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5.1. Association between Exosomes and Angiogenesis
Angiogenesis involves the modulation of basal lamellar matrix separation and remodeling, as well as endothelial cell proliferation, migration, and elongation, with the participation of pericytes to form new micro-vessels. Stroke induces the overexpression of matrix metalloproteases, which are important for basal matrix segregation. In addition, ischemia promotes the upregulation of integrins and angiogenic factors, including vascular endothelial growth factor (VEGF), platelet-derived growth factor, fibroblast growth factor (FGF), angiopoietin-1/-2, and Tie-2 [46]. It can activate cells and promote angiogenesis. Moreover, endothelial progenitor cells are motivated to participate in angiogenesis. Exosomes can transport therapeutic agents through membranes, thus allowing for the involvement in both autocrine and paracrine signaling via the delivery of proteins and RNAs essential for angiogenesis that occurs under ischemic conditions [47,48]. Proteins and miRNAs are key regulators, highly expressed in exosomes, that promote angiogenesis and intracellular communications, which ultimately affect growth factors and gene expression [49,50] (Figure 2).
The effect of angiogenesis has been confirmed by estimating the expression of angiogenic growth factors and the upregulation of miRNAs in an ischemic myocardial model [51,52]. Exosomes can promote angiogenesis by upregulating angiogenesis-promoting molecules and downregulating anti-angiogenic molecules [53]. Another study has suggested that exosomes can be secreted from cardiac progenitor cells, endometrial stromal cells, and human pluripotent stem cells to promote angiogenesis [54,55]. Additionally, in the mouse hindlimb ischemia model, exosomes derived from iPSC-derived mesenchymal stem cells (MSCs) induced angiogenesis by increasing the microvascular density [56]. Exosomes secreted from human adipose-derived MSCs promote angiogenesis, resulting in an increase in vessel length and the number of vascular branches (Figure 2). These studies support the use of exosomes as potential angiogenesis-promoting therapeutics following various strokes.
In hemorrhagic strokes, small arteriole ruptures occur due to vascular pathological changes. Following vascular rupture, blood vessels remain vulnerable, which represents a disadvantage in vascular pathologies, including vascular remodeling and plaque formation [57]. After blood vessel rupture, hemoglobin enters the brain and induces pathological changes such as edema, inflammation, and apoptosis, eventually leading to neurological deficits. One study confirmed the ability of exosomes extracted from endothelial progenitor cells to promote angiogenic repair and functional restoration [58].
An endothelial cell-specific miRNA, miR-126, was also recently confirmed to induce angiogenesis following intracerebral hemorrhage (ICH) [33,59]. We confirmed that miR-126 promotes angiogenesis following ICH in response to angiogenic growth factors including VEGF or fibroblast growth factor [60,61]. The overexpression of miR-126 further supports its potential angiogenic effect (Figure 2).

5.2. Association between Exosomes and Neurogenesis
Along with angiogenesis, neurogenesis is an important process in stroke recovery [62]. Various studies have shown that exosome-based therapy contributes to the transformation of neural stem cells and promotes neurogenesis [54,63]. MiR-124 is abundantly expressed in brain tissue and plays an important role in neurogenesis. Its overexpression can lead to neuronal differentiation, and it was shown to be upregulated in the ischemic region after middle cerebral artery occlusion (MCAO) [64].
Another study showed that stroke increases neurogenesis in MCAO models and increases the number of neural progenitor cells as well as neuroblasts, which have also been observed in the brain of ischemic patients.
Stroke-induced neural stem cell proliferation in the ventricular–subventricular zone (V/SVZ) cleft is associated with activated cerebral endothelial cells [65,66,67]. Newly generated neuroblasts in the V/SVZ migrate along the cerebral blood vessels to the infarct surrounding area [68]. Additionally, neurogenesis following stroke is linked to angiogenesis [69,70,71,72]. Thus, the blockade of cerebral angiogenesis damages neurogenesis in the ischemic brain.
