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Cardiovascular diseases are the most common diseases threatening the health of the elderly, and the incidence and mortality rates associated with cardiovascular diseases remain high and are increasing gradually. Studies on the treatment and prevention of cardiovascular diseases are underway. Currently, several research groups are studying the role of exosomes and biomolecules incorporated by exosomes in the prevention, diagnosis, and treatment of clinical diseases, including cardiovascular diseases. Now, based on the results of published studies, this review discusses the characteristics, separation, extraction, and identification of exosomes, specifically the role of exosomal miRNAs in atherosclerosis, myocardial injury and infarction, heart failure, aortic dissection, myocardial fibrosis, ischemic reperfusion, atrial fibrillation, and other diseases. We believe that the observations noted in this article will aid in the prevention, diagnosis, and treatment of cardiovascular diseases.
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1 INTRODUCTION
Cardiovascular diseases affect the quality of life of the affected patients and are associated with a high mortality rate. Recently, many studies have reported that the incidence and mortality rate associated with cardiovascular diseases is increasing annually and that they are the most common diseases that affect adults, in particular, middle-aged adults. The annual mortality percentage due to cardiovascular diseases has reached 30–40% (Ragusa et al., 2015), which surpasses that caused by cancer, and is expected to increase in the next decade. Therefore, treatment of cardiovascular diseases has always been the focus of clinical research. Recent studies have revealed that exosomes contribute to the physiological and pathological mechanisms of cardiovascular diseases (Wang Y. et al., 2019; Mashouri et al., 2019) by transmitting signals between cells; in particular, the exosomal miRNAs regulated the expression of various signaling pathway members. We have reviewed the role of exosomes and exosomal miRNAs in cardiovascular diseases (Zheng et al., 2021), but there was lack of relevant reports at that time. Therefore, we have reviewed the progress in the research on the role of exosomal miRNAs in the pathogenesis, diagnosis, treatment, and other aspects of cardiovascular diseases in this article.
2 OVERVIEW OF EXOSOMES
Exosomes are a subpopulation of cell-secreted extracellular vesicles; the process begins with cell membrane invagination, and exosomes are then secreted by the cell after incorporating active factors such as proteins and nucleic acid fragments. The earliest exosomes were called small extracellular vesicles, which were found by Johnstone et al. (1987) while studying reticulocytes. In 1987, they were renamed as exosomes, and in 2018, the international scientific community uniformly defined the size of the exosomes to be about 30–100 nm. Exosomes are enclosed by a relatively stable lipid bilayer, and they appear as flat cup-shaped balls under the electron microscope (Edgar, 2016; Pathan et al., 2019; Tschuschke et al., 2020). The formation of exosomes (Figure 1) includes three steps: initially, the cytoplasmic membrane is found in the early inner body, which is again formed in the advanced inner body to the inner bud, and finally secreted out of the cells. This process relies on the endosomal sorting complex required for transport (ESCRT). Most types of cells, such as smooth muscle cells, stem cells, lymphocytes, platelets, and fat cells, secrete exosomes. Exosomes contain biomolecules such as nucleic acids (mRNA, miRNA, and DNA), lipids, and proteins (heat shock proteins such as HSP60, transmembrane 4 superfamily (TM4SF), and CD63) depending on the type and state of the cells secreting them. They are extensively distributed in various body fluids, such as blood, cerebrospinal fluid, and pleural effusion, and circulate in the body, participating in the exchange of cytochemical information (Wang X. et al., 2019). The biomolecular cargo in the exosomes changes under different pathological conditions, such as hypoxia and inflammation (Vizoso et al., 2017). The lipid bilayer membrane structure of the exosome is relatively stable, protecting itself and its labile cargo of proteins and RNAs from the body fluid. In summary, exosomes have a wide range of characteristics (Wang X et al., 2018) and play important roles in the exchange of cellular information (Wei et al., 2021). As they reflect the pathophysiological state of source cells, they may be used for the prevention, diagnosis, and even treatment of cardiovascular diseases.
[image: Figure 1]FIGURE 1 | Formation of exosomes. Initially, the cytoplasmic membrane is in the early inner body, which is again formed in the advanced inner body to the inner bud and finally secreted out of the cells.
