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circular RNAs (circRNAs) are a type of non-coding RNAs that are widely present in eukaryotic cells. They have the characteristics of stable structure, high abundance, and cell or tissue specific expression. circRNAs are single-stranded RNAs that are covalently back spliced to form closed circular loops. They may participate in gene expression and regulation through a variety of action modes. circRNAs can encode proteins or function by acting as miRNA sponges for protein translation. Since 2016, a growing number of research studies have shown that circRNAs play important role in the pathogenesis of cardiovascular disease. With the construction of circRNA database, the differential expression of circRNAs in the heart tissue samples from different species and the gradual elucidation of its mode of action in disease may become an ideal diagnosis biomarker and an effective therapeutic target. What can be expected surely has a broader application prospect. In this review, we summarize recent publications on circRNA biogenesis, expression profiles, functions, and the most recent studies of circRNAs in the field of cardiovascular diseases with special emphasis on cardiac regeneration.
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INTRODUCTION

Circular RNAs (circRNAs) are single-stranded RNAs that, unlike linear RNA, form a covalently closed continuous loop without 5′ end caps or 3′ Poly (A) tails. The concept of “circular RNA” was introduced by Sanger et al. when the team found that viroids are single-stranded covalently closed circRNA molecules (1). The cytoplasmic localization of circular RNA in eukaryotic cells was discovered by Hsu et al. through the electron microscope in 1979 (2). These pilot studies established the foundation of this research field.

Transcription of circRNAs had been a mystery for many years. The circular transcription of the Sry gene was discovered in mice in the early 1990s (3). In 2012, Salzman et al. (4) discovered that circRNA is a transformed transcript produced by reverse splicing of mRNA precursor and found that it is abundantly present in different types of human cells. As the field advances rapidly, a large number of circRNAs were discovered with the utilization of high-throughput sequencing technology, and their biological functions were intensively investigated. In 2016, Hansen et al. (5) found that circular RNA can act as a sponge of microRNA (miRNA) to regulate the growth and development of cells. This study shed new light on the circRNA field. Most recently, Li et al. developed a quickly screening and discovering tool for functional circular RNAs based on the CRISPR-Cas13d system, and discovered a set of functionalities that are important for cell growth and embryonic development (6). This technology provided a new research tool to the circRNA field.

Cardiovascular diseases (CVDs) are the leading cause of mortality worldwide. Several lines of evidence showed that circRNAs play important roles in regulating cardiovascular function. Jakobi et al. were the first group to provide a comprehensive catalog of RNase R-resistant circRNA species for the adult murine heart and explored the circRNA landscape of heart tissue (7). Over the next years, studies had reported that circRNAs are involved in the regulation of the physiology and pathology of the cardiovascular system. In particular, it is noted that circRNAs are involved in the pathogenesis of CVDs, such as myocardial infarction (MI) (8–14), heart failure (15, 16) and coronary artery disease (CAD) (17–23). Some circRNAs served as potential biomarkers for the diagnosis of CVDs (24–26). These findings suggest that circRNAs may be the new target molecules for the diagnosis and treatment of CVDs. In this review, we summarize circRNA classification, biogenesis, properties, functions, and some new research progress in the field of CVDs.



CLASSIFICATION OF CIRCRNA

circRNAs can be divided into three types according to the different sources of the sequences: ecRNAs (exonic circRNAs) which are derived from single or multiple exons (4, 27), ciRNAs (circular intronic RNAs) which are derived from introns (28), EIciRNAs (exon-intron circRNAs) which are composed of exons and introns (29) and tricRNAs (tRNA intronic circRNAs) which are formed by splicing tRNA introns (30).



BIOGENESIS OF CIRCRNA

There are four primary models for the formation of circRNA loops from pre-mRNAs (Figure 1), namely lariat-driven circularization (exon skipping), intron-pairing driven circularization (direct back-splicing), circular intronic RNAs, and RNA-binding protein (RBP)-driven circularization.
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FIGURE 1. Biogenesis of circ RNAs. There are four main models for the formation of circRNA loops from pre-mRNAs including (A) lariat-driven circularization (exon skipping), (B) intron-pairing driven circularization (direct back-splicing), (C) circular intronic RNAs, and (D) RNA-binding protein (RBP)-driven circularization.


Lariat-driven circularization (exon skipping) is formed by connecting the splice site of 30 nucleotides upstream of the exon to the site of 50 nucleotides downstream (Figure 1A). This connection leads to exon-skipping and the formation of an RNA lariat consisting of several exons and introns. The introns are then removed to generate circRNAs (27, 31).

Intron-pairing driven circularization (direct back-splicing) is formed when pre-mRNA flanking introns contain inverted complementary sequences (Figure 1B). The complementary pairing on both sides of the intron can lead to alternative cyclization and then a generation of various circRNAs, including ecircRNAs and EIciRNAs (27, 32). Furthermore, longer introns can be found in the flanking sequences of circRNAs, and reverse complementary sequences in longer introns can aid the formation of circRNAs (29, 33).

Circular intronic RNAs are produced by eukaryotic spliceosome-mediated splicing (Figure 1C). The lariat intron generated from the splicing reaction evades normal debranching and degradation, and the 3′ “tail” downstream from the branchpoint is trimmed leading to the formation of a stable circRNA. Conserved motifs at both ends, including the 7-nt GU-rich element near the 5′ splice site and the 11-nt C-rich element near the branch point site, are combined to prevent introns form circular branches, which promote the formation of loop structures (28, 34).

Reverse complementary sequences, such as Alu repeats, are located in upstream and downstream introns. RBP-driven circularization is formed when certain transactivator RNA binding proteins that bind to each flanking intron trigger the splicing of the donor and acceptor sites close enough to form circRNA (Figure 1D) (32, 34–38).



FUNCTION OF CIRCRNA

Despite the rapid growth in the field, the biological functions of circRNAs in eukaryotic cells have not been fully understood. circRNAs share some common characters. First, circRNAs are widely distributed and abundantly expressed in a diverse of cells. circRNAs can be found in a large amount in the cytoplasm of eukaryotic cells derived from animals and plants (27, 39). In humans, more than 30,000 circRNAs have been discovered and are still increasing year by year (40, 41). Second, circRNAs are stable. Due to the covalently closed structure, circRNA is resistant to degradation by ribonuclease (RNase) or exonuclease and is more stable than linear RNA (42). The expression of circRNA differs according to time, tissues, or species (39, 43). circRNA profiles change at different stages of cardiac differentiation or during cardiogenic differentiation of induced pluripotent stem cells (44, 45). Moreover, circRNAs are evolutionarily conserved (43, 46). In 2016, Werfel et al. (47) reported high homology of 1288 circRNAs across humans, mice, and rats. However, many studies have also illustrated that circRNAs are species-specific (48, 49). circRNAs show different expression profiles between normal and diseased tissues (45, 47, 50). Increasing evidence suggests some circRNAs are derived from genomic loci associated with human diseases, and contribute to transcriptional, post-transcriptional, and translational regulations (51). To summarize, there are four main modes for circRNA function (Figure 2).
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FIGURE 2. Mechanisms of circRNA functions. There are five main action mechanisms of circRNAs, including (A) circRNAs can act as miRNAs sponge, (B) circRNAs can function as RBP sponges, (C) circRNAs mediated regulation of the transcription of parental genes, (D) circRNAs can be translated into proteins via some modification, and (E) circRNAs can act as dynamic scaffolding molecules that modulate protein-protein interactions.


1) circRNAs can act as competitive endogenous RNAs (ceRNAs) to regulate gene expression by microRNAs (miRNAs) sponge effects (Figure 2A). miRNAs are important post-transcriptional regulators of gene expression that act by direct base pairing to target sites within untranslated regions of messenger RNAs (mRNAs) (52, 53). circRNAs contain miRNA response elements (MREs) that promote the binding between circRNAs and miRNAs. This binding can decrease the level of functional miRNAs and increase the expression of miRNA targets (53, 54). It has been reported that circRNAs regulate cell function by acting as miRNA sponges. For example, circFOXK2 promotes cell growth, migration, invasion, and apoptosis by binding to multiple sites and functioning as a sponge for miR-942 (55). Similarly, circRNA_100876 regulates the progression of triple-negative breast cancer by functioning as a sponge for miR-136 (56). Other circRNAs, such as circSLC26A4, circRNA_0000253, and circRNA_ANKIB1 can also function as the sponge of miR-1287-5p (57), miRNA-141-5p (58), and miR-195a-5p (59), respectively. circALMS1_6 may participate in the regulation of cardiac remodeling by functioning as a sponge for miR-133 (60).

2) circRNAs can function as RBP sponges and RBPs can also participate in back-splicing (Figure 2B) (61–66). RBPs are a group of proteins involved in gene transcription and translation. circRNAs can interact with RBP and inhibit their activities (66–68). circMbl absorbs MBL proteins and regulates the subsequent physiological processes (32). circPABPN1 can bind to HuR to suppress the translation of PABPN1 mRNA (69). circANRIL competitively recruits PES1 to inhibit ribosome biogenesis (70). circFoxo3 interacts with different RBPs to participate in the processes of cardiomyocyte senescence and cell cycle progression (71). circAmotl1 can protect cardiomyocytes and promote cell proliferation and wound healing by binding to PDK1, AKT1, and STAT3 (72, 73). The studies confirm the involvement of circRNAs in post-transcriptional regulation by chelating RBP. In 2020, Okholm et al. (74) conducted an extensive screen of circRNA-RBP interactions and analyzed circRNA-RBP interactions using a large set of eCLIP data with binding sites of 150 RBPs in the ENCODE cell lines HepG2 and K562 with deep-sequenced total RNA samples. Through this study, they confirmed the interactions between circCDYL and RBPs in bladder cancer cells.

3) circRNAs mediated regulation of the transcription of parental genes (Figure 2C). For example, circβ-catenin can produce a novel 370-amino acid β-catenin isoform using the start codon as the linear β-catenin mRNA transcript and terminates translation at a new stop codon created by circularization (75). ci-ankrd52 is a circular intronic RNA that is abundant in the nucleus and has little enrichment at microRNA target sites. ci-ankrd52 can bind to the transcription sites and acts as a positive regulator of Pol II transcription (28). For the circRNAs that interact with RNA polymerase II, exons are typically circularized with introns which are ‘retained' between exons. These circRNAs are termed exon-intron circRNAs or EIciRNAs. They are mainly localized in the nucleus and interact with U1 snRNP to promote transcription of their parental genes (29).

4) circRNAs can be translated into proteins via some modification (Figure 2D). As we know, the translation is performed by ribosomes and involves initiation, elongation, termination and ribosome recycling. Base-modification N6-methyladenosine (m6A) is a common form of base modification in RNAs. It can promote efficient initiation of protein translation from circRNAs in human cells. Legnini et al. revealed that m6A-driven translation of circRNAs is widespread with hundreds of endogenous circRNAs carrying the translation potential (76). circ-ZNF609 is an example of a protein-coding circRNA in eukaryotes. It is related to heavy polysomes and can be translated into a protein in a splicing-dependent and cap-independent manner (77). circRNAs play biological functions through the formation of complexes with proteins; otherwise, a novel protein circFAM188B-103aa encoded by circFAM188B that promotes the proliferation but inhibits the differentiation of chicken SMSCs was identified (78). Moreover, artificial (79) and endogenous circRNAs containing an internal ribosome entry site (IRES) that directly recruits ribosomes (80) can also be translated into protein. Additionally, circRNA with an infinite ORF has hundred-fold higher productivity than linear transcript by rolling circle amplification in an IRES-independent manner (81).