Neuroblasts are expected to play a functional role in the brain recovery process, as the depletion of neuroblasts exacerbates the recovery process as well as the neurological outcome during stroke recovery [73]. Studies have shown that following such a phenomenon, exosomes from CSF and neural stem cells promote neural stem cell function and immune system function by regulating the intercellular pathways. CSF exosomes containing both proteins and miRNAs activate the IGF/mTORC1 pathway in neural stem cells and promote neural stem cell proliferation (Figure 2) [74].
Intranasal administration of human bone marrow mesenchymal stem cell-derived exosomes (A1-exosome) with anti-inflammatory properties for status epilepticus following hemorrhagic stroke has been shown to reduce the loss of glutamatergic and GABAergic neurons and limit the hippocampal inflammation [75,76,77]. In addition, the neuroprotective and anti-inflammatory effects were weakened in the vehicle-administered group; moreover, a persistent inflammatory response and functional deficits were present. In contrast, normal hippocampal neurogenesis and long-term maintenance of cognitive and memory functions were achieved in the nasally administered A1-exosome group (Figure 2).

5.3. Association between Exosomes and Autophagy
The autophagic process is underlined by a catabolic pathway in which long-lived proteins, damaged organelles, and misfolded proteins are degraded and recycled for the maintenance of cellular homeostasis and normal cellular function [78,79]. Autophagy plays an important homeostatic role in cell survival regulation. Accumulating evidence shows that autophagy is activated in various cell types in the brain, such as neurons and glial cells, during ischemic stroke. A basal level of autophagy is essential for proper neuronal function and allows neurons to persist. A moderate increase in autophagic activity can occur in mild conditions of ischemia, hypoxia, or nutrient deprivation. In more severe stages, such as acute ischemic stroke, it can lead to an increase in autophagic flux, resulting in autophagic cell death, thus, indicating the strong relationship between autophagy and apoptosis [80].
In a recent study, astrocyte-derived exosomes (AS-Exo) were isolated, and their effects on MCAO were confirmed by intravenous injection into mice via the tail vein. AS-Exo were shown to improve nerve damage by controlling autophagy, which was shown using TCC and TUNEL staining of mouse brain sections. The immunohistology results confirmed that AS-Exo suppressed the expression of GFAP and Iba-1 in the MCAO model, and the expression of Beclin-1, LC3-I, LC3-II, and P62 was also suppressed in the AS-Exo-administered group [81,82,83].
A different study suggested that autophagy reduction following stroke in a mouse model can be achieved via exosomal delivery of miR-25-3p from adipose-derived mesenchymal stem cells (ADMSC) to target cells [84] (Figure 2). Inhibiting autophagy completely cannot have exclusive therapeutic effects [85]. A study focusing on the HIF-1a pathway that induces either P53 or BNIP3 expression in stroke provided evidence that DMSC-EV exhibits neuroprotective effects and enhances neuronal recovery by inhibiting ischemia-induced autophagy. The inhibition of autophagy is in turn mediated by EVs delivering ADMSC-derived miR-25-3p to target cells [85], the latter interfering with the p53/BNIP3 signaling pathway. Studies have shown that these new observations of stem-cell-derived EVs may be used for the development of novel therapeutic targets and strategies for the treatment of ischemic stroke.
Inhibition or knockdown of PDE1-B significantly enhances autophagy flux, promoted M2 and suppresses the M1 phenotype in BV2 cells. EVs derived from regulated microglia are expected to modulate the survival of cortical neurons in ischemic conditions. Meanwhile, EV-miRNAs that improve ischemia-induced nerve damage through autophagy regulation have been found [86].
It has been observed that these effects are dependent on circSHOC2 of IPAS-EXO, inhibit neuronal cell death, and ameliorate neuronal injury by agonizing miR-7670-3p/SIRT1 in an in vivo model by regulating autophagy. Thus, we demonstrated that exosomes secreted from ischemic prestress astrocytes (IPAS-EXOs) co-cultured with neurons exert neuroprotection [86,87].