3 SEPARATION AND EXTRACTION OF EXOSOMES
The settling factors in a solution vary with substances, which determine the centrifugal speed at which they can be precipitated. Differential centrifugation is commonly used for obtaining exosomes. Centrifugal speeds of 300 × g, 2,000 × g, and 10,000 × g are used to remove cells and debris, while apoptotic bodies and large vesicles are eventually obtained at 100,000 × g; combining this with a 0.22-μm or 0.45-μm aperture filter can increase purity, if necessary, and the pellet obtained can be resuspended in phosphate-buffered saline to obtain pure exosomes (Jeppesen et al., 2014; Momen-Heravi, 2017) (Figure 2). The advantage of this method is that highly pure preparations of lipoprotein particles and proteins can be obtained at a low cost; however, the method is time-consuming. In addition, the structure of the exosomes is destroyed by the centrifugal shear. Purification of exosomes requires appropriate sample viscosity, rotor, and rotation radius (O'Brien et al., 2018). Therefore, density gradient centrifugation is now used for purifying exosomes. The density gradient is gradually increased from the top to the bottom of the centrifuge tube using a common medium such as iodixanol. The specific operation is divided into the equivalent gradient centrifugal method and rate zone centrifugal method based on the density of particles in each of the density gradient zones and the settlement rate of different particles, respectively (Doyle and Wang, 2019).
[image: Figure 2]FIGURE 2 | Separation and extraction of exosomes. Centrifugal speeds of 300 × g, 2,000 × g, and 10,000 × g are used to remove cells and debris, while apoptotic bodies and large vesicles are eventually obtained at 100,000 × g.
Polymers such as polyethylene glycol are used to form a mesh structure in the solution, which increases the binding force of the hydrophobic protein and lipid molecules and disengages them from the solution. As lectins of exosomal glycoproteins combine with sugar chains, the dispersibility and solubility of the exosomes may change, and they can be obtained via centrifugation at low speed (Ramirez et al., 2018; Wang et al., 2021). This method is simple and time-saving, and the exosomes are less damaged. However, the purity of the exosomes is low; in particular, when the exosomal fluid component is complex, the proteins present in the liquid, such as fibrinogen, and lipoprotein particles, and part of the bubble precipitate together, rendering separation challenging, which may affect the results of the study (Helwa et al., 2017). Therefore, samples are pretreated with protease K to increase the purity of exosomes (Moon et al., 2019). Nonetheless, this method is not preferred for extracting exosomes.
Ultracentrifugation and pressure ultrafiltration are time-saving and efficient methods for extracting exosomes (Figure 3). The principle is based on the size of the exosomes, and the sample is separated using a special aperture filter, which removes molecules such as proteins, while retaining the exosomes (Li et al., 2017). Low purity of the exosomes obtained is also the disadvantage of this method because substances with a diameter similar to that of the exosomes are also intercepted at the same time; in addition, the ultrafiltration efficiency may be affected if the ultrafiltration membrane is blocked or cracked (Ding et al., 2021). Therefore, the non-symmetric flow field separation method is used, in which the force field is applied in different directions, and the filtrate, flowing at different speeds, is formed at an angle with the filter membrane during the flow. This considerably reduces the chances of filter membrane blockage. In addition, a combination of different detection methods can achieve sub-selected sorting of different vesicles (Zhang and Lyden, 2019; Lin et al., 2020; Yang et al., 2020). However, improvements in the amount of time required for the procedure and yield are still required.
[image: Figure 3]FIGURE 3 | Ultrafiltration. The principle is based on the size of the exosomes, and the sample is separated using a special aperture filter, which removes molecules such as proteins, while retaining the exosomes.
Exosomes possess a special membrane protein, which can be used to extract exosomes using an immune-affinity membrane (Li et al., 2017). This method works on the principle of antigen–antibody recognition, in which the specific antigen is attached to the membrane via magnetic beads. However, this method is expensive and low-yielding and has hence not been used widely. Exosomes can be extracted using various other methods, such as chromatography, molecular sieve analysis, and the emerging microfluidic technique, each of which has its own characteristics, advantages, and disadvantages. In the clinic, we always use a combination of multiple methods to improve the efficiency and purity of the exosomes.
4 IDENTIFICATION OF EXOSOMES
After extraction, the exosomes have to be identified for downstream experiments. The identification methods vary depending on the physical and chemical properties of the exosomes (including size, morphology, concentration, and protein markers present).
We have mentioned that exosomes are cup-shaped and 30–100 nm in diameter. This feature can be used in nanoparticle tracking analysis, dynamic light scattering, and adjustable resistance pulse sensing. The exosomes in the sample move according to the principle of particle Brownian movement, as well as their size and of the surrounding medium on the exosomes (Tang et al., 2021). The advantage of this method is that it is time-saving, although the specificity is poor. Thus, proteins and exosomes of similar sizes cannot be distinguished. A transmission electron microscope or scanning electron microscope can also be used to identify the “cup” structure of the exosomes (Jung and Mun, 2018).
The most common method involves identification of specific protein markers harbored by exosomes using nano-fluorescent activated cell sorting (FACS) and Western blotting. In nano-FACS, because of fluorescent antigen–antibody reactions, exosome vesicles linked to beads can be sorted using flow cytometry. Previously, we have mentioned that exosomes harbor HSP60, TM4SF, CD63, CD9, CD81, and other specific protein markers. Thus, they can be identified by detecting the expression of specific proteins using Western blotting (Huang L. H et al., 2021). The disadvantage of this method is that it is time-consuming; however, impurities in the preparation can be avoided, and the exosomes can be identified accurately. At the same time, the concentration of the exosomes can be determined.
