of pMCAO rats

A rat model of ischemic stroke was established by pMCAO. As shown in Fig. 1A, the Zea Longa neurological deficit score of sham rats was 0. After surgery, the Zea Longa scores of all groups were similar. After treatments, the Zea Longa scores of the TMG + NS group, model + FPS-ZM1 group, TMG + FPS-ZM1 group, and NBP + NS group reduced on different levels (p < 0.05, Fig. 1A). FPS-ZM1 is an antagonist of the RAGE pathway and NBP is an approved drug for ischemic stroke. The administration of TMG, FPS-ZM1, or NBP led to obvious an improvement of neurological function in rats that underwent pMCAO surgery (p < 0.05, Fig. 1A). The trend of body weight change was similar to the Zea Longa neurological deficit score (Fig. 1B). pMCAO model rats showed continued body weight loss and foreleg disability and blindness compared to sham rats (p < 0.01). Treatments of TMG, FPS-ZM1 or NBP led to significant improvements in body weight and the health condition (p < 0.01, Fig. 1B).
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Figure 1: Effects of Tianmagouteng yin (TMG) on the Zea Longa neurological deficit scores (A) and body weights (B) in rats that received permanent middle cerebral artery occlusion (pMCAO). Data were expressed as mean ± standard deviation (n = 3). *p < 0.05 and **p < 0.01 vs. the sham + NS group; ##p < 0.01 vs. the model + NS group; ^^p < 0.01 vs. the model + FPS-ZM1 group.

TMG reduced infarction volume and brain injury of pMCAO rats

TCC staining was applied to reflect the infarction degree of the rat brain. As shown in Fig. 2, the lesion areas in the brains of pMCAO rats were significantly larger than those of sham rats (p < 0.01). After treatments, reduced lesion areas were found. The statistical analysis demonstrated that TMG, FPS-ZM1, or NBP treatments induced significant decreases in the lesion area (p < 0.01, Fig. 2).
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Figure 2: Tianmagouteng yin (TMG) reduced infarction volume and neuron injury of permanent middle cerebral artery occlusion (pMCAO) rats. Representative photograph of coronal brain sections stained with 2, 3, 5-triphenyltetrazolium chloride (TTC) and the quantification of cerebral infarction area in brains. Data were expressed as mean ± standard deviation (n = 3). **p < 0.01 vs. the sham + NS group; ##p < 0.01 vs. the model + NS group; ^^p < 0.01 vs. the model + FPS-ZM1 group.

TMG alleviated neuronal injury and iron deposition of pMCAO rats

HE staining was performed for histological evaluation within the hippocampus (Fig. 3A). In the sham + NS group, lots of closely arranged neurons and glial cells were observed. Reduced and unclear neurons with a lot of vacuolation were observed in the injured hippocampus induced by pMCAO (model + NS group). Treatments of TMG, FPS-ZM1 or NBP led to increased closely arranged neurons and less vacuolation (Fig. 3A). In addition, the iron accumulation and distribution in hippocampus tissues were assessed by Prussian blue staining. Significant increased Prussian blue staining spots were found in hippocampus tissues in pMCAO rats. Treatments with TMG, FPS-ZM1 or NBP reduced Prussian blue staining spots (Fig. 3B).
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Figure 3: Tianmagouteng yin (TMG) alleviated neuron injury and iron deposition of permanent middle cerebral artery occlusion (pMCAO) rats. (A) Representative photograph of hematoxylin and eosin (HE) staining hippocampus sections (n = 3). Scale bar: 20 µm. (B) Representative Prussian blue staining of hippocampus sections (n = 3). Scale bar: 50 µm.