Oxidative stress, inflammation, and free iron accumulation after ICH onset can trigger ferroptosis and autophagy. Ferroptosis is a newly identified form of apoptosis that differs from apoptosis, necrosis, and autophagy. It can exacerbate the inflammatory response by promoting microglia activation via autophagy involving the beclin-1-Atg5 and nuclear factor-κB pathways. Following ICH, autophagy may promote brain injury in the early stages, but at the same time, it may be neuroprotective at later stages due to the removal of cellular debris [88]. In a recent study, exosomes from miR-19b-3p-modified adipose-derived stem cells (ADSCs) effectively attenuate ferroptosis following ICH [89].

5.4. Association between Exosomes and BBB
The BBB consists of endothelial cells (EC), a basement membrane, astrocyte foot processes, and pericytes [90]. This barrier plays a fundamental role in the maintenance of normal neural function, protecting the brain microenvironment from blood flow disturbances by regulating permeability based on the stringent and stable CSF environment. Strokes are associated with BBB disruption, which begins with ischemia but continues to worsen with persistent hypoperfusion. This deterioration is mainly due to a lack of nutrients but may also be due to altered structural changes. This is evidenced by the fact that even after blood flow is restored, the BBB permeability is not restored and functions below the baseline level [91]. During a hemorrhagic stroke, the BBB is damaged as soon as a hematoma appears. In other words, the cascade following BBB disruption is a gradual degradation process, and consequently, the release of different biomarkers may change over time. According to a recent study, macrophage-derived exosomes ameliorated the impaired BBB and traumatic brain injury [92].
Exosomes are the best choice because of their natural properties, such as negligible toxicity, BBB permeability, cyclic stability, production and storage advantages, ability to encapsulate endogenous bioactive molecules, strong protection against cargo spillage, and excellent transport efficacy to distant somatic cells [93].
The ability of exosomes to cross the BBB increased the interest in and research on utilizing exosomes as drug delivery systems [94,95].
Currently, the mechanism of exosome BBB crossing remains unclear [96]. However, studies examining exosome trafficking through the BBB point to the uptake by BMECs via endocytosis, followed by fusion to the BMEC endosomes and release into the brain [90]. Interactions between exosomes and BMECs in vitro demonstrate that exosomes retain their ability to cross the BBB under healthy and stroke-like conditions [90]. We confirmed that exosomes cross the BBB and are taken up by endothelial cells in a 3D BBB static model [97].
A recent study found that intravenous treatment of human neural stem-cell-derived exosomes (NSC-EV) improved both sensorimotor function and protected the integrity of the BBB as well as with matter (WM) in a preclinical thromboembolic porcine model of ischemic stroke [98].
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治療 要點�Through the Fak, ERK, and Akt signaling pathways, an OPN derivative peptide, known as arginine-glycine aspartic acid (RGD)-containing 7-amino-acid OPN peptide (OPNpt7R, or VPNGRGD), was shown to enhance the efferocytic activity and motility of microglia [70]. In addition, intranasal RGD-containing Osteopontin Heptamer Peptide was able to reduce infarct volume and improve neurological function in a rat model of MCAO. The peptide polarized microglia toward the M2 phenotype, as evidenced by the suppression of M1 markers and upregulation of M2 markers in the immunohistochemistry (IHC) study [71].

Recently, some glucose-lowering agents have been introduced as effective treatments for M2 polarization, possibly through mechanisms independent of their glucose-lowering activities. For example, rosiglitazone and pioglitazone, two thiazolidinediones (TZD) drugs, are able to induce phenotype switching in microglia via suppressing mitogen-activated protein kinase (MAPKs) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) [72], leading to a significant reduction in infarct volume and improved neurological function 
n addition to TZDs, microglia activation and M2 polarization following brain stroke could be induced by metformin, a glucose-lowering agent belonging to biguanides

extracellular vesicles loaded with miR-98 could rescue the stressed but viable neurons from phagocytosis. It has been claimed that miR-98 mediates efferocytosis and exerts its neuroprotective activity through the platelet-activating factor receptor (PAFR) [82]. Fluoxetine is a known antidepressant medication with immunomodulatory effects. It has been reported that fluoxetine decreases the production of pro-inflammatory cytokines, attenuates microglial oxidative stress, and facilitates efferocytosis [83].