5 FUNCTION AND APPLICATION OF EXOSOMES
As mentioned previously, exosomes are formed as a result of cytoplasmic invagination and efflux. Previously, scientists believed that exosomes cleared cellular debris such as biomolecules that are not required by the cells. Currently, exosomes are known to regulate apoptosis and participate in immune response via the nuclear factor kappa-B (NF-κB) signaling pathway (Lindenbergh et al., 2018; Lu et al., 2018; Aghabozorgi et al., 2019; Lindenbergh et al., 2019; Li and Wang, 2021; Lindenbergh et al., 2020).
Exosomes can also mediate pathological processes, which is why they are being actively researched. Exosomes contribute to the pathogenesis of many diseases. Currently, their role in cancer is being extensively studied. Tumor-derived exosomes carry information such as nucleic acids and proteins and play important roles in the development and metastasis of tumors (Ruivo et al., 2017; Kogure et al., 2020). Exosomes were used clinically based on their functions and characteristics. First, exosomes can protect their cargo (miRNAs and proteins) (Kumar et al., 2020) because of their phospholipid bilayer structure. At the same time, they are widely distributed in the body and have long half-lives (Nam et al., 2020). In addition, exosomes are small; hence, they have strong penetration power (Szabo and Momen-Heravi, 2017) and can freely shuttle between cells and evade phagocytic effects (Figure 4). Second, the specific protein markers incorporated by the exosomes play an important role in the diagnosis of diseases. For example, Taylor and Gercel-Taylor (2008) first proposed that exosomal miRNA-21 can act as a marker of ovarian cancer and even determine the progress of the disease. The therapeutic effects of exosomes vary with their type and concentration (Beltrami et al., 2017; Chuppa et al., 2018; Powers et al., 2020).
[image: Figure 4]FIGURE 4 | Pathway and mechanism of exosomal miRNAs. In ECs, miRNA genes are transcribed into primary miRNAs (pri-miRNAs) initially and then form precursor miRNAs (pre-miRNAs) processed by the Drosha complex. Because of the exportin5 complex, the pre-miRNAs are exported into the cytoplasm. Finally, through the digestion of the Dicer complex, the pre-miRNAs become mature. Mature miRNAs are sorted into exosomes depending on the nSMase2-dependent pathway, the hnRNP pathway, etc.
As exosomes can regulate apoptosis, they can be used for therapy. The biomolecules (nucleic acid information and proteins) incorporated by the exosomes can be suppressed or promoted for treating diseases. For example, Rong et al. (2016) have shown that the inhibition of T lymphocyte proliferation can be reduced by suppressing the expression of exosomal TGF-β, thereby inhibiting tumor metastasis. In summary, the application prospects of exosomes are broad, and the application of miRNAs in cardiovascular diseases has been discussed subsequently.
6 ROLE OF EXOSOMAL MIRNAS IN CARDIOVASCULAR DISEASES
Since their discovery, various signaling molecules have been found in exosomes. In particular, exosomal miRNAs transmit information between cardiac cells via endocytosis and fusion. The exosomal miRNAs participate in transcriptional regulation and affect the occurrence and development of various diseases, especially cardiovascular diseases (Figure 5). The high incidence and mortality associated with cardiovascular diseases have boosted research on their treatment and prognosis. Many studies have reported the involvement of exosomal miRNAs in cardiovascular diseases (Table 1), such as atherosclerosis and heart failure.
[image: Figure 5]FIGURE 5 | Exosomal miRNAs which are related to cardiovascular diseases. There are various miRNAs in the exosomes, and they depend on the special pathway to affect the diseases.
TABLE 1 | Exosomal miRNAs related to cardiovascular diseases.
[image: Table 1]6.1 Role of exosomal miRNAs in atherosclerosis
Atherosclerosis is the most common and important cardiovascular disease. It is a chronic progressive inflammatory reaction with no symptoms in the early stage. With deterioration of symptoms, lipids are deposited inside the blood vessels and the vascular wall stiffens, which reduces vascular compliance, resulting in vascular wall damage (Heo and Kang, 2022). Recent studies have shown that exosomes participate in vascular calcification by enabling information exchange between cells and play an important role in vascular atherosclerosis (Zhang and Huang, 2021). In particular, the miRNAs present in exosomes are one of the main agents that regulate atherosclerosis. The main pathological process of vascular calcification involves an increase in the expression of osteogenesis-related genes (Yang et al., 2019). According to a report, miR-146a in macrophages can promote the calcification of vascular smooth muscles by inducing oxidative stress, promoting the wrap of macrophages up the vascular wall and reducing cell migration (Nguyen et al., 2018; Zhang YG. et al., 2019). The exosomes produced by bone marrow mesenchymal stem cells transfected with miR-146a lowered the expression of the gene encoding thioredoxin-interacting protein, thereby partially inhibiting calcification (Wang Y. et al., 2018). Another study showed that the exosomes harboring miR-223 were released by platelets (Lazar et al., 2021). After entering smooth muscle cells, the exosomes regulated the proliferation and migration of cells, affecting the progress of endothelial inflammation and atherosclerosis. The use of indophenol can reduce the expression of miR-223, limiting the development of atherosclerosis (Shi et al., 2020).