TMG relieved AGE biosynthesis and oxidative stress of pMCAO Rats

ELISA results from the peri-infarcted brain tissue showed significantly increased AGE levels and upregulated oxidative stress (ferritin, MDA, and ROS) compared with those in the healthy tissue (p < 0.01, Fig. 4). TMG treatment significantly reduced the AGE level in pMCAO rats (p < 0.01, Fig. 4), while FPS-ZM1 and NBP did not show a significant effect. TMG, FPS-ZM1 or NBP significantly reduced the levels of ferritin, MDA, and ROS (p < 0.05), indicating strong antioxidant abilities (Fig. 4).
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Figure 4: Tianmagouteng yin (TMG) rescued the increased levels of advanced glycation end products (AGEs), ferritin, malondialdehyde (MDA), and reactive oxygen species (ROS) induced by ischemia in the peri-infarcted brain tissues. Statistical results of AGEs, Ferritin, MDA, and ROS were shown. Data were expressed as mean ± standard deviation (n = 3). *p < 0.05 and **p < 0.01 vs. the sham + NS group; #p < 0.05 and ##p < 0.01 vs. the model + NS group; ^p < 0.05 and ^^p < 0.01 vs. the model + FPS-ZM1 group.

TMG inhibited the AGE/RAGE pathway in pMCAO rats

As shown in Fig. 5A, the mRNA level of RAGE was markedly increased in pMCAO rats compared with that in sham rats (p < 0.01). Treatments with TMG, FPS-ZM1 or NBP significantly decreased the mRNA level of RAGE in pMCAO rats (p < 0.01, Fig. 5A). Western blotting demonstrated that the activity of RAGE and phosphorylation of JAK2 (p-JAK2) were significantly elevated in pMCAO rats compared with those in sham rats (p < 0.01, Fig. 5B). Treatments with TMG, FPS-ZM1 or NBP significantly decreased RAGE and p-JAK2 expression (p < 0.01, Fig. 5B).
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Figure 5: Tianmagouteng yin (TMG) inhibited the advanced glycation end products (AGE)/receptor of advanced glycation end products/(RAGE) pathway in permanent middle cerebral artery occlusion (pMCAO) rats. (A) Transcriptional level of RAGE evaluated by quantitative real-time polymerase chain reaction (qRT-PCR); (B) protein levels of RAGE and p-JAK2/JAK2 evaluated by western blot assay. Data were expressed as mean ± standard deviation (n = 3). *p < 0.05 and **p < 0.01 vs. the sham + NS group; ##p < 0.01 vs. the model + NS group; ^p < 0.05 vs. the model + FPS-ZM1 group.

Discussion

Chinese medicines have been widely applied to treat various brain diseases, and TMG, in particular, is commonly used for treating cerebral ischemia and brain-associated diseases (Xian et al., 2016). However, the therapeutic effects of TMG on ischemic stroke and the underlying mechanisms remain to be further researched. The pMCAO rat model is a reliable animal model of ischemic stroke, with a high degree of repeatability (Hua et al., 2019). Therefore, a pMCAO-induced ischemic stroke rat model was used in this study. Based on this model, the neuroprotective effect of TMG on ischemic stroke was studied. In this study, we found that TMG mitigated the pathological injury of ischemic stroke in ischemic stroke rats by blocking the AGE/RAGE axis.

Initially, significant neurological dysfunction and brain infarction were found in the pMCAO-induced ischemic stroke rats compared with those in sham rats, which were reversed by TMG treatment. Previous studies have demonstrated the neuroprotective function of the extracts of Gastrodia elata (Xiao et al., 2021) and Uncaria rhynchophylla (Deng et al., 2021), the main components of TMG in cerebral ischemia models, accounting for the above findings in the current study. Further, TMG has been revealed to effectively alleviate cerebral infarction and neurological injury in another report (Tang et al., 2021), which was consistent with our data.

Moreover, we observed elevated ferritin levels in ischemic stroke rat models compared with those in sham rats and TMG treatment abolished this increasing trend. Following cerebral hemorrhage, imbalanced iron metabolism occurs in the brain (Chen et al., 2022). The body activates the Fe-transferrin-transferrin receptor (TfR) pathway to maintain its homeostasis, facilitating the outflow of iron ions while storing them in the form of ferritin, generating high levels of oxygen radicals, ultimately inducing inflammatory responses and apoptosis (Chen et al., 2022). It has been suggested that the severity of neuronal injury following a stroke is positively related to the degree of iron accumulation in the brain (Shi et al., 2021). In line with our data, a previous study revealed iron deposition and increased ferritin level in a cerebral ischemia mice model (Hanke and Rami, 2022). Taken together, these findings indicate the beneficial effect of TGM in the regulation of iron metabolism in ischemic stroke.