5) circRNAs may bind, store, sort, and sequester proteins to particular subcellular locations, can and act as dynamic scaffolding molecules that modulate protein-protein interactions (Figure 2E). circRNAs can bind to RNAs and can also bind, store, sort or sequester selected proteins such as RBPs to modulate their activity or localization (82). RNA-binding protein 3 (RBM3) dynamically adjusts the proliferation of hepatocellular carcinoma cells by regulating the production of SCD-circRNA2 encoded by the 3′-UTR of the stearoyl-CoA desaturase (SCD) gene (83). Recent studies have shown that RBP quaking could also modify the formation of circRNA through forming RNA-protein complexes (RPCs) (36). In addition to interacting with RBPs, circRNAs can function as protein sponges by adsorbing one or more proteins in binding sites, thereby acting as protein scaffolding by the mediating interaction between proteins. For example, CircFOXO3 could mediate the formation of circFOXO3-p21-CDK2 ternary complex and then serve as scaffolding, affecting the cell cycle progression of cancer (84).



SEQUENCING OF CIRCRNA

RNA-seq emerges as a powerful research tool to study the expression and function of non-coding RNAs including circRNAs (85). The technology of circRNA-seq generally includes library construction, computer sequencing, data analysis and processing, and function prediction (86). Either full transcriptome or circRNA profiling may be used to sequence circRNAs. The full transcriptome profiling is aimed to explore the expression patterns of both coding and non-coding RNA. This approach is suitable for the study of the biological function of circRNA. The circRNA profiling is focused on enriched circRNAs and this approach is appropriate to discover unknown circRNAs. Technically, the main difference between the two approaches is the construction of the sequencing library. The circRNA sequencing library not only requires the removal of most rRNA and poly (A), but also requires the use of ribonuclease RNase R to remove the interference of linear RNA. It has been reported that the abundance of circRNAs decreases after de-linear RNA because some circRNAs are sensitive to RNase R mediated digestion (87, 88). It is worthy to note that the alternative splicing of circRNA requires distinguishing the source of sense and antisense chains in the sequencing results. Therefore, constructing a chain-specific library is ideal as it may improve the accuracy of circRNA sequencing (87). Thus far, more than 100,000 unique human circRNAs have been discovered (89, 90).

After obtaining the circRNA sequencing data, the prediction and identification of circRNAs were carried out based on the identification software such as find circ, CIRCexplorer2, and CIRI (91–93). Real-time fluorescence quantitative PCR (quantitative real-time PCR, qRT-PCR), Northern blot hybridization (Northern blot), in situ hybridization (In situ hybridization, ISH), RPAD (RNase R treatment, polyadenylation, and poly (A) + RNA Depletion) and other techniques are used to validate the data of circRNA sequencing (94–97).

Microarray chip is another efficient tool for circRNA analysis, and it is commonly used in clinics for disease diagnosis. Compared to RNA-seq, microarray chip analysis is different in the following aspects: (2) microarray analysis of circRNA requires a known reference sequence, while RNA-seq can be utilized to analyze unknown circRNAs; (3) microarray chip analysis can be used to quantify circRNA expression when comparing with RNA-seq (98); and (4) microarray chip analysis can efficiently detect reverse splice site sequences and obtain a larger number of circRNAs than RNA-seq (99). However, some limitations of microarray chip analysis include: (2) high total RNA input is required during sample pretreatment; and (3) unlike full transcriptome sequencing, microarray chip does not give the linear RNA data (100). If the reference sequence is unknown, many studies usually use RNA-seq to determine the full transcriptional sequence, then analyze the circRNAs by microarray.



CIRCRNA AND CVDs

With the development of deep sequencing technology, we can now understand the types and differential expression of circRNAs and their associated miRNAs in cardiovascular tissues (101–103). Many circRNAs have been reported to be associated with CVDs and their expression pattern are different between healthy and diseased human hearts (15, 19, 104, 105). Quantitative proteomics may be used to discover the regulatory networks of circRNAs in cardiovascular tissues (106). Here, we summarized recent publications on the roles of circRNAs in the development and treatment of CVDs (Table 1).


Table 1. Circular RNAs in cardiovascular disease and regeneration.
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1) Cardiac hypertrophy. Cardiac hypertrophy is the heart's response to a variety of extrinsic and intrinsic stimuli that impose increased biomechanical stress and can be caused by various cardiovascular diseases. circRNA wwp1 exerts inhibitory roles of cardiac hypertrophy via down-regulation of ANF and miR-23a in isoproterenol hydrochloride-induced cardiac hypertrophy (107). A circRNA HRCR functions as an endogenous miR-223 sponge to sequester and inhibit miR-223 activity, resulting in an increase of ARC expression and protection of the heart from pathological hypertrophy and heart failure (108). Modulation of circRNAs levels may provide a promising therapeutic target for the treatment of cardiac hypertrophy.

2) Cardiac fibrosis. Activation and phenotypical transition of cardiac fibroblasts contribute to cardiac fibrosis. It was reported that circ_BMP2K enhances the regulatory effects of miR-455-3p on its target gene SUMO1 which leads to the inhibition of TGF-β1 or Ang II to induce the activation of cardiac fibroblasts (109). circRNA_010567, circRNA_000203, and circHIPK3 were upregulated in Angiotensin-II (Ang-II)-induced activation of cardiac fibroblasts (111, 112, 114). circNFIB was downregulated in TGF-β induced activation of primary adult cardiac fibroblasts (113). Some studies showed that targeting circRNAs improve myocardial ischemic and reperfusion injuries by attenuating myocardial fibrosis. For example, circ_LAS1L is down-regulated in patients with acute myocardial infarction and regulates cardiac fibroblast activation, growth, and migration by inhibiting miR-125b/SFRP5 pathway (12). circPAN3 knockdown attenuated autophagy-mediated cardiac fibrosis after myocardial infarction via miR-221/FoxO3/ATG7 axis (110). The roles of circRNAs in cardiac fibrosis has been summarized in a recent review article (54).

3) Cardiomyocyte apoptosis. It was reported that some circRNAs may be involved in injury-induced cardiomyocyte apoptosis. For example, circRNA ITCH mediates H2O2-induced myocardial cell apoptosis by upregulating miR-17-5p via wnt/β-catenin signaling pathway (115). circSAMD4A aggravates hypoxia/reoxygenation (H/R)-induced cardiomyocyte apoptosis and inflammatory response by sponging miR-138-5p (116). MicroRNA-31-5p acts as a negative regulator of circPAN3 by directly suppressing QKI in doxorubicin-induced apoptosis of cardiomyocytes (117). circPAN3 also ameliorates myocardial ischemia and reperfusion injury by regulating miR-421/Pink1 axis-mediated suppression of autophagy (118). HECTD1 overexpression increases cell viability and decreases cell apoptosis and migration, and circDLPAG4/HECTD1 mediates ischemia/reperfusion injury in endothelial cells via ER stress (119). Down-regulation of circFndc3b was observed in mice with myocardial infarction, and overexpression of circFndc3b increases angiogenic activity and reduces cell apoptosis in cardiac endothelial cells and cardiomyocytes which led to improved left ventricular functions (8). Other studies showed that miR-133 was regulated by circMAT2B. CircMAT2B knockdown attenuates oxygen-glucose deprivation-induced injury through up-regulating miR-133 in H9c2 cells (120). circNFIX can serve as a pro-apoptosis factor in cardiomyocytes (121). The expression of circ ACAP2 is induced by myocardial infarction which leads to increased cardiomyocyte apoptosis by sponging miR-29 (109). Salidroside inhibits apoptosis and autophagy of cardiomyocytes by regulation of circular RNA hsa_circ_0000064 in cardiac ischemia-reperfusion injury (122). These data suggest that circRNAs may be the new targets for designing cardioprotective treatments against cardiomyocyte death.

4) Coronary heart disease. circRNAs are involved in the pathogenesis of atherosclerosis and coronary heart disease. It has been reported that suppression of circDHCR24 alleviates aortic smooth muscle cell proliferation and migration by targeting miR-149-5p/MMP9 axis in human aortic vascular smooth muscle cells after PDGF-BB treatment (20). Recent studies showed that the expression level of circZNF609 in peripheral blood leukocytes of patients with coronary artery disease was significantly decreased, and circZNF609 regulates the release of inflammatory cytokines such as IL-6, IL-10, and TNF-α by serving as sponges to different miRNAs that control the expression of these cytokines (19). circMAP3K5 was downregulated in patients with coronary heart disease and acted as a microRNA-22-3p sponge to promote resolution of intimal hyperplasia via TET2-mediated smooth muscle cell differentiation (23). circRNA-100338 may induce angiogenesis after myocardial ischemia-reperfusion injury by sponging miR-200a-3p in human coronary endothelial cells (17). The level of hsa_circ_0001445 in plasma was associated with the severity of coronary atherosclerosis. In vitro, hsa_circ_0001445 was downregulated in extracellular vesicles secreted by human coronary smooth muscle cells upon exposure to atherogenic conditions (22). The 3 circRNAs (hsa_circ_0016868, hsa_circ_0001364, hsa_circ_0006731) have been verified by the coronary artery segments Sanger sequencing obtained from an 81-year-old male patient with the sudden death of myocardial infarction (18). In addition, a recent study on the differential expression of circRNAs in plasma samples from patients with coronary heart disease identified 9 circRNAs that promote the expression of transient receptor potential cation channel subfamily M member 3 by inhibiting hsa-miR-130a-3p (21). These data demonstrate that circRNAs play important roles in the pathogenesis of coronary heart disease and may serve as diagnostic or therapeutic targets for coronary heart disease.

5) Heart failure. Despite the detailed roles of circRNAs in the progression of human heart failure remains elusive, recent high-throughput sequencing studies identified many circRNAs with changed expression in patients with heart failure. The top highly expressed EAT circRNAs corresponded to genes involved in cell proliferation and inflammatory responses. A recent study on circRNA expression profile in epicardial adipose tissue in patients with heart failure showed that EAT circRNAs may contribute to the pathogenesis of metabolic disorders (16). Another study showed that the upregulation of Hsa_circ_0097435 contributes to the pathogenesis of heart failure via sponging multiple microRNAs (15).

6) Cardiac regeneration and repair. Recent studies indicated that modulating circRNA activity may have great therapeutic potential for myocardial regeneration and repair. Up- or down-regulation of circRNAs and miRNAs and circRNA-miRNA coexpression had been shown to change the expression of the genes associated with myocardial ischemia and reperfusion injuries (101, 103). It has been reported that circRNAs can regulate inflammatory factors to improve myocardial ischemia and reperfusion injury. The circTLK1 exacerbates myocardial ischemia and reperfusion injury via targeting miR-214/RIPK1 through TNF signaling pathway (11). circ003593 has also been shown to confer cardioprotection through NLRP3 inflammasome myocardial infarct rats (13). circRNA CDR1as was identified in pig hearts. Elevated circRNA CDR1as in the infarction region of the pig heart is negatively associated with infarct size and positively associated with improved heart function (10). circ-0001273 can remarkably inhibit myocardial cell apoptosis and promote repair in myocardial infarction hearts (9). circCDYL was downregulated in myocardial tissues and hypoxia myocardial cells after acute myocardial infarction. circCDYL overexpression and downregulation can promote and inhibit the proliferation of cardiomyocytes in vitro, respectively. Additionally, circCDYL can promote the proliferation of cardiomyocytes through the miR-4793-5p/APP pathway (14). The downregulation of circFASTKD1 induces angiogenesis and improves cardiac function and repair after myocardial infarction (123). Hsa_circ_0007623 can bind to miR-297 and acts as a sponge of microRNA-297 which promotes cardiac repair after acute myocardial ischemia and protects cardiac function (124). circHipk3 was overexpressed in the fetal or neonatal heart of mice and functioned to promote the proliferation of cardiomyocyte and endothelial cells which leads to angiogenesis. Further study showed that circHipk3 regulates cardiac regeneration in mice post myocardial infarction by interacting with Notch1 and miR-133a (104). These findings highlight the physiological role of circRNAs in cardiac repair and indicate that modulation of circRNA may represent a potential strategy to promote cardiac function and remodeling after myocardial injuries.