In addition, several reports show that exosomes influence the expression of anti-inflammatory and proinflammatory factors via the NF-κB pathway, which can affect atherosclerosis. Lu et al. (2019) found that exosomes transmit inflammatory cytokines and miRNAs to the receptor cells and activate the NF-κB pathway, which can cause endothelial inflammation and atherosclerosis. Shi et al. (2019) found that exosomes containing serum HSP27 and NF-κB were activated by the receptor, promoting the release of IL-10, thereby inhibiting atherosclerosis. Gao et al. (2016) found that the exosomes from bone marrow dendritic cells increased endothelial inflammation by mediating tumor necrosis factor (TNF-α) release via the NF-κB pathway. Exosomes harboring miR-16 and miR-21 can inhibit the NF-κB pathway, thereby inhibiting the endothelial inflammatory reaction induced by TNF-α, which can retard the progress of atherosclerosis (Li et al., 2019). Therefore, exosomal miR-146a and miR-223 may be the molecular targets for treatment of atherosclerosis, and regulation of the NF-κB pathway may be potentially used for retarding atherosclerosis.
6.2 Role of exosomal miRNAs in myocardial injury and infarction
As atherosclerosis aggravates, the coronary artery narrows, and the coronary blood flow is suddenly interrupted. As a result, the downstream blood flow is blocked and the myocardial supply and demand balance is disrupted. The inflammatory substances from the atherosclerotic plaque destroy the integrity of fiber caps. Blocking causes myocardial damage, which in turn induces cardiomyocyte apoptosis. Myocardial infarction is one of the main causes of heart remodeling and failure and is associated with high incidence and death rates (Lazar et al., 2018). Coronary angioplasty can repair the damaged myocardium after myocardial infarction to only a certain extent. Recently, many reports have shown that exosomal miRNAs can regulate the damage and apoptosis of cardiomyocytes, participating in the process of myocardial infarction and finally promoting intercellular communication between cells (Cheng et al., 2020). Thus, they play important roles in the pathophysiology of myocardial infarction and affect the diagnosis and treatment of the disease.
During acute myocardial infarction, the cardiomyocyte-derived exosomes are in an oxygen-deficient state and contain miRNAs, such as miR-17 and miR-324. Li et al. (2019) found that miR-17 can activate the PI3K/Akt and TIMP1/2→MMP9 pathways. This reduces the lesion area of myocardial infarction and enhances the cardiac response to a certain extent. At the same time, they can affect metalloprotease expression, induce the formation of capillaries, and enhance repair and tolerance to hypoxia (Hu et al., 2019; Pan et al., 2019; Sun et al., 2019). Han et al. (2020) found that miR-324 induced apoptosis and inhibited cell proliferation by regulating the expression of caspase-3 and p-P38-MAPK. In addition, by regulating the TNF-α and NF-κB signaling pathways and the protein levels of TNF-α, miR-324 can alleviate the damage caused by cardiomyocyte hypoxia (Huang S et al., 2021). Furthermore, some exosomes can improve cardiac function after cardiomyocyte infarction, while some may also increase myocardial injury after myocardial infarction (Mao et al., 2019). In mouse models of myocardial infarction, Wang et al. (2017) observed that the exosomal miR-155 derived from macrophages was significantly upregulated. The exosomal form of this miRNA inhibits fibroblast proliferation and promotes cardiac inflammatory response during myocardial infarction. In experiments where exosomal miR-155 was inhibited or knocked out, the progression of myocardial infarction was studied more deeply.
Studies have shown that exosomal miRNAs are highly related to the progression of myocardial infarction. The number of molecules incorporated by the exosomes released by cardiomyocytes varies with the changes in cell culture conditions. Currently, troponin is the commonly used index of cardiomyocyte damage; however, for acute patients, the troponin level peaks 12 h after the attack (Youn et al., 2019). In contrast, some highly specific miRNAs, such as miR-1, miR-208a, and miR-192, appear rapidly in the blood after the attack (Li et al., 2018). In particular, the expression of miR-1 decreases after myocardial infarction, while the area of myocardial infarction increases. At the same time, the level of miR-1 in the patient’s serum decreases significantly (Wang S. et al., 2019). Moreover, the levels of miR-208a change significantly 4 h after acute myocardial infarction (Vanni et al., 2017). Therefore, considering the specific expression of the exosomes after myocardial infarction, as well as their ability to repair the damaged myocardium after myocardial infarction, the prospects of using exosomes in the diagnosis, treatment, and prognosis of myocardial infarction appear promising.