Accumulating evidence shows that oxidative stress is the key mechanism in the development of ischemic stroke (Li et al., 2021, 2022). Oxidative stress is primarily induced by an imbalance between the production and consumption of ROS (Fan et al., 2022).In ischemic stroke, oxidative stress can trigger inflammation, neuronal apoptosis, excitotoxicity, and damage to the blood-brain barrier, leading to brain injury (Zhao et al., 2022a). Therefore, inhibition of oxidative stress has been a promising strategy for the treatment of ischemic stroke. MDA is a lipid peroxide product of ROS attacking protein, DNA, and polyunsaturated fatty acid. Thus, MDA is usually used as a biomarker of oxidative stress (Deng et al., 2022a).In this study, we found that TMG treatment mitigated the excessive production of MDA and ROS induced by the ischemic stroke-. Notably, studies have indicated the potent anti-oxidative stress effect of TMG (Deng et al., 2022b, Jin et al., 2022). Similar to the findings of our study, a previous investigation indicated that the water extract of TMG significantly alleviated the pathological damage of cerebral ischemia both in vitro and in vivo by inhibiting ROS-induced oxidative stress (Xian et al., 2016).

A recent study has demonstrated that the AGE/RAGE signaling pathway is the core pathway in the treatment of ischemic stroke (Wang et al., 2023). In ischemia models, increased RAGE activation triggers several intracellular signaling pathways like NF-κB, MAPK, PI3K/Akt, and JAK/STAT that lead to enhanced inflammatory response and elevated levels of oxidative stress (Ott et al., 2014; Sapkota et al., 2021). Previous studies reported that inhibition of RAGE or JAK2 could protect rat brains against permanent focal ischemia (Wang et al., 2010; Tian et al., 2019). Moreover, inhibition of the JAK2/STAT3 pathway was reported to alleviate inflammation, infarction, and neurological deficits in ischemic stroke (Tian et al., 2018). Hence, we hypothesized that TMG exerted its anti-ischemic stroke effect by inhibiting the AGE/RAGE pathway. As we predicted, we found that the AGE/RAGE/JAK2 signaling cascade was activated in the ischemic stroke rat models, which, however, was blocked by TMG treatment. To further validate our hypothesis, FPS-ZM1, a specific RAGE antagonist that blocks the association between RAGE and ligands such as AGEs (Hong et al., 2016) was used in this study. Significantly, FPS-ZM1 has been proven to exert no toxic effects when penetrating the blood-brain barrier due to its small molecular weight (MW = 327 Da) and good hydrophilicity (Deane et al., 2012). Our results showed that FPS-ZM1 strengthened the effects of TMG on ameliorating neurological dysfunction, mitigating brain infarction and neuronal injury, reducing iron deposition, and inhibiting oxidative stress. Collectively, these data suggest that TMG ameliorates the symptoms of ischemic stroke by suppressing the AGE/RAGE pathway.

This study demonstrated the potential anti-ischemic stroke activity of TMG and investigated a new pathway (AGE/RAGE pathway) behind it. This would provide a reference for follow-up research into novel drugs and deepen our insights into the pathological mechanisms of ischemic stroke. However, this study has several limitations. We investigated the efficacy of TMG in the treatment of ischemic stroke only at the rat model level and other animal models and in vitro models are required for further verification. Besides, the crosstalk between iron metabolism and oxidative stress in the pathological process of ischemic stroke remains to be further elucidated. These limitations will be addressed in our future and further studies.

Conclusion

In summary, this study showed that TMG alleviated brain injury and suppressed oxidative stress in ischemic stroke. Further, our data revealed that TMG exerted its neuroprotective effect by blocking the AGE/RAGE pathway. These findings suggest TMG can be a promising drug for ischemic stroke.
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