FUTURE PERSPECTIVES

The studies we discussed in the paper highlight the significance of circRNAs in the pathogenesis of CVDs. circRNAs are stable and abundantly present in the circulatory system which enables them to serve as biomarkers for the diagnosis and treatment of CVDs; however, there are some critical issues to be addressed. Firstly, there is no reliable methodology for the detection of circRNAs. In terms of circRNA detection, newer, simpler, and more reliable methods will be expected to appear. This will provide convenience for us to study circRNAs, facilitate the faster output of research results, and obtain more target circRNAs with diagnostic and therapeutic significance. Secondly, some circRNA biomarkers come from small samples and populations. This makes us question the reliability and representativeness of the research results. Thirdly, the mechanism underlying circRNA functions in the cardiovascular system remain largely elusive. For the function and mechanism studies, the current research methods are limited and difficult to operate. New research protocols need to be further explored. Rapid development can be achieved only by breaking through the technological bottleneck in the field of circRNA research. Lastly, there is a lack of efficient approaches for modulating circRNA expression in the cardiovascular system. It is supposed to be that in the future there will be new and more diverse methods in modulating the overexpression and inhibition of circRNAs. This will promote the development of the mechanism underlying circRNA functions. Then the research results can be quickly used for clinical diagnosis and treatment in the field of vascular diseases.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



FUNDING

This work is supported by NIH R01 grant HL142627 and American Heart Association Grant 20TPA35490001.



REFERENCES

 1. Sanger HL Riesner D and Gross HJ Kleinschmidt AK. Viroids are single-stranded covalently closed circular RNA molecules existing as highly base-paired rod-like structures. Proc Natl Acad Sci USA. (1976) 73:3852–6. doi: 10.1073/pnas.73.11.3852 

 2. Hsu MT, Coca-Prados M. Electron microscopic evidence for the circular form of RNA in the cytoplasm of eukaryotic cells. Nature. (1979) 280:339–40. doi: 10.1038/280339a0

 3. Capel B, Nicolis AS, Hacker S, Walter M, Koopman P, Goodfellow P. Lovell-Badge R. Cell-Circular transcripts of the testis-determining gene Sry in adult mouse testis. Cell. (1993) 73:1019–30. doi: 10.1016/0092-8674(93)90279-Y

 4. Salzman J, Gawad C, Wang PL, Lacayo N, Brown PO. Circular RNAs are the predominant transcript isoform from hundreds of human genes in diverse cell types. PLoS One. (2012) 7:e30733. doi: 10.1371/journal.pone.0030733

 5. Hansen TB, Veno MT, Damgaard CK, Kjems J. Comparison of circular RNA prediction tools. Nucleic Acids Res. (2016) 44:e58. doi: 10.1093/nar/gkv1458

 6. Li S, Li X, Xue W, Zhang L, Yang LZ, Cao SM, et al. Screening for functional circular RNAs using the CRISPR-Cas13 system. Nat Methods. (2021) 18:51–59. doi: 10.1038/s41592-020-01011-4

 7. Jakobi T, Czaja-Hasse LF, Reinhardt R, Dieterich C. Profiling and validation of the circular RNA repertoire in adult murine hearts. Gen Prot Bioinform. (2016) 14:216–23. doi: 10.1016/j.gpb.2016.02.003

 8. Garikipati VNS, Verma SK, Cheng Z, Liang D, Truongcao MM, Cimini M, et al. Circular RNA CircFndc3b modulates cardiac repair after myocardial infarction via FUS/VEGF-A axis. Nat Commun. (2019) 10:4317. doi: 10.1038/s41467-019-11777-7

 9. Lei D, Wang Y, Zhang L, Wang Z. Circ_0010729 regulates hypoxia-induced cardiomyocyte injuries by activating TRAF5 via sponging miR-27a-3p. Life Sci. (2020) 262:118511. doi: 10.1016/j.lfs.2020.118511

 10. Mester-Tonczar J, Winkler J, Einzinger P, Hasimbegovic E, Kastner N, Lukovic D, et al. Association between circular RNA CDR1as and post-infarction cardiac function in pig ischemic heart failure: influence of the anti-fibrotic natural compounds bufalin and lycorine. Biomolecules. (2020) 10:1180. doi: 10.3390/biom10081180

 11. Song YF, Zhao L, Wang BC, Sun JJ, Hu JL, Zhu XL, et al. The circular RNA TLK1 exacerbates myocardial ischemia/reperfusion injury via targeting miR-214/RIPK1 through TNF signaling pathway. Free Radic Biol Med. (2020) 155:69–80. doi: 10.1016/j.freeradbiomed.2020.05.013

 12. Sun LY, Zhao JC, Ge XM, Zhang H, Wang CM, Bie ZD. Circ_LAS1L regulates cardiac fibroblast activation, growth, and migration through miR-125b/SFRP5 pathway. Cell Biochem Funct. (2020) 38:443–50. doi: 10.1002/cbf.3486

 13. Xiao Y, Oumarou DB, Wang S, Liu Y. Circular RNA involved in the protective effect of Malva sylvestris L. on myocardial ischemic/re-perfused Injury Front Pharmacol. (2020) 11:520486. doi: 10.3389/fphar.2020.520486

 14. Zhang M, Wang Z, Cheng Q, Wang Z, Lv X, Wang Z, et al. Circular RNA (circRNA) CDYL induces myocardial regeneration by ceRNA amyocardial infarction. Med Sci Monit. (2020) 26:e923188. doi: 10.12659/MSM.923188

 15. Han J, Zhang L, Hu L, Yu H, Xu F, Yang B, et al. Circular RNA-expression profiling reveals a potential role of Hsa_circ_0097435 in heart failure via sponging multiple MicroRNAs. Front Genet. (2020) 11:212. doi: 10.3389/fgene.2020.00212

 16. Zheng ML, Du XP, Zhao L, Yang XC. Expression profile of circular RNAs in epicardial adipose tissue in heart failure. Chin Med J. (2020) 133:2565–72. doi: 10.1097/CM9.0000000000001056

 17. Chang H, Wu ZB, Zhang L. Circ-100338 induces angiogenesis after myocardial ischemia-reperfusion injury by sponging miR-200a-3p. Eur Rev Med Pharmacol Sci. (2020) 24:6323–32.doi: 10.26355/eurrev_202006_21530

 18. Hou C, Gu L, Guo Y, Zhou Y, Hua L, Chen J, et al. Association between circular RNA expression content and severity of coronary atherosclerosis in human coronary artery. J Clin Lab Anal. (2020) 34:e23552. doi: 10.1002/jcla.23552

 19. Liang B, Li M, Deng Q, Wang C, Rong J, He S, et al. CircRNA ZNF609 in peripheral blood leukocytes acts as a protective factor and a potential biomarker for coronary artery disease. Ann Transl Med. (2020) 8:741. doi: 10.21037/atm-19-4728

 20. Peng W, Li T, Pi S, Huang L, Liu Y. Suppression of circular RNA circDHCR24 alleviates aortic smooth muscle cell proliferation and migration by targeting miR-149-5p/MMP9 axis. Biochem Biophys Res Commun. (2020) 529:753–9. doi: 10.1016/j.bbrc.2020.06.067

 21. Pan RY, Liu P, Zhou HT, Sun WX, Song J, Shu J, et al. Circular RNAs promote TRPM3 expression by inhibiting hsa-miR-130a-3p in coronary artery disease patients. Oncotarget. (2020) 8:60280–90. doi: 10.18632/oncotarget.19941

 22. Vilades D, Martinez-Camblor P, Ferrero-Gregori A, Bar C, Lu D, Xiao K, et al. Plasma circular RNA hsa_circ_0001445 and coronary artery disease: performance as a biomarker. FASEB J. (2020) 34:4403–14. doi: 10.1096/fj.201902507R

 23. Zeng Z, Xia L, Fan S, Zheng J, Qin J, Fan X, et al. Circular RNA CircMAP3K5 acts as a MicroRNA-22-3p sponge to promote resolution of intimal hyperplasia via TET2-mediated smooth muscle cell differentiation. Circulation. (2021) 143:354–71. doi: 10.1161/CIRCULATIONAHA.120.049715

 24. Vausort M, Salgado-Somoza A, Zhang L, Leszek P, Scholz M, Teren A, et al. Myocardial infarction-associated circular RNA predicting left ventricular dysfunction. J Am Coll Cardiol. (2016) 68:1247–8. doi: 10.1016/j.jacc.2016.06.040

 25. Zhao Z, Li X, Gao C, Jian D, Hao P, Rao L, et al. Peripheral blood circular RNA hsa_circ_0124644 can be used as a diagnostic biomarker of coronary artery disease. Sci Rep. (2017) 7:39918. doi: 10.1038/srep39918

 26. Zhang J, Xu Y, Xu S, Liu Y, Yu L, Li Z, et al. Plasma circular RNAs, Hsa_circRNA_025016, predict postoperative atrial fibrillation after isolated off-pump coronary artery bypass grafting. J Am Heart Assoc. (2018) 7:6642. doi: 10.1161/JAHA.117.006642

 27. Jeck WR, Sorrentino JA, Wang K, Slevin MK, Burd CE, Liu J, et al. Circular RNAs are abundant, conserved, and associated with ALU repeats. RNA. (2013) 19:141–157. doi: 10.1261/rna.035667.112

 28. Zhang Y, Zhang XO, Chen T, Xiang JF, Yin QF, Xing YH, et al. Circular intronic long noncoding RNAs. Mol Cell. (2013) 51:792–806. doi: 10.1016/j.molcel.2013.08.017

 29. Li Z, Huang C, Bao C, Chen L, Lin M, Wang X, et al. Exon-intron circular RNAs regulate transcription in the nucleus. Nat Struct Mol Biol. (2015) 22:256–64. doi: 10.1038/nsmb.2959

 30. Schmidt CA, Matera AG. tRNA introns: presence, processing, and purpose. Wiley Interdiscip Rev RNA. (2020) 11:e1583. doi: 10.1002/wrna.1583

 31. Zhang XO, Wang HB, Zhang Y, Lu X, Chen LL, Yang L. Complementary sequence-mediated exon circularization. Cell. (2014) 159:134–47. doi: 10.1016/j.cell.2014.09.001

 32. Ashwal-Fluss R, Meyer M, Pamudurti NR, Ivanov A, Bartok O, Hanan M, et al. circRNA biogenesis competes with pre-mRNA splicing. Mol Cell. (2014) 56:55–66. doi: 10.1016/j.molcel.2014.08.019

 33. Petkovic S, Muller S. RNA circularization strategies in vivo and in vitro. Nucleic Acids Res. (2015) 43:2454–65. doi: 10.1093/nar/gkv045

 34. Shi Y, He R, Yang Y, He Y, Shao K, Zhan L, et al. Circular RNAs: Novel biomarkers for cervical, ovarian and endometrial cancer. Oncol Rep. (2020) 44:1787–98. doi: 10.3892/or.2020.7780

 35. Bachmayr-Heyda A, Reiner AT, Auer K, Sukhbaatar N, Aust S, Bachleitner-Hofmann T, et al. Correlation of circular RNA abundance with proliferation–exemplified with colorectal and ovarian cancer, idiopathic lung fibrosis, and normal human tissues. Sci Rep. (2015) 5:8057. doi: 10.1038/srep08057

 36. Conn SJ, Pillman KA, Toubia J, Conn VM, Salmanidis M, Phillips CA, et al. The RNA binding protein quaking regulates formation of circRNAs. Cell. (2015) 160:1125–1134. doi: 10.1016/j.cell.2015.02.014

 37. Kramer MC, Liang D, Tatomer DC, Gold B, March ZM, Cherry S, et al. Combinatorial control of Drosophila circular RNA expression by intronic repeats, hnRNPs, SR proteins. Genes Dev. (2015) 29:2168–82. doi: 10.1101/gad.270421.115

 38. Li X, Liu CX, Xue W, Zhang Y, Jiang S, Yin QF, et al. Coordinated circRNA biogenesis and function with NF90/NF110 in viral infection. Mol Cell. (2017) 67:214–27 e217. doi: 10.1016/j.molcel.2017.05.023

 39. Salzman J, Chen RE, Olsen MN, Wang PL, Brown PO. Cell-type specific features of circular RNA expression. PLoS Genet. (2013) 9:e1003777. doi: 10.1371/annotation/f782282b-eefa-4c8d-985c-b1484e845855