6.3 Role of exosomal miRNAs in heart failure
Heart failure is a complex which is the final outcome of cardiovascular diseases, and the incidence and death rate associated with which are higher in the elderly. Despite the current treatment regimen, the 5-year survival rate is still less than 50% (Snipelisky et al., 2019). Hence, the treatment of heart failure is a global public health issue. Ventricular remodeling, which includes cardiomyocyte hypertrophy, interstitial fibrosis, and activation of the renin–angiotensin system, is the basic pathological manifestation of heart failure. The compensation performance of cardiac hypertrophy leads to cardiac blood filling and discharge. Clinical symptoms may be absent or may manifest as asthma, edema, and other obvious dysfunctions in severe cases. Several studies have shown that exosomes play an important part in the diagnosis and treatment of heart failure, especially in those without any symptoms (Xue et al., 2020). At the same time, miRNAs in the exosomes can affect the pathological process to mediate ventricular remodeling. In particular, miRNAs can modulate cell proliferation and participate in cardiomyocyte stress. In addition, they can change the local microenvironment and promote vascular regeneration and reformation of damaged myocardial tissue. Hence, exosomes and miRNAs may affect the treatment of heart failure.
Exosomes secrete many types of miRNAs, among which, miR-21 has been studied in cases of heart failure. Activation of the renin–angiotensin system is one of the mechanisms of heart failure. Angiotensin IIS is significantly upregulated, which can lead to heart failure. Changes in the level of miR-21 can inhibit myocardial hypertrophy and simultaneously delay the myocardial hypertrophy caused by angiotensin II (Cheng et al., 2022). Qiao et al. (2019) compared the matrix cells of healthy cardiac tissue with those from the cardiac tissue of patients with heart failure and found that the level of miR-21 in the healthy cardiac tissue was higher than that in the diseased tissue. miR-21 regulates the procedural cell deaths caused by apoptosis in cardiomyocytes. Further studies have confirmed that miR-21 can promote angiogenesis and cardiomyocyte survival by inhibiting the activity of phosphatase tension protein (PTEN) and enhancing the activity of the protein kinase B (PKB) in vivo (Zhu et al., 2019). Therefore, it was believed that an increase in the expression of miR-21 in patients with heart failure may indicate conduciveness to the treatment of patients with heart failure. However, we found that excessive exosomes may also promote cardiac hypertrophy (Nie et al., 2018). Therefore, the therapeutic effect of exosomes and miRNAs has to be extensively assessed via detailed experimental verification.
Methods of diagnosing heart failure are also constantly improving. Currently, the most popular biomarkers of heart failure include BNP and N-terminal proBNP (NT-proBNP), which have higher sensitivity (Rørth et al., 2020). However, the specificity of these markers is limited, and age, default state of an individual, and other diseases such as right ventricular lesions and myocardial infarction may affect interpretation based on these markers, as a result of which diagnosis of heart failure may be influenced or even delayed to some extent. Studies have shown differences in expression levels of exosomes and miRNAs in the plasma of patients with heart failure. For example, the miR-146a level increased, while miR-21, miR-425, and miR-744 levels decreased. In addition, the exosomal miRNAs in vascular endothelial fibroblasts are inhibited; hence, the expression levels of miRNAs in the circulatory system can reflect the condition of cardiac fibroblasts (Ma et al., 2018). Emanuel et al. (2016) have shown that the expression of miR-146a in the exosomes of patients with heart failure correlated well with the level of cardiac troponin I (cTn-I). Wu et al. (2018) have observed a correlation between the miR92b-5p level and cardiac atrioventricular size in echocardiography. This suggested that the level of miR92b-5p increased with a decrease in left ventricle function. Therefore, use of the combination of miRNAs and other diagnostic methods, such as echocardiography or laboratory tests, may be one of the directions in translational research on exosomes.
6.4 Role of exosomal miRNAs in aortic dissection
Aortic dissection is one of the most dangerous cardiovascular diseases. Its rapid onset, high mortality rate, and poor prognosis severely affect the quality of life of the patients. Currently, in addition to symptom-based diagnosis, diagnosis of aortic dissection relies on the inspection of the aorta computed tomography angiography, although it is time-consuming, expensive, and associated with risk of kidney damage. At the same time, because of fluctuation in blood pressure during transportation, the risk of aortic dissection or rupture increases. Therefore, a highly sensitive, specific, and time- and effort-saving diagnostic method is required.