Physical rehabilitation
As an important treatment strategy, physical rehabilitation has been addressed as a protective approach for stroke outcomes [16]. By activating the forkhead box O (FoxO) and SIRT1/FoxO1 signaling pathways, exercise could reduce cell death and neural loss, increase brain-derived neurotrophic factor (BDNF) production, and promote neuroplasticity and functional recovery after the stroke [189, 190]. Exercise is known to exert its therapeutic effects probably through targeting the FoxO1 protein [191]. It also mitigates ischemia-induced brain damage through upregulating Bcl-2 expression and downregulating caspase-3 and BAX expression [192, 193]. PI3K/Akt signaling, as a mediator of FoxO1, is activated after cerebral ischemia-reperfusion injury [194] and may reduce cerebral injury following focal cerebral ischemia [195,196,197].
In addition, aerobic exercise pre-conditioning (swimming or treadmill running) 3 weeks before MCAO was able to upregulate BDNF receptor, tropomyosin receptor kinase B (TrkB), as well as TNF-α and MMP-2 [198]. It could be postulated that by increasing controlled inflammatory stress during exercise pre-conditioning, some reparative pathways, such as BNDF, are activated and lead to better outcomes. In another study on a mouse model of ICH, six weeks of treadmill exercise pre-conditioning increased numbers of CD36+/Iba-1+ microglia (phagocytic microglia), reduced lesion volumes, and promoted post-stroke recovery. Similarly, the pre-conditioning strategy upregulated the plasma levels of some soluble factors, such as endostatin, insulin-like growth factor-binding protein (IGFBP)-2 and -3, MMP-9, OPN, and pentraxin-3 [199].
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7. Therapeutic Value of Exosomes in Stroke
Recombinant tissue-type plasminogen activity (alteplase), which was approved by the Food and Drug Administration (FDA, USA) in 1996, is the only drug to date that has demonstrated recovery results when administered to patients in the early stages of an ischemic stroke. Additionally, stroke treatment includes surgical operation [5]. Although endovascular thrombectomy can prolong the treatment period and reduce the risk of intracranial hemorrhage, there are limitations due to vessel distortion, arterial stenosis, and the possibility of thrombus inaccessibility [121]. Therefore, it is important to supplement the current limited stroke treatment by developing novel and effective treatments. Recently proposed treatment methods using exosomes include direct transplantation therapy, cell source delivery therapy, and the use of exosomes as drug carriers [3,84].
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Mangy underlying pathophysiological processes that lead to vascular brain injury in VD, including hypoperfusion, endothelial dysfunction, blood–brain barrier breakdown, synaptic dysfunction, inflammation, oxidative stress, hypoxia, and nerve cell injury (Hosoki et al., 2023). VD is a multifaceted neurological disorder, with its progression involving various cell types and molecular processes. These mechanisms are interconnected and together drive the onset and progression of VD (O’Brien and Thomas, 2015). EVs play roles in intercellular communication and in the diagnosis and treatment of VD. Consequently, the investigation of MSC-EVs is of significant interest. MSC-EVs not only contain abundant bioactive molecules but also function as vital mediums for information transfer between cells (Joo et al., 2023). They are believed to have a central role in VD diagnosis and treatment; for instance, MSC-EVs can deliver neuroprotective factors that encourage neuronal survival and repair, thus reducing neuronal damage and VD severity (Ma et al., 2022). Additionally, they can enhance regular communication between neurons by modulating synaptic plasticity. Moreover, MSC-EVs possess anti-inflammatory and antioxidative properties, potentially mitigating neuroinflammation and oxidative damage in VD (Harrell et al., 2021). Overall, MSC-EVs have roles in VD pathophysiology and may aid in the development of targeted treatments and neuroprotective strategies. We will delve into the pathophysiological roles of MSC-EVs in VD in the subsequent sections of this study.
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