 40. Xu T, Wu J, Han P, Zhao Z, Song X. Circular RNA expression profiles and features in human tissues: a study using RNA-seq data. BMC Genomics. (2017) 18:680. doi: 10.1186/s12864-017-4029-3

 41. Zeng X, Lin W, Guo M, Zou Q. A comprehensive overview and evaluation of circular RNA detection tools. PLoS Comput Biol. (2017) 13:e1005420. doi: 10.1371/journal.pcbi.1005420

 42. Li XF, Lytton J. A circularized sodium-calcium exchanger exon 2 transcript. J Biol Chem. (1999) 274:8153–60. doi: 10.1074/jbc.274.12.8153

 43. Memczak S, Jens M, Elefsinioti A, Torti F, Krueger J, Rybak A, et al. Circular RNAs are a large class of animal RNAs with regulatory potency. Nature. (2013) 495:333–8. doi: 10.1038/nature11928

 44. Li Y, Zhang J, Huo C, Ding N, Li J, Xiao J, et al. Dynamic Organization of lncRNA and circular RNA regulators collectively controlled cardiac differentiation in humans. EBioMedicine. (2017) 24:137–46. doi: 10.1016/j.ebiom.2017.09.015

 45. Siede D, Rapti K, Gorska AA, Katus HA, Altmuller J, Boeckel JN, et al. Identification of circular RNAs with host gene-independent expression in human model systems for cardiac differentiation and disease. J Mol Cell Cardiol. (2017) 109:48–56. doi: 10.1016/j.yjmcc.2017.06.015

 46. Guo JU, Agarwal V, Guo H, Bartel DP. Expanded identification and characterization of mammalian circular RNAs. Genome Biol. (2014) 15:409. doi: 10.1186/s13059-014-0409-z

 47. Werfel S, Nothjunge S, Schwarzmayr T, Strom TM, Meitinger T, Engelhardt S. Characterization of circular RNAs in human, mouse and rat hearts. J Mol Cell Cardiol. (2016) 98:103–7. doi: 10.1016/j.yjmcc.2016.07.007

 48. Aufiero S, Reckman YJ, Pinto YM, Creemers EE. Circular RNAs open a new chapter in cardiovascular biology. Nat Rev Cardiol. (2019) 16:503–14. doi: 10.1038/s41569-019-0185-2

 49. Lim TB, Lavenniah A, Foo RS. Circles in the heart and cardiovascular system. Cardiovasc Res. (2020) 116:269–78. doi: 10.1093/cvr/cvz227

 50. Gupta SK, Garg A, Bar C, Chatterjee S, Foinquinos A, Milting H, et al. Quaking inhibits doxorubicin-mediated cardiotoxicity through regulation of cardiac circular RNA expression. Circ Res. (2018) 122:246–54. doi: 10.1161/C.I.R.C.R.E.S.A.H.A.117.311335

 51. Dong R, Zhang XO, Zhang Y, Ma XK, Chen LL, Yang L. CircRNA-derived pseudogenes. Cell Res. (2016) 26:747–50. doi: 10.1038/cr.2016.42

 52. Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell. (2009) 136:215–33. doi: 10.1016/j.cell.2009.01.002

 53. Hansen TB, Jensen TI, Clausen BH, Bramsen JB, Finsen B, Damgaard CK, et al. Natural RNA circles function as efficient microRNA sponges. Nature. (2013) 495:384–8. doi: 10.1038/nature11993

 54. Zhang L, Zhang Y, Wang Y, Zhao Y, Ding H, Li P. Circular RNAs: functions and clinical significance in cardiovascular disease. Front Cell Dev Biol. (2020) 8:584051. doi: 10.3389/fcell.2020.584051

 55. Wong CH, Lou UK, Li Y, Chan SL, Tong JH, To KF, et al. CircFOXK2 promotes growth and metastasis of pancreatic ductal adenocarcinoma by complexing with RNA-binding proteins and sponging MiR-942. Cancer Res. (2020) 80:2138–49. doi: 10.1158/0008-5472.CAN-19-3268

 56. Yu X, Xiao W, Song H, Jin Y, Xu J, Liu X. CircRNA_100876 sponges miR-136 to promote proliferation and metastasis of gastric cancer by upregulating MIEN1 expression. Gene. (2020) 748:144678. doi: 10.1016/j.gene.2020.144678

 57. Ji F, Du R, Chen T, Zhang M, Zhu Y, Luo X, et al. Circular RNA circSLC26A4 accelerates cervical cancer progression via miR-1287-5p/HOXA7 axis. Mol Ther Nucleic Acids. (2020) 19:413–20. doi: 10.1016/j.omtn.2019.11.032

 58. Song J, Chen ZH, Zheng CJ, Song KH, Xu GY, Xu S, et al. Exosome-Transported circRNA_0000253 competitively adsorbs MicroRNA-141-5p and increases IDD. Mol Ther Nucleic Acids. (2020) 21:1087–99. doi: 10.1016/j.omtn.2020.07.039

 59. Li C, Mu J, Shi Y, Xin H. LncRNA CCDC26 interacts with CELF2 protein to enhance myeloid leukemia cell proliferation and invasion via the circRNA_ANKIB1/miR-195-5p/PRR11 axis. Cell Transplant. (2021) 30: 80. doi: 10.1177/0963689720986080

 60. Dong K, He X, Su H, Fulton DJR, Zhou J. Genomic analysis of circular RNAs in heart. BMC Med Genomics. (2020) 13:167. doi: 10.1186/s12920-020-00817-7

 61. Pan X, Shen HB. RNA-protein binding motifs mining with a new hybrid deep learning based cross-domain knowledge integration approach. BMC Bioinform. (2017) 18:136. doi: 10.1186/s12859-017-1561-8

 62. Pan X, Rijnbeek P, Yan J, Shen HB. Prediction of RNA-protein sequence and structure binding preferences using deep convolutional and recurrent neural networks. BMC Gen. (2018) 19:511. doi: 10.1186/s12864-018-4889-1

 63. Pan X, Shen HB. Predicting RNA-protein binding sites and motifs through combining local and global deep convolutional neural networks. Bioinformatics. (2018) 34:3427–36. doi: 10.1093/bioinformatics/bty364

 64. Wang Z, Lei X, Wu FX. Identifying cancer-specific circRNA-RBP binding sites based on deep learning. Molecules. (2019) 24:35. doi: 10.3390/molecules24224035

 65. Bhuyan R, Bagchi A. Prediction of the differentially expressed circRNAs to decipher their roles in the onset of human colorectal cancers. Gene. (2020) 762:145035. doi: 10.1016/j.gene.2020.145035

 66. Wawrzyniak O, Zarebska Z, Kuczynski K, Gotz-Wieckowska A, Rolle K. Protein-related circular RNAs in human pathologies. Cells. (2020) 9:1841. doi: 10.3390/cells9081841

 67. Tang Q, Hann SS. Biological roles and mechanisms of circular RNA in human cancers. Onco Targets Ther. (2020) 13:2067–92. doi: 10.2147/OTT.S233672

 68. Zang J, Lu D, Xu A. The interaction of circRNAs and RNA binding proteins: An important part of circRNA maintenance and function. J Neurosci Res. (2020) 98:87–97. doi: 10.1002/jnr.24356

 69. Abdelmohsen K, Panda AC, Munk R, Grammatikakis I, Dudekula DB, De S, et al. Identification of HuR target circular RNAs uncovers suppression of PABPN1 translation by CircPABPN1. RNA Biol. (2017) 14:361–9. doi: 10.1080/15476286.2017.1279788

 70. Holdt LM, Stahringer A, Sass K, Pichler G, Kulak NA, Wilfert W, et al. Circular non-coding RNA ANRIL modulates ribosomal RNA maturation and atherosclerosis in humans. Nat Commun. (2016) 7:12429. doi: 10.1038/ncomms12429

 71. Du WW, Yang W, Chen Y, Wu ZK, Foster FS, Yang Z, et al. Foxo3 circular RNA promotes cardiac senescence by modulating multiple factors associated with stress and senescence responses. Eur Heart J. (2017) 38:1402–12. doi: 10.1093/eurheartj/ehw001

 72. Yang ZG, Awan FM, Du WW, Zeng Y, Lyu J, Wu .upta S, et al. The circular RNA interacts with STAT3, increasing its nuclear translocation and wound repair by modulating Dnmt3a and miR-17 function. Mol Ther. (2017) 25:2062–74. doi: 10.1016/j.ymthe.2017.05.022

 73. Zeng Y, Du WW, Wu Y, Yang Z, Awan FM, Li X, et al. A circular RNA binds to and activates AKT phosphorylation and nuclear localization reducing apoptosis and enhancing cardiac repair. Theranostics. (2017) 7:3842–55. doi: 10.7150/thno.19764

 74. Okholm TLH, Sathe S, Park SS, Kamstrup AB, Rasmussen AM, Shankar A, et al. Transcriptome-wide profiles of circular RNA and RNA-binding protein interactions reveal effects on circular RNA biogenesis and cancer pathway expression. Genome Med. (2020) 12:112. doi: 10.1186/s13073-020-00812-8

 75. Kalyana-Sundaram S, Kumar-Sinha C, Shankar S, Robinson DR, Wu YM, Cao X, et al. Expressed pseudogenes in the transcriptional landscape of human cancers. Cell. (2012) 149:1622–34. doi: 10.1016/j.cell.2012.04.041

 76. Yang Y, Fan X, Mao M, Song X, Wu P, Zhang Y, et al. Extensive translation of circular RNAs driven by N(6)-methyladenosine. Cell Res. (2017) 27:626–41. doi: 10.1038/cr.2017.31

 77. Legnini I, Di Timoteo G, Rossi F, Morlando M, Briganti F, Sthandier O, et al. Circ-ZNF609 is a circular RNA that can be translated and functions in myogenesis. Mol Cell. (2017) 66:22–37 e29. doi: 10.1016/j.molcel.2017.02.017

 78. Yin H, Shen X, Zhao J, Cao X, He H, Han S, et al. Circular RNA circfam188b encodes a protein that regulates proliferation and differentiation of chicken skeletal muscle satellite cells. Front Cell Dev Biol. (2020) 8:522588. doi: 10.3389/fcell.2020.522588

 79. Cy C, Sarnow P. Initiation of protein synthesis by the eukaryotic translational apparatus on circular RNAs. Science. (1995) 268:415–7. doi: 10.1126/science.7536344

 80. Macejak GD, Sarnow P. Internal initiation of translation mediated by the 5′ leader of a cellular mRNA. Nature. (1991) 353:90–4. doi: 10.1038/353090a0

 81. Abe N, Hiroshima M, Maruyama H, Nakashima Y, Nakano Y, Matsuda A, et al. Rolling circle amplification in a prokaryotic translation system using small circular RNA. Angew Chem Int Ed Engl. (2013) 52:7004–8. doi: 10.1002/anie.201302044

 82. Hentze MW, Preiss T. Circular RNAs: splicing's enigma variations. EMBO J. (2013) 32:923–5. doi: 10.1038/emboj.2013.53

 83. Dong W, Dai ZH, Liu FC, Guo XG, Ge CM, Ding J, et al. The RNA-binding protein RBM3 promotes cell proliferation in hepatocellular carcinoma by regulating circular RNA SCD-circRNA 2 production. EBioMed. (2019) 45:155–67. doi: 10.1016/j.ebiom.2019.06.030

 84. Du WW, Yang W, Liu E, Yang Z, Dhaliwal P, Yang BB. Foxo3 circular RNA retards cell cycle progression via forming ternary complexes with p21 and CDK2. Nucleic Acids Res. (2016) 44:2846–58. doi: 10.1093/nar/gkw027

 85. Van Dijk EL, Auger H, Jaszczyszyn Y, Thermes C. Ten years of next-generation sequencing technology. Trends Genet. (2014) 30:418–26. doi: 10.1016/j.tig.2014.07.001