Phenotypic transformation of vascular smooth muscle cells in the middle aortic layer and its role in the pathogenesis of aortic dissection are being investigated. In addition, how the miRNAs incorporated by exosomes affect the phenotypic transformation of vascular smooth muscle cells is being actively researched. At present, the expression of at least five miRNAs, including miR-155, has been found to be significantly reduced in patient serum. Hsa-miR-155–5p regulates the expression of target genes and those related to the smooth muscle cells via the NF-κB signaling pathway. In this way, it induces phenotypic transformation and changes cell morphology, proliferation, and migration (Choi et al., 2018). Hsa-miR-26a-5p regulates BMP/SMAD1 signaling to targeted genes via receptor activation factors and tissue growth factors (Aschacher et al., 2022). Another study found that the miR-320 series was also involved in the migration and proliferation of cells, which in turn affected the function of endothelial cells and smooth muscle cells in the aorta (Liao et al., 2018). In the presence of high shear stress, hsa-miR-320d promotes apoptosis of cells by inhibiting the proliferation and migration of smooth muscle cells and endothelial cells, thereby maintaining the tension of the blood vessel wall (Ji et al., 2019). The research found that the level of miR-146a-5p in the plasma of patients with aortic dissection was significantly higher than that in healthy blood vessels (Xue et al., 2019). Furthermore, miR-134–5p is a key regulator that controls the phenotypic conversion and migration of smooth muscle cells and simultaneously participates in the progression of aortic dissection (Wang ZF. et al., 2019). In addition, miR-223–3p derived from the platelets acts as an endocrine genetic signal that reduces the blood vessel density after it enters the endothelium and vascular smooth muscle cells (Wang H. et al., 2019; Aschacher et al., 2021). Studies have shown that TGFB2 is the target of miR-599 in smooth muscle cells, while SEMA and TWIST2 are the target genes of hsa-miR-182–5p in smooth muscle cells. They prevent intima formation by inhibiting proliferation and migration during aortic dissection, (Mimler et al., 2019; Wu et al., 2019). In addition, miR-145, which is mainly expressed in vascular smooth muscle cells, is one of the core factors regulating vascular phenotype conversion. Therefore, if exosomal miRNAs that are specifically expressed in the aortic dissection are identified, there will be a breakthrough in the diagnosis, treatment, and prevention of aortic dissection.
6.5 Role of exosomal miRNAs in myocardial fibrosis
Myocardial fibrosis involves alterations in normal tissue structure due to changes in myocardial collagen fiber dynamics, including excessive accumulation and increase in the concentration of the fiber, or changes in the fiber components. Normal cardiac fiber cells secrete the extracellular matrix that provides a stable stent structure for the heart. Myocardial cells undergo necrosis during myocardial infarction. The myocardial fibroblasts are activated to cardiac fibroblasts, which then increase fiber synthesis. Fiber synthesis results in the formation of scar tissue, which replaces the original myocardial cells. Studies have shown that the inflammatory factors activated by the death of cardiomyocytes are closely related to the necrosis of activated myocardial fibroblasts. Some exosomal miRNAs may be associated with the activity of inflammatory factors, and they may affect the activation and hyperplasia of myocardial fibroblasts (Hohn et al., 2021). Furthermore, some of the exosomal miRNAs can perform biological functions such as resistance to cardiac apoptosis and reduction in collagen production, thereby reducing myocardial fibrosis to some extent (Ferguson et al., 2018).
The level of miR-21 can affect the hypertrophic growth of cardiomyocytes. Possibly, the exosomes that contain miR-21 can reduce apoptosis of myocardial cells and endothelial cells to a certain extent, thereby reducing the activation of myocardial fibroblasts into cardiac fibroblasts. While some cardiomyocytes undergo necrosis, the exosomes expressing low levels of miR-21–5p are released, following which they relay information via the phosphatase and tensin homolog/threonine kinase 1 (PTEN/AKT) and phosphatase pathways to induce near-normal cardiomyocyte apoptosis. At the same time, cardiomyocytes are constantly activating and proliferating into cardiac fibroblasts (Frangogiannis, 2019). In addition, apoptosis of cardiomyocytes was reduced when exosomes rich in miR-21–5p were co-cultured with cardiomyocytes, and the activation and hyperplasia of myocardial fibroblasts also declined accordingly. At the same time, the content of caspase-3 in cardiomyocytes also decreased. A study found that miR-19a-3p present in exosomes derived from endothelial cells can activate the AKT and extracellular-signal-regulated kinase (ERK) pathway, which can significantly reduce myocardial fibrosis (Gollmann-Tepeköylü et al., 2020). A similar function has been observed for other exosomal miRNAs, such as miR-294, miR-24, and miR-125b-5p (Moghaddam et al., 2019). A recent study showed that scar formation and inhibition of fibrosis after injecting exosomes rich in miR-146a or miR-21 into a mouse model differed considerably from those in the control group. Therefore, the inhibitory and therapeutic effects of exosomes and miRNAs on myocardial fibrosis require more in-depth investigations.
6.6 Role of exosomal miRNAs in ischemia–reperfusion
Ischemia–reperfusion injury refers to the injury after reperfusion treatment using balloon, stent, and coronary artery bypass grafting. As a result of these procedures, certain events such as reperfusion arrhythmia, myocardial stunning, and microvascular dysfunction occur in the ischemic myocardium. These may further aggravate to myocardial injury. A large number of studies have shown that the miRNAs present in exosomes can play a positive protective role by regulating various processes, such as apoptosis, inflammation, autophagy, and oxidative stress, to reduce ischemia–reperfusion injury (Bei et al., 2017; Zhang M. et al., 2019).
The most fundamental way of improving ischemia–reperfusion injury is to reduce cardiomyocyte death and cardiac dysfunction. Hou Z. et al. (2019) found that in the hypoxia reoxygenation model, the expression of caspase-9 and protein JNK2 decreased significantly because of the upregulation of miR-342–5p. Release of lactate dehydrogenase was inhibited, which increased cell viability. At the same time, Chen et al. (2017) have shown that the level of miR-30a in the exosomes increased after ischemia–reperfusion due to induction of hypoxia-inducible factor-1α (HIF-1α), whereas the activity of autophagy-associated proteins, Atg12 and beclin-1, and cardiomyocyte death decreased accordingly.
In addition to reducing cardiomyocyte death, the inflammatory response also plays an important role in ameliorating ischemia–reperfusion injury. In the presence of ischemia–reperfusion, monocytes in peripheral blood and blood circulation gradually gathered at the damaged myocardium and transformed into M1 and M2 macrophages under the effect of differentiation promoting factors to promote inflammation or anti-inflammation (Shiraishi et al., 2016; Li et al., 2019). During the repair of myocardial injury in ischemia–reperfusion, Jia et al. (2017) found that completely inhibiting the formation of M1 macrophages was not ideal, while reducing the number of the M1 type and increasing that of M2 macrophages effectively alleviated ischemia–reperfusion injury. Hence, regulating the level of M2 macrophages is critical for reducing ischemia–reperfusion injury. At the same time, Wen et al. (2018) showed that injecting exosomes derived from stem cells highly expressing miRNA-181a into the ischemia–reperfusion animal models promoted TREG polarization of peripheral blood mononuclear cells because of reduction in c-Fos protein level. Therefore, the targeting ability of exosomes and the immunosuppressive effect of the miRNAs harbored by the exosomes can be utilized for alleviating ischemic reperfusion injury. In addition, studies have shown that miR-148a can inhibit the activation of the NLRP3 inflammasome, mainly by lowering the expression of thioredoxin and its interacting protein and intervening in the TLR4/NF-κB signal pathway.
Furthermore, studies have shown that oxidative stress also contributes to ischemia–reperfusion injury and that oxidation stress is closely related to the exosomal miRNAs. Multiple reports have shown that miR-150, miR-21, miR-126, and other exosomal miRNAs, which participate in the ischemia–reperfusion injury procession, were induced by oxidation stress (Kura et al., 2020). In summary, exosomes are important carriers of information that can be exchanged between cells because of their good biocompatibility and high stability. The miRNAs secreted from the stem cells’ exosomes can be absorbed by the cardiac cells directly and can be used for the treatment of ischemia–reperfusion injury. Thus, exosomal miRNAs will be the next generation of therapeutics in the future (Zhou H et al., 2019; He et al., 2020).
6.7 Role of exosomal miRNAs in atrial fibrillation
The onset of atrial fibrillation is closely related to changes in electrophysiology and the function of ion channels, especially the calcium and kalium channels. Mutations in genes related to the potassium ion channel and occurrence of ectopic excitatory focus contribute to atrial fibrillation (Yao et al., 2021). Furthermore, atrial fibrillation is related to the size of the atrioventricular block and the degree of fibrosis. As mentioned previously, miRNAs present in exosomes regulate myocardial fibrosis; therefore, miRNAs are also necessarily related to atrial fibrillation.
Terentyev et al. (2009) have shown that miR-1 present in the exosomes is related to the opening of the atrial muscle voltage-gated calcium and kalium. The kalium opens when miR-1 expression decreases, which may promote the occurrence of atrial fibrillation. However, when the expression of miR-1 increases, more calcium ions flow into the atrial cells and promote atrial fibrillation. Park et al. (2017) observed that exosomes expressing miR-1 can reduce myocardial systolic dysfunction caused by atrial fibrillation in experimental models. Atrial fibrillation can shorten the duration of the action potential and lead to loss of the L-type calcium ion channel and calcium ion transient amplitude, whereas the modified exosomes effectively prevented this change. Lu et al. (2010) demonstrated that miR-328 was significantly upregulated in patients with atrial fibrillation, which caused electrical remodeling by the calcium ion channel encoded by the L-type genes, CACNAIC and CACNBI, to promote atrial fibrillation. Knocking down the expression of this miRNA reduced the occurrence of atrial fibrillation. Zhao et al. (2016) found that miR-29a-3p and the CACNA1C pathway were negatively regulated. As miR-29a-3p exerts strong and direct inhibitory effects on atrial muscles, modified exosomes expressing miR-29a-3p may be used as a therapeutic for atrial fibrillation.