 86. Wang J, Ren Q, Hua L, Chen J, Zhang J, Bai H, et al. Comprehensive analysis of differentially expressed mRNA, lncRNA and circRNA and their ceRNA networks in the longissimus dorsi muscle of two different pig breeds. Int J Mol Sci. (2019) 20:1107. doi: 10.3390/ijms20051107

 87. Zhang XO, Dong R, Zhang Y, Zhang JL, Luo Z, Zhang J, et al. Diverse alternative back-splicing and alternative splicing landscape of circular RNAs. Genome Res. (2016) 26:1277–87. doi: 10.1101/gr.202895.115

 88. Dahl M, Daugaard I, Andersen MS, Hansen TB, Gronbaek K, Kjems J, et al. Enzyme-free digital counting of endogenous circular RNA molecules in B-cell malignancies. Lab Invest. (2018) 98:1657–69. doi: 10.1038/s41374-018-0108-6

 89. Glazar P, Papavasileiou P, Rajewsky N. circBase: a database for circular RNAs. RNA. (2014) 20:1666–70. doi: 10.1261/rna.043687.113

 90. Vo JN, Cieslik M, Zhang Y, Shukla S, Xiao L, Zhang Y, et al. The landscape of circular RNA in cancer. Cell. (2019) 176:869–81 e813. doi: 10.1016/j.cell.2018.12.021

 91. Sekar S, Cuyugan L, Adkins J, Geiger P, Liang WS. Circular RNA expression and regulatory network prediction in posterior cingulate astrocytes in elderly subjects. BMC Genomics. (2018) 19:340. doi: 10.1186/s12864-018-4670-5

 92. Sekar S, Geiger P, Cuyugan L, Boyle A, Serrano G, Beach TG, et al. Identification of circular RNAs using RNA sequencing. J Vis Exp. (2019). doi: 10.3791/59981

 93. Zhang QL, Ji XY, Li HW, Guo J, Wang F, Deng XY, et al. Identification of circular RNAs and their altered expression under poly(I:C) challenge in key antiviral immune pathways in amphioxus. Fish Shellfish Immunol. (2019) 86:1053–7. doi: 10.1016/j.fsi.2018.12.061

 94. Panda AC, De S, Grammatikakis I, Munk R, Yang X, Piao Y, et al. High-purity circular RNA isolation method (RPAD) reveals vast collection of intronic circRNAs. Nucleic Acids Res. (2017) 45:e116. doi: 10.1093/nar/gkx297

 95. Chuang TJ, Chen YJ, Chen CY, Mai TL, Wang YD, Yeh CS, et al. Integrative transcriptome sequencing reveals extensive alternative trans-splicing and cis-backsplicing in human cells. Nucleic Acids Res. (2018) 46:3671–91. doi: 10.1093/nar/gky032

 96. Yang Y, Gao X, Zhang M, Yan S, Sun C, Xiao F, et al. Novel role of FBXW7 circular RNA in repressing glioma tumorigenesis. J Natl Cancer Inst. (2018) 110:166. doi: 10.1093/jnci/djx166

 97. Wang L, Long H, Zheng Q, Bo X, Xiao X, Li B. Circular RNA circRHOT1 promotes hepatocellular carcinoma progression by initiation of NR2F6 expression. Mol Cancer. (2019) 18:119. doi: 10.1186/s12943-019-1046-7

 98. Labaj PP, Leparc GG, Linggi BE, Markillie LM, Wiley HS, Kreil DP. Characterization and improvement of RNA-Seq precision in quantitative transcript expression profiling. Bioinformatics. (2011) 27:i383–91. doi: 10.1093/bioinformatics/btr247

 99. Li S, Teng S, Xu J, Su G, Zhang Y, Zhao J, et al. Microarray is an efficient tool for circRNA profiling. Brief Bioinform. (2019) 20:1420–33. doi: 10.1093/bib/bby006

 100. López-Jiménez E, Ana R, Andrés-León E. RNA sequencing and prediction tools for circular RNAs analysis. Adv Exp Med Biol. (2018) 1087:17–33. doi: 10.1007/978-981-13-1426-1_2

 101. Lin F, Yang Y, Guo Q, Xie M, Sun S, Wang X, et al. Analysis of the molecular mechanism of acute coronary syndrome based on circRNA-miRNA network regulation. Evid Based Complement Alternat Med. (2020) 2020:1584052. doi: 10.1155/2020/1584052

 102. Liu T, Zhang G, Wang Y, Rao M, Zhang Y, Guo A, et al. Identification of Circular RNA-MicroRNA-Messenger RNA regulatory network in atrial fibrillation by integrated analysis. Biomed Res Int. (2020) 2020:8037273. doi: 10.1155/2020/8037273

 103. Sun Z, Yu T, Jiao Y, He D, Wu J, Duan W, et al. Expression profiles and ontology analysis of circular RNAs in a mouse model of myocardial ischemia/reperfusion injury. Biomed Res Int. (2020) 2020:2346369. doi: 10.1155/2020/2346369

 104. Si X, Zheng H, Wei G, Li M, Li W, Wang H, et al. circRNA Hipk3 induces cardiac regeneration after myocardial infarction in mice by binding to Notch1 and miR-133a. Mol Ther Nucleic Acids. (2020) 21:636–55. doi: 10.1016/j.omtn.2020.06.024

 105. Sun JY, Shi Y, Cai XY, Liu J. Potential diagnostic and therapeutic value of circular RNAs in cardiovascular diseases. Cell Signal. (2020) 71:109604. doi: 10.1016/j.cellsig.2020.109604

 106. Chen JX, Hua L, Zhao CH, Jia QW, Zhang J, Yuan JX, et al. Quantitative proteomics reveals the regulatory networks of circular RNA BTBD7_hsa_circ_0000563 in human coronary artery. J Clin Lab Anal. (2020) 34:e23495. doi: 10.1002/jcla.23495

 107. Ming-Hui Yang HW, Sheng-Na Han, Xin J.ia, Si hang, Fei-Fei D., ai Meng-Jiao Z, hou Zhongnan, et al. Circular RNA expression in isoproterenol hydrochloride-induced cardiac hypertrophy. Aging. (2020) 12:2530–44. doi: 10.18632/aging.102761

 108. Wang K, Long B, Liu F, Wang JX, Liu CY, Zhao B, et al. A circular RNA protects the heart from pathological hypertrophy and heart failure by targeting miR-223. Eur Heart J. (2016) 37:2602–11. doi: 10.1093/eurheartj/ehv713

 109. Liu X, Wang M, Li Q, Liu W, Jiang H. CircRNA ACAP2 Induces Myocardial Apoptosis After Myocardial Infarction by Sponging miR-29. Minerva Medica. (2020).

 110. Li F, Long TY, Bi SS, Sheikh SA, Zhang CL. circPAN3 exerts a profibrotic role via sponging miR-221 through FoxO3/ATG7-activated autophagy in a rat model of myocardial infarction. Life Sci. (2020) 257:118015. doi: 10.1016/j.lfs.2020.118015

 111. Zhou B, Yu JW. A novel identified circular RNA. circRNA_010567, promotes myocardial fibrosis via suppressing miR-141 by targeting TGF-beta1. Biochem Biophys Res Commun. (2017) 487:769–75. doi: 10.1016/j.bbrc.2017.04.044

 112. Tang CM, Zhang M, Huang L, Hu ZQ, Zhu JN, Xiao Z, et al. CircRNA_000203 enhances the expression of fibrosis-associated genes by derepressing targets of miR-26b-5p, Col1a2 and CTGF, in cardiac fibroblasts. Sci Rep. (2017) 7:40342. doi: 10.1038/srep40342

 113. Zhu Y, Pan W, Yang T, Meng X, Jiang Z, Tao L, et al. Upregulation of circular RNA CircNFIB attenuates cardiac fibrosis by sponging miR-433. Front Genet. (2019) 10:564. doi: 10.3389/fgene.2019.00564

 114. Ni H, Li W, Zhuge Y, Xu S, Wang Y, Chen Y, et al. Inhibition of circHIPK3 prevents angiotensin II-induced cardiac fibrosis by sponging miR-29b-3p. Int J Cardiol. (2019) 292:188–96. doi: 10.1016/j.ijcard.2019.04.006

 115. Zhang N, Wang X. Circular RNA ITCH mediates H2O2-induced myocardial cell apoptosis by targeting miR-17-5p via wnt/beta-catenin signalling pathway. Int J Exp Pathol. (2020) 102:22–31. doi: 10.1111/iep.12367

 116. Hu X, Ma R, Cao J, Du X, Cai X, Fan Y. CircSAMD4A aggravates H/R-induced cardiomyocyte apoptosis and inflammatory response by sponging miR-138-5p. J Cell Mol Med. (2020). doi: 10.1111/jcmm.16093

 117. Ji X, Ding W, Xu T, Zheng X, Zhang J, Liu M, et al. MicroRNA-31-5p attenuates doxorubicin-induced cardiotoxicity via quaking and circular RNA Pan3. J Mol Cell Cardiol. (2020) 140:56–67. doi: 10.1016/j.yjmcc.2020.02.009

 118. Zhang CL, Long TY, Bi SS, Sheikh SA, Li F. CircPAN3 ameliorates myocardial ischaemia/reperfusion injury by targeting miR-421/Pink1 axis-mediated autophagy suppression. Lab Invest. (2021) 101:89–103. doi: 10.1038/s41374-020-00483-4

 119. Chen L, Luo W, Zhang W, Chu H, Wang J, Dai X, et al. circDLPAG4/HECTD1 mediates ischaemia/reperfusion injury in endothelial cells via ER stress. RNA Biol. (2020) 17:240–53. doi: 10.1080/15476286.2019.1676114

 120. Zhu Y, Zou C, Jia Y, Zhang H, Ma X, Zhang J. Knockdown of circular RNA circMAT2B reduces oxygen-glucose deprivation-induced inflammatory injury in H9c2 cells through up-regulating miR-133. Cell Cycle. (2020) 19:2622–30. doi: 10.1080/15384101.2020.1814025

 121. Cui X, Dong Y, Li M, Wang X, Jiang M, Yang W, et al. A circular RNA from NFIX facilitates oxidative stress-induced H9c2 cells apoptosis. In Vitro Cell Dev Biol Anim. (2020) 56:715–22. doi: 10.1007/s11626-020-00476-z

 122. Jin P, Li LH, Shi Y, Hu NB. Salidroside inhibits apoptosis and autophagy of cardiomyocyte by regulation of circular RNA hsa_circ_0000064 in cardiac ischemia-reperfusion injury. Gene. (2021) 767:145075. doi: 10.1016/j.gene.2020.145075

 123. Gao WQ, Hu XM, Zhang Q, Yang L, Lv XZ, Chen S, et al. (2021). Downregulation of circFASTKD1 ameliorates myocardial infarction by promoting angiogenesis. Aging. 13:3588–604. doi: 10.18632/aging.202305

 124. Zhang Q, Sun W, Han J, Cheng S, Yu P, Shen L, et al. The circular RNA hsa_circ_0007623 acts as a sponge of microRNA-297 and promotes cardiac repair. Biochem Biophys Res Commun. (2020) 523:993–1000. doi: 10.1016/j.bbrc.2019.12.116

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Tang, Li, Jang and Zhu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	REVIEW
published: 31 May 2021
doi: 10.3389/fcvm.2021.691548






[image: image2]

Therapeutic Exosomes in Prognosis and Developments of Coronary Artery Disease

Ai-Qun Chen1, Xiao-Fei Gao1,2, Zhi-Mei Wang1, Feng Wang1, Shuai Luo1, Yue Gu1, Jun-Jie Zhang1,2* and Shao-Liang Chen1,2*


1Department of Cardiology, Nanjing First Hospital, Nanjing Medical University, Nanjing, China

2Department of Cardiology, Nanjing Heart Centre, Nanjing, China

Edited by:
Junjie Yang, University of Alabama at Birmingham, United States

Reviewed by:
Chaoshan Han, University of Alabama at Birmingham, United States
 Na Xu, Heart Institute, Cincinnati Children's Hospital Medical Center, United States

*Correspondence: Jun-Jie Zhang, jameszll@163.com
 Shao-Liang Chen, chmengx@126.com

Specialty section: This article was submitted to Cardiovascular Biologics and Regenerative Medicine, a section of the journal Frontiers in Cardiovascular Medicine

Received: 06 April 2021
 Accepted: 11 May 2021
 Published: 31 May 2021

Citation: Chen A-Q, Gao X-F, Wang Z-M, Wang F, Luo S, Gu Y, Zhang J-J and Chen S-L (2021) Therapeutic Exosomes in Prognosis and Developments of Coronary Artery Disease. Front. Cardiovasc. Med. 8:691548. doi: 10.3389/fcvm.2021.691548



Exosomes, with an diameter of 30~150 nm, could be released from almost all types of cells, which contain diverse effective constituent, such as RNAs, proteins, lipids, and so on. In recent years, exosomes have been verified to play an important role in mechanism, diagnosis, treatment, and prognosis of cardiovascular disease, especially coronary artery disease (CAD). Moreover, it has also been shown that exosomes derived from different cell types have various biological functions based on the cell stimulation and microenvironment. However, therapeutic exosomes are currently far away from clinical translation, despite it is full of hope. In this review, we summarize an update of the recent studies and systematic knowledge of therapeutic exosomes in atherosclerosis, myocardial infarction, and in-stent restenosis, which might provide a novel insight into the treatment of CAD and promote the potential clinical application of therapeutic exosomes.
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INTRODUCTION

Coronary artery disease (CAD) still remains a high-prevalence, high-risk, and high-fatality cardiovascular disease worldwide. In spite of the profound development of device and agents in CAD treatment, the prognosis of CAD, especially acute myocardial infarction, is far from being satisfactory (1, 2). Recently, exosome emerges as a novel, full of hope, and potential alternative to cell-based therapies of CAD due to its cardioprotective properties (3).

Exosomes, with diameter of 30~150 nm and density of 1.13~1.19 g/ml, are the smallest extracellular vesicles (EVs) (4), with a bilayer membrane structure released by almost all types of cells (5, 6). The biogenesis of exosomes triggers from membrane proteins being endocytosed via inward budding of the cell membrane, which are then transferred to early endosomes (EEs). Afterwards, the EEs mature into multivesicle bodies (MVBs), filled with numerous intraluminal vesicles (ILVs) (7, 8), which incorporate proteins, lipids, and genetic material during invagination (9). Finally, MVBs can fuse with cell membrane and release ILVs to the extracellular space (10), as we call them exosomes, or result in degradation via fusing with lysosomes (Figure 1) (11).


[image: Figure 1]
FIGURE 1. The biogenesis, formation, and content of exosomes. The formation of exosomes begins with invagination of the plasma membrane, and then forms early exosomes, which form multiple vesicles after fusion, and finally release the exosomes out of the cell. During the formation of exosomes, it will actively or passively carry exogenous or endogenous cargoes. The picture on the right shows the membrane structure of exosomes, the contents of exosomes, including proteins, DNA, RNA, and others.


However, therapeutic exosomes are currently far away from clinical application, in spite of so many outstanding qualities of exosomes. In this review, we will summarize an update of the recent findings and systematic knowledge of therapeutic exosomes in CAD, which might provide a novel insight into the treatment of CAD and promote the potential clinical translation of therapeutic exosomes.



EXOSOMES AND CAD

According to the progress of CAD, the relationships between exosomes and CAD are summarized into three parts: exosomes in the prevention of atherosclerosis, exosomes in the diagnosis and treatment of myocardial infarction, and exosomes in the development of in-stent restenosis (Table 1).


Table 1. Relationship between exosomes and CAD.
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Therapeutic Exosomes in Atherosclerosis

A basic progress in the development of atherosclerosis is monocytes/macrophages accumulation into the vessel wall to produce pro-inflammatory cytokines (32). It has been reported that molecularly engineered M2 macrophage-derived exosomes (Further electroporated with hexyl 5-aminolevulinate hydrochloride) alleviated inflammation by promoting the release of anti-inflammatory cytokines (33). Paeonol could restrict atherosclerosis by obviously increasing miR-223 expression in exosomes from monocytes and inhibiting STAT3 pathway (34). Exosomes laden with heat shock protein 27 (HSP27) significantly stimulated NF-κB activation and IL-10 release, suggesting that exosomes could act as a vector in anti-inflammatory therapy (35). Mitochondria constituted a major subset of extracellular vesicles released by LPS-activated monocytes in vitro, which were associated with type I IFN and TNF signaling (36). Exosomes from nicotine-stimulated macrophages could promote atherosclerosis through facilitating VSMC migration and proliferation by targeting miR-21-3p/PTEN (37). Moreover, helicobacter pylori-infected gastric epithelial cells-derived exosomes accelerated macrophage foam cell formation and promoted atherosclerosis by CagA (38). Insulin resistance adipocyte-derived exosomes (IRADEs) has been reported to aggravate the plaque burden, whereas its effect could be attenuated by silencing sonic hedgehog in IRADEs (12). Besides, Jiang et al. (13) also reported that steatotic hepatocyte-derived EVs promoted endothelial inflammation by miR-1 delivery, KLF4 suppression and the NF-κB pathway activation. And in this instance, exosome therapy might be the reduction of negative contents in exosomes such as miR-1 instead of increasing therapeutic exosomes.



Therapeutic Exosomes in Myocardial Infarction

Myocardial infarction, which often results in poor clinical outcomes, still remains the lack of effective treatment, especially for those without culprit vessel revascularization (14). Therefore, current clinical treatments are mostly based on easinesss of symptoms rather than repairing infarcted cardiomyocyte (15).

Exosomes reveal significant anti-apoptosis of cardiomyocyte after myocardial infarction. Exercise-derived exosomal miR-342-5p inhibited cardiomyocyte apoptosis by targeting Caspase9 and Jnk2 after left anterior descending artery occlusion (16). EVs overexpressing miR-21 could dramatically reduce PDCD4 expression and alleviate myocardial apoptosis (15). Hypoxia-conditioned bone marrow-mesenchymal stem cells (MSCs)-derived exosomes (Hypo-Exo) could also protect cardiomyocytes from apoptosis by enrichment of miR-125b-5p and suppressing the expression of genes p53 and BAK1 (17). In addition, miR-210 in endothelial progenitor cell-derived exosomes (EPC-EXs) possessed antiapoptotic functions onto hypoxia/reoxygenation-injured human endothelial cells (18). Remote ischemic preconditioning-induced exosomes (RIPC-Exo) also could transfer miR-24 into myocardium to inhibit apoptosis (39).

Exosomes also provide cardioprotection by activating cell survival signals, inhibiting inflammatory factors, delaying ventricular remodeling, and reducing myocardial fibrosis after the occurrence of myocardial infarction. Exercise-derived exosome (Ex-exo) could carry miR-342-5p to promote Akt phosphorylation by targeting gene Ppmlf (16). MiR-93-5p in adipose stromal cell-derived exosomes (ADSC-Exo) inhibited inflammatory response and prevented myocardial infarction by targeting Atg7 and TLR4 (20). Kenneweg et al. (19) had reported that fibroblasts absorbed lncR-EVs and promoted myocardial fibrosis by targeting Neat1. Moreover, exosomal miR-24, derived from allogenic human umbilical MSC, could inhibit cardiac fibrosis (21).

Patients suffering from myocardial infarction often have a history of diabetes. Gan et al. (22) had demonstrated that the enrichment of miR-130b-3p from dysfunctional adipocyte exacerbated myocardial infarction and cardiomyocyte apoptosis. Serum-exosomes from normoglycemic rats could alleviate the death of hypoxia/reoxygenation-induced HL-1 cell, however, which disappears in type-2 diabetes rat model (23).

Exosomes also can serve as an adjuvant therapy. Integrin Linked Kinase (ILK) acted as a target kinase by which progenitor cell-derived exosomes attenuated myocardial injury (24). Cheng et al. (25) have reported that miRNA in EVs contributed to early detection of CAD by means of point-of care applications.



Therapeutic Exosomes in In-stent Restenosis

Percutaneous coronary intervention has become a very important treatment strategy for CAD, but in-stent restenosis is blamed for the main cause of stent failure in patients with CAD (26, 40). Several previous studies have shown that the risk of in-stent restenosis in CAD patients undergoing coronary stent implantation during 1 year follow-up was ~5–10% (27). The underlying mechanisms of in-stent restenosis are quite complex, and at least exosomes play a crucial role in the development of in-stent restenosis. For example, miR-222 from M1 macrophages (M1M)-derived exosomes promoted vascular smooth muscle cells (VSMCs) proliferation and migration, which resulted in restenosis (41). Wang et al. (42) reported that MSC-Exo enriched miR-125b and inhibited the proliferation and migration of VSMC by targeting myosin 1E. Moreover, EPC-Exo also were involved in the prevention of restenosis through delivering miR-21-5p and inhibiting THBS1 expression (43). Recently, exosome-eluting stents have been proven to reduce intimal hyperplasia and accelerate re-endothelialization in the ischemic injury rat model.




OPTIMIZED TREATMENT STRATEGY

Exosomes appear superiority and irreplaceable biological functions, and the clinical application of therapeutic exosomes is full of hope. In the first place, exosomes can avoid phagocytosis and bypass the engulfment by lysosomes (44) to exhibit a longer circulation half-life due to the protection of phospholipid bilayer membrane (28). Secondly, phospholipid bilayer of exosomes is also beneficial to the fusion with membrane of recipient cells (29). Thirdly, exosomes derived from animals or patients have the high homolog and low immune response to avoid exosomes degradation (30). Finally, exosomal regulation of “Homing” effect has been reported to target the cell type where exosomes were produced (31), which can provide a shortcut for exosomes delivery. In need of optimized treatment strategy, we summarized the latest research involved of sources, cargo loading, delivery and enrichment of therapeutic exosomes (Figure 2).


[image: Figure 2]
FIGURE 2. The sources, cargo loading, delivery, and enrichment of therapeutic exosomes. Therapeutic exosomes originate from a variety of cells, including some derived from cardiovascular cells, stem cells, and others. Next, we introduce the method of carrying endogenous or exogenous goods. It then summarizes the optimization strategies for exosome delivery, including targeting peptides, novel exosome containers, and injection methods for exosomes. Finally, we analyze the influencing factors of the enrichment efficiency of exosomes. VSMC, vascular smooth muscle cell; MPS, mononuclear phagocyte system; CPC, cardiac progenitor cell; CDC, cardiosphere-derived cells; MSC, mesenchymal stem cell; PSC, pluripotent stem cell; Cltc, clathrin heavy chain.



Source of Therapeutic Exosomes

It has been reported that the sources of CAD related therapeutic exosomes were commonly cardiovascular-derived endothelial cells, smooth muscle cells, macrophages and cardiac fibroblasts (45). In recent years, several studies have highlighted the value of MSC-Exo therapy in cardiac protection (46, 47), and MSC could secret the highest amount of exosomes (48). Moreover, other studies found that circulating-Exo, adipocyte-EVs (12), hepatocyte-EVs (13), accompanied with different degrees of heterogeneity, all existed therapeutically effect upon CAD.



Loading Therapeutic Cargo in Exosomes

Although many therapeutic cargoes are inherent in parent cells previously, some therapeutic cargoes could only be loaded into exosomes by artificial means. Normally, cargoes could be loaded through fusion with liposomes, adsorption of molecules to the surface of exosomes and the insertion of lipids (49). It has been reported that a few procedures, such as incubation, electroporation (33), sonication (50), and so on (51), could promote cargo loading. When choosing the loading method of cargoes, we should consider the loading efficiency (52), and whether this loading method will change the physical and chemical characteristics of exosomes (53). Besides, membrane protein Lamp2a could increase the loading of miRNA into EVs (54). Moreover, drug-inducible dimerization (55), reversible light cleavable protein (56), and several advanced means of engineering exosomes also contribute to the loading of endogenous cargoes.



Delivery Method

Normally, therapeutic exosomes were injected intravenously and act on the cardiovascular diseases through the circulatory system as an essential treatment. However, most of these exosomes are taken up by liver or spleen (57). Loading homing peptides has become a popular way to optimize delivery of exosomes (58). In cardiovascular field, several homing peptides in connection with atherosclerosis (59, 60), and ischemia/reperfusion–injured cardiomyocytes (61) have been identified and applied in therapeutic regimen. For example, Wang et al. (62) have demonstrated that engineered exosomes fused with ischemic myocardium-targeting peptide (IMTP) increasingly accumulated in ischemic heart area. Furthermore, it has been reported that exosomes conjugated with cardiac homing peptide (CHP) has higher retention in infarcted heart (63).

Besides, Song et al. (15) have reported that localized injection of EVs attenuated the apoptosis of cardiomyocytes and endothelial cells in a preclinical myocardial infarction (MI) animal model. To reduce losses during transportation, Lv et al. (64) have reported that sEVs, incorporated in alginate hydrogel, act as a new regimen of therapy. An off-the-shelf therapeutic cardiac patch, composed of extracellular matrix and cardiac stromal cells (CSC), has been confirmed in the model of MI (65). The examples above demonstrate the superiority of local delivery of exosomes and improve the retention rate of exosomes.



Enrichment Efficiency

The enrichment efficiency of exosomes is affected by physical and chemical stimuli. The physical stimulation of exosomes mainly includes shear stress, osmotic stretch, PH and others (66). More importantly, the change of blood flow shear force, as the initiating factor of coronary artery disease, has also become a difficult problem for exosome delivery. Here, we focus on the shear stress in vessel where exosomes were regulated. While shear stress remain within 1–70 dynes/cm2 in normal blood vessels, severely narrowed blood vessels can produce over 1,000 dynes/cm2 (67). High shear stress, occurring in atherosclerotic arteries, could accelerate the release of circulating-EVs gradually (68). The mechanisms of shear stress on EVs secretion relate to the response of membrane tension (69). Besides, calcium could enhance exosomes secretion from a microenvironment perspective (70), whereas arterial hypertension was also associated with the increase of shear stress from a macro perspective (71). Evidence proved that exercise training could increase EVs release under high shear stress, and decrease the risk of thrombosis correspond to stenotic arteries (72). Exosomes could also be affected by chemical trigger, including cytochalasin B and ethanol (46).




CONCLUSION AND FUTURE PERSPECTIVE

In recent years, the therapeutic effect of exosomes on heart diseases has been gradually discovered. We have summarized the progress in studying exosomes as drug delivery vehicles. Before entering the clinical transformation, a perfect therapeutic concept of exosomes is essential (3), and pioneering in the field of exosomes is tumor-related studies. We can draw on tumor-related studies to optimize treatment regimens. Certainly, CAD-targeted treatment options also need to take notice of the cardiovascular lineage specificity.

Exosomes, as natural drug delivery vehicles, have excellent biocompatibility and targeting properties. We have discovered the potential of exosomes in the treatment of CAD based on existing research. However, exosomes still face huge resistance in clinical transformation. Moreover, we hope that the optimization of therapeutic exosomes is getting better and enter the clinical application stage as soon as possible.
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Background: Lacidipine, a third-generation calcium channel blocker, exerts beneficial effects on the endothelium of hypertensive patients in addition to blood pressure lowering. However, the detailed mechanism underlying Lacidipine-related endothelial protection is still elusive.

Methods: Sixteen spontaneous hypertensive rats (SHRs) were randomly divided into two groups: Lacidipine-treated SHR group and saline-treated control group. Tail systolic blood pressure was monitored for four consecutive weeks. Endothelial cells (ECs) were pretreated with Lacidipine prior to being stimulated with H2O2, bleomycin, or Lipopolysaccharides (LPS) in vitro. Then, cell activity, migration, and senescence were measured by Cell Counting Kit-8 assay, transwell assay, and β-galactosidase staining, respectively. The fluorescent probe 2′, 7′-dichlorofluorescein diacetate (DCFH-DA) was used to assess the intracellular reactive oxygen species (ROS). Related protein expression was detected by Western blotting and immunofluorescence.

Results: Our data showed that Lacidipine treatment lowered the blood pressure of SHRs accompanied by the elevation of CXCR7 expression and suppression of P38 and CCAAT/enhancer-binding protein beta (C/EBP-β) compared with the control group. In vitro experiments further demonstrated that Lacidipine increased the cell viability and function of ECs under oxidative stress, cell senescence, and inflammatory activation via the CXCR7/P38/signaling pathway.

Conclusions: Our results suggested that Lacidipine plays a protective role in EC senescence, oxidative stress, and inflammatory injury through the regulation of CXCR7/P38/C/EBP-β signaling pathway.

Keywords: lacidipine, oxidative stress, senescence, inflammation, CXCR7


INTRODUCTION

Hypertension is recognized as a leading risk factor for cardiovascular diseases due to its effects on vascular injury (1). Moreover, endothelial dysfunction is considered to be the initial step of hypertension-related vascular injury (2, 3). Emerging evidence suggests that oxidative stress, inflammation activation, and cell senescence play crucial roles in the pathogenesis of hypertension-related endothelial dysfunction (4–7). Hence, it is important to decipher the detailed mechanisms underlying hypertension-related endothelial cell (EC) injury and dysfunction in order to improve the prognosis of hypertensive patients.

Studies showed that CXC chemokine receptor 7 (CXCR7) plays a key role in the modulation of cellular oxidative damage and senescence (8). Suppression of CXCR7 partially reduces the in vitro functions and in vivo re-endothelialization capacity of endothelial progenitor cells (EPCs) from hypertensive patients (9). Moreover, the CXCR7/p38 axis has been reported to be highly involved in the protection against high glucose-induced EPC dysfunction (10). In addition to oxidative stress, inflammatory injury usually occurs in the pathogenesis of hypertension (11) of which CCAAT/enhancer-binding protein beta (C/EBP-β) is a critical regulator (12). However, whether CXCR7/P38/C/EBP-β participated in the regulation of endothelial senescence and inflammatory injury remains to be uncovered. Lacidipine, a third-generation calcium channel blocker, has been demonstrated to be effective for preventing endothelial dysfunction in salt-loaded stroke-prone hypertensive rats (13) and restoring endothelial-dependent vasodilation in hypertensive patients (14). In addition to calcium channel-modulated vasodilation, Lacidipine displays an antioxidant activity greater than other dihydropyridine calcium antagonists (15) and exerts an anti-inflammatory effect in carrageenan model in intact rats (16). Our previous study demonstrated that Lacidipine improved the endothelial repair capacity of EPCs from patients with essential hypertension (17). Thus, we hypothesized that Lacidipine may attenuate endothelial senescence and inflammatory injury by modulating the CXCR7/P38/C/EBP-β pathway.

To validate our hypothesis, the in vivo effects of Lacidipine on CXCR7/P38/C/EBP-β were assessed by using spontaneous hypertensive rats (SHRs). Then, the detailed mechanisms by which Lacidipine affected oxidative damage, cell senescence, and inflammatory activation via the CXCR7/P38/C/EBP-β pathway in ECs were further investigated in vitro.



MATERIALS AND METHODS


Experimental Animals

A total of 16 SHRs were obtained from the Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China) and housed in room temperature (~25°C) on 12 h day/12 h night cycles, which had free access to standard chow diet and water. For the experimental requirement, all SHRs were randomly assigned into two groups, including Lacidipine-treated group (n = 8, rats were intragastrically treated with Lacidipine at a dose of 3 mg/kg/d for 4 weeks) and control group (n = 8, rats were intragastrically treated with physiologic saline for 4 weeks). Systolic blood pressure (SBP) was measured with a non-invasive computerized tail-cuff method and obtained by averaging 10 measurements. Meanwhile, their body weights were measured each week. After 4 weeks, all rats were sacrificed under isoflurane (2%) anesthesia. Aortic tissues were acquired for further analysis. All animal experimental protocols complied with institutional guidelines and were reviewed and approved by the Animal Care and Use Committee of the Ethics Committee of the First Affiliated Hospital of Sun Yat-sen University (Guangzhou, China).



EC Culture and Treatment

Human aortic endothelial cells (HAECs; Cambrex, Walkersville, MD, USA) from passage three to eight were cultured in Endothelial Growth Medium 2 (EGM-2; Lonza, Allendale, NJ, USA) with 20% fetal bovine serum (FBS; Hyclone, South Logan, UT, USA) in a 5% CO2 incubator at 37°C. To simulate oxidative damage and senescence, ECs were stimulated with H2O2 (100 μM for 1 h) and bleomycin (50 μg/ml for 3 h), respectively, following Lacidipine pretreatment (100 nM for 12 h). C/EBP-β expression vector pcDNA3.0-C/EBP-β and small interfering RNA-CXCR7 (si-CXCR7: 5′-ATCAAATGACCTTGGATACTG-3′) were synthesized by RiboBio Co., Ltd. (Guangzhou, China) and transfected into ECs through a lipofectamine 2000 kit (Invitrogen, Carlsbad, CA, USA).



CCK-8 Assay

Cell viability was assessed by performing the Cell Counting Kit-8 (CCK-8) assay. In brief, the cells in each group were made into a cell suspension and seeded into 96-well plates at a density of 3,000 cells per well. Afterwards, the cells in each well were incubated with 10 μl of CCK-8 solution at 37°C for 2 h. The absorbance at a wavelength of 450 nm was measured using a microplate reader.



β-Galactosidase Staining

ECs were harvested and washed after treatment. Then, the cells were fixed with 2% formaldehyde and subsequently stained with a Senescence β-Galactosidase Staining Kit (CST, Boston, MA, USA). Level of senescence was quantified by visual examination of dark blue stained cells with an inverted microscope (Nikon, Japan) at 200 × magnification.



ROS-Level Measurement

Intracellular reactive oxygen species (ROS) was determined with the non-fluorescent probe 2′,7′-dichlorofluorescein diacetate (DCFH-DA; Beyotime Institute of Biotechnology, China) according to the manufacturer's instructions. Briefly, the cells at a density of 1 × 105 cells per well were plated into six-well plates and incubated with 20 μM DCFH-DA for 30 min at 37°C. ROS generation was analyzed by flow cytometric analysis.



Detection of NADPH Activity

The cells from different groups were harvested and applied into NADPH oxidase activity analysis following the instructions provided by Beyotime Institute of Biotechnology (Shanghai, China). The NADPH activity was expressed as μmol/min/mg.



EC Migration in vitro

Transwell assay was performed to analyze cell migration. In brief, approximately 200 μl of serum-free medium containing 2 × 104 ECs was seeded into the upper chamber (8 μm pore size; Corning, NY, USA), whereas 500 μl of medium containing 10% serum was added to the lower chamber. After 24 h of incubation at 37°C, the cells that migrated into the lower chamber were fixed with 4% paraformaldehyde for 15 min, stained with 1% crystal violet (#C0775; Sigma-Aldrich, Milwaukee, WI, USA) for 30 min, and counted by independent investigators.



Immunofluorescence

Briefly, the cells were cultured on coverslips, washed with cold phosphate-buffered saline (PBS), and fixed for 30 min with 95% ethanol. After permeabilization in 0.5% Triton X-100, the cells were incubated with primary antibodies against CXCR7 (1:500; Abcam, Cambridge, MA, USA), followed by incubation with secondary antibody Alexa Fluor 488 goat anti-rabbit (Cwbiotech, Beijing, China). Next, the cells were washed three times in the dark for 1 h and counterstained with DAPI (Solarbio, Beijing, China). The fluorescent signal was analyzed under a fluorescence microscope (Nikon, Japan).



Apoptosis Analysis

The cells from different groups were harvested, seeded onto six-well plates, and cultured overnight. On the next day, the cells were incubated with Annexin V-FITC/PI Apoptosis Kit (#KA3805; Abnova, Shanghai, China) according to the manufacturer's instructions. Apoptotic cells were examined using flow cytometry (BD Biosciences, San Jose, CA, USA) and confirmed to be a positive Annexin V-FITC signal.



Western Blot

RIPA lysis buffer (Beyotime Institute of Biotechnology, Haimen, China) was used to extract all protein samples from tissues or cells according to the manufacturer's instructions. After quantitation by BCA assay, an equal amount of protein sample was separated on SDS-PAGE and then transferred onto PVDF membranes. Afterwards, the membranes were incubated with primary antibodies against CXCR7, NOX1, NOX2, C/EBP-β, P38, p-P38, VCAM1, Endoglin, MCP-1, IL-6, NLRP3, caspase-1 (all Abcam), and GAPDH overnight at 4°C. Then, the membranes were incubated with HRP-conjugated secondary antibodies for 2 h at room temperature, and protein bands were detected with ECL reagents (#131023-60-4; BOC Sciences, Shirley, NY, USA) with GAPDH as the internal control.



Statistical Analysis

All quantitative data were expressed as mean ± standard deviation (SD) of at least three independent experiments. Statistical analysis was performed with GraphPad Prism software 6.0. Student's t-test was used to analyze differences between two groups, whereas one-way analysis of variance followed by Tukey's post-hoc test was utilized to compare differences among multiple groups. All values with p < 0.05 indicated a significant difference.




RESULTS


Lacidipine Attenuates Hypertension and Regulates CXCR7/P38/C/EBP-β Expression in vivo

Our previous study showed that Lacidipine treatment improved the endothelial repair capacity of EPCs from hypertensive patients. To further explore the molecular mechanism underlying the protective role of Lacidipine against hypertension, SHRs were treated with or without Lacidipine for 4 weeks. Our data showed that Lacidipine treatment significantly reduced the blood pressure in SHRs (Figure 1A) but did not significantly affect the weight of SHRs (Figure 1B). The expression of CXCR7 was significantly elevated in the aortic tissues isolated from SHRs after Lacidipine treatment. On the contrary, P38 expression and its phosphorylation, as well as the protein expression of C/EBP-β and NADPH oxidases (NOX1 and NOX2), were suppressed in the Lacidipine group compared with the control group (Figures 1C,D). Furthermore, Lacidipine reduced the level of malondialdehyde (MDA) in serum, whereas it significantly increased the levels of superoxide dismutase (SOD) and glutathione (GSH) (Figure 1E).


[image: Figure 1]
FIGURE 1. Lacidipine attenuated arterial hypertension and regulated CXCR7/P38/C/EBP-β expression in vivo. Blood pressure of spontaneously hypertensive rats (SHRs) treated with and without Lacidipine was measured by the tail-cuff method (A). (Data are mean ± SD, n = 8 in each group). The weight of SHRs in the control and Lacidipine groups (B). Western blot was performed to analyze the protein expression of CXCR7, P38, p-P38, C/EBP-β, NOX1, and NOX2 in the aortic tissues from the control and Lacidipine groups (C,D). The levels of MDA, SOD, and GSH in serum were measured by ELISA assays (E). (*p < 0.05, **p < 0.01, ***p < 0.001, compared with the control group).




Lacidipine Enhances the in vitro Function of ECs Under Oxidative Stress

To further explore the effect of Lacidipine on the oxidative damage in ECs, cultured ECs were treated with Lacidipine, followed by H2O2 stimulation (ROS induction). Our results showed that H2O2 stimulation significantly impaired cell viability (Figure 2A) and migration (Figure 2D) in vitro that were notably ameliorated by Lacidipine treatment. Moreover, Lacidipine treatment significantly suppressed the mitochondrial ROS production (Figure 2B), NADPH activity (Figure 2C), and MDA level induced by H2O2 in ECs. In contrast, the levels of SOD and GSH were significantly higher in the H2O2 + Lacidipine group than in the H2O2 group (Figure 2E). These results suggested that Lacidipine treatment attenuated the oxidative damage induced by H2O2 in ECs.
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FIGURE 2. Effects of Lacidipine on the in vitro function of ECs under oxidative stress. Cultured ECs were treated with Lacidipine, followed by H2O2 stimulation (ROS induction). Cell viability was determined using CCK-8 assay (A). ROS generation was assessed by flow cytometry with 2′,7′-dichlorofluorescein diacetate (B). NADPH activity was measured in different groups (C). Transwell assay was applied to analyze cell migration ability (D). The levels of MDA, SOD, and GSH in culture supernatant were detected by ELISA assays (E). (Data are mean ± SD of three independent experiments. *p < 0.05, ***p < 0.001, compared with the control group; #p < 0.05, ###p < 0.001, compared with the H2O2 group).




Lacidipine Ameliorates the Senescence of ECs Induced by Bleomycin

To determine the role of Lacidipine in the modulation of EC senescence, cultured ECs were treated with Lacidipine, followed by bleomycin stimulation. β-Galactosidase staining showed that Lacidipine treatment partially attenuated the senescence of ECs induced by bleomycin stimulation (Figure 3A). This result was further confirmed by Western blot analysis of cell senescence markers P16 and P21 (Figure 3E). Furthermore, the protein level of CXCR7 was decreased by bleomycin stimulation, and Lacidipine treatment markedly restored the reduction of CXCR7 expression (Figures 3B,C). In addition, the levels of P38, p-P38, and inflammatory factors (VCAM1, Endoglin, MCP-1, and IL-6) were increased in bleomycin-stimulated ECs that were significantly inhibited by Lacidipine (Figures 3C–E).


[image: Figure 3]
FIGURE 3. Lacidipine inhibited endothelial senescence and promoted CXCR7 expression. Cultured ECs were treated with Lacidipine, followed by bleomycin stimulation (senescence induction). Cell senescence was determined through β-galactosidase staining (A). Immunofluorescence assay was applied to determine the protein expression of CXCR7 (B). Western blot was performed to analyze the protein expression of CXCR7, P38, and p-P38 (C). qPCR (D) and Western blot were performed to analyze the levels of VCAM1, Endoglin, MCP-1, IL-6, P16, and P21 (E). (Data are mean ± SD of three independent experiments. ***p < 0.001, compared with the control group; ###p < 0.001, compared with the bleomycin group).




Lacidipine Protects ECs Against Cell Senescence Through the CXCR7 Pathway

To investigate whether the CXCR7 signaling pathway was the key regulator of Lacidipine-related endothelial protection, we specifically knocked down CXCR7 or overexpressed P38 in ECs in vitro, respectively. Our results showed that the cell viability (Figure 4A) and migration capacity (Figure 4C) were significantly impaired in the si-CXCR7 + bleomycin + Lacidipine and bleomycin + Lacidipine + P38 groups. The cells in senescence (Figures 4B,F) in the si-CXCR7 + bleomycin + Lacidipine and bleomycin + Lacidipine + P38 groups were remarkably increased compared with those in the bleomycin + Lacidipine group. Moreover, CXCR7 knockdown or P38 overexpression significantly increased the level of P38 and P38 phosphorylation and promoted the expression of VCAM1, Endoglin, MCP-1, and IL-6 (Figures 4D–F). These results indicated that CXCR7/P38 plays an important role in Lacidipine-related endothelial protection.
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FIGURE 4. CXCR7 knockdown reversed the effects of Lacidipine on the in vitro function of ECs under senescence. ECs from the bleomycin + Lacidipine group were transfected with si-CXCR7 or overexpressed P38, respectively. Cell viability was determined using CCK-8 assay (A). Cell senescence was determined through β-galactosidase staining (B). Transwell assay was applied to analyze cell migration ability (C). qPCR was performed to analyze the mRNA levels of VCAM1, Endoglin, MCP-1, and IL-6 (D). Western blot was performed to analyze the protein levels of CXCR7, P38, p-P38, VCAM1, Endoglin, MCP-1, IL-6, P16, and P21 (E,F). (Data are mean ± SD of three independent experiments. *p < 0.05, ***p < 0.001, compared with the bleomycin + Lacidipine group; #p < 0.05, ###p < 0.001, compared with the bleomycin + Lacidipine + Vector group).




CXCR7/P38/C/EBP-β Mediates the Anti-inflammation Effects of Lacidipine on ECs

Considering the important role of C/EBP-β in inflammation, we further examined whether C/EBP-β participated in the CXCR7/P38-mediated anti-inflammatory effects of Lacidipine on ECs. Our results showed that the expression level of C/EBP-β was increased in ECs treated with bleomycin. Lacidipine treatment partly inhibited the increase of C/EBP-β induced by bleomycin in ECs, and CXCR7 knockdown or P38 overexpression in ECs abolished the effect of Lacidipine on C/EBP-β (Figures 5A,B). Furthermore, ECs were stimulated with Lipopolysaccharides (LPS) after Lacidipine treatment. As shown in Figure 5C, Lacidipine treatment notably improved the impaired cell viability induced by LPS in ECs. LPS-induced cell apoptosis in ECs was significantly reduced by Lacidipine treatment (Figure 5D). Western blot analysis further manifested that the upregulation of C/EBP-β, NLRP3, and caspase-1 induced by LPS was all markedly reduced by Lacidipine treatment (Figure 5E). We also performed gain-of-function assays in ECs from the LPS + Lacidipine group by C/EBP-β overexpression. As expected, C/EBP-β overexpression abrogated the protective effects of Lacidipine on cell viability (Figure 5F) and apoptosis (Figure 5G) in ECs stimulated with LPS. In addition, C/EBP-β overexpression led to the upregulation of NLRP3 and caspase-1 in the LPS + Lacidipine group (Figure 5H). These results demonstrated that Lacidipine suppressed the inflammatory activation and apoptosis in ECs through CXCR7/P38/C/EBP-β.
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FIGURE 5. C/EBP-β was involved in Lacidipine-mediated anti-inflammation and anti-apoptosis effects on ECs. Cultured ECs were treated with Lacidipine, followed by bleomycin stimulation. Western blot was performed to analyze the level of C/EBP-β (A,B). (***p < 0.001, compared with the bleomycin + Lacidipine group; ###p < 0.001, compared with the bleomycin + Lacidipine + Vector group). To further study the inflammatory activation, ECs were treated with Lacidipine, followed by LPS stimulation. Cell viability was determined using CCK-8 assay in ECs from the control, LPS, and LPS + Lacidipine groups (C). Apoptotic cells were determined by flow cytometry in ECs from the control, LPS, and LPS + Lacidipine groups (D). The protein expression of C/EBP-β, NLRP3, and caspase-1 was detected by Western blot in ECs from the control, LPS, and LPS + Lacidipine groups (E). (Data are mean ± SD of three independent experiments. *p < 0.05, ***p < 0.001, compared with the control group; #p < 0.05, ###p < 0.001, compared with the LPS group). Cell viability was determined using CCK-8 assay in ECs from the LPS, LPS + Lacidipine, and C/EBP-β + LPS + Lacidipine groups (F). Apoptotic cells were determined by flow cytometry in ECs from the LPS, LPS + Lacidipine, and C/EBP-β + LPS + Lacidipine groups (G). The protein expression of C/EBP-β, NLRP3, and caspase-1 was detected by Western blot in ECs from the LPS, LPS + Lacidipine, and C/EBP-β + LPS + Lacidipine groups (H). (Data are mean ± SD of three independent experiments. *p < 0.05, ***p < 0.001, compared with the LPS group; #p < 0.05, ###p < 0.001, compared with the LPS + Lacidipine group).





DISCUSSION

In this study, we demonstrated that Lacidipine protects ECs against oxidative stress, inflammatory activation, and cell senescence through the CXCR7/P38/C/EBP-β signaling pathway. Arterial hypertension is associated with increased levels of ROS that are important contributors to hypertension-related endothelial dysfunction and senescence (18–21). ROS explosion caused by the disorder of mitochondrial metabolism has been considered as the main cause of cell senescence (22). The increase in ROS leads to the increase in intracellular (DNA) damage and ultimately can result in the onset of apoptosis or the