Using microarray analysis, Mun et al. (2019) found that the serum levels of exosomal miRNAs, such as miR-320d, miR-486–5p, miR-107, and miR-103a-3p, were significantly increased in cases of atrial fibrillation. Results of the multivariable analysis revealed an independent correlation between certain miRNAs present in exosomes and atrial fibrillation. In addition, Wang J. et al. (2019) and Liu et al. (2020) found that the expression of more than 39 miRNAs in the exosomes of patients with atrial fibrillation differed from that in healthy controls, including 21 significantly upregulated miRNAs, two of them are miR-223–5p and miR-223–3p, which are related to the heart, and the expression was verified using qPCR. At the same time, two miRNAs were significantly downregulated, namely, miR-3126–5p and miR-27b-3p. A study showed that the expression of miR-320d in cardiomyocytes of patients with atrial fibrillation increases apoptosis and inhibits cell viability via the STAT3 pathway. Transmission of miR-320d mimics via stem cells can change their effects on cardiomyocytes. Another study showed that injection of exosomes that expressed miR-27b-3p into experimental models reduced the activity of the Wnt/β-catenin pathway to control atrial fibrillation (Lv et al., 2019).
In addition, studies have revealed that exosomal miRNAs are associated with the severity of atrial fibrillation. Comparison of patients with paroxysmal atrial fibrillation, persistent atrial fibrillation, and permanent atrial fibrillation indicated that the increase and decrease in the expression of miRNAs were inconsistent. In patients with persistent atrial fibrillation, the expression of some miRNAs such as miRNA-103a, miRNA-107, miRNA-320d, and miRNA-486 increased. However, their expression in patients with paroxysmal atrial fibrillation decreased. In summary, these studies provide insights regarding the prevention, mechanism of action, and severity of atrial fibrillation, as well as its prognosis and therapy (Huang Z et al., 2021). Gradually, as more miRNAs are discovered, the potential of therapeutic intervention with exosomes as carriers will amplify.
7 ROLE OF EXOSOMAL MIRNAS IN OTHER VASCULAR DISEASES
In addition, the application of exosomal miRNA in other vascular diseases is also the international research highlights, which includes vascular Alzheimer’s disease (AD). At present, a large number of studies showed that one of the typical pathological changes of AD is the deposition of amyloid beta (Aβ). Aβ is produced during the amyloid precursor protein (APP) hydrolysis by β-secretory enzymes and γ-secretory enzymes (Yuyama and Igarashi, 2017). Research showed that the exosomal miRNAs are sensitive to the hydrolysis of Aβ. At the same time, it can penetrate blood barriers freely and directly act on the central nervous system. In AD patients, dysregulated miRNAs such as miR-101–3p and miR-106b could affect the expression of APP and other proteins. Then, they produced Aβ to aggravate the progress of AD (Iwata et al., 2014; Lin et al., 2018; Liu et al., 2014). In addition, dysregulated miR-132 and miR-212 could affect the synthesis and phosphorylation of tau protein, which affected the pathological process of AD. Smith et al. (2015) showed that miR-132 deficiency was relevant to autophagy dysfunction and long-term memory loss. After miR-132 is transferred into the neuron through exosomes, it could significantly improve memory impairment. In summary, many studies found that exosomal miRNA played an active role during the treatment of AD. In addition, exosomes and their miRNAs are stable, which could freely penetrate blood barriers and exist in the peripheral blood. They are simpler and more sensitive to the diagnosis of AD than MRI or cerebrospinal fluid markers, which have great potential in the early diagnosis and prevention of AD.
8 EXPECTATIONS
The role of exosomal miRNAs in the development of cardiovascular diseases is beginning to be understood. In future, exosomes will have extensive application prospects in the diagnosis, treatment, and prevention of cardiovascular diseases. At the same time, research on exosomes is still in the preliminary stage, and the limitations of such studies are also obvious. The complex and expensive purification technology of exosomes hinders their universal application. For certain diseases, the role of exosomal miRNAs remains a double-edged sword, which can aggravate the progress of the diseases if not properly controlled. Targeted transport of exosomal miRNAs also has to be developed. With advancements in medical development and research, we believe that exosomal miRNAs will be used for improving public health and that they will play critical roles in the prevention, diagnosis, and treatment of diseases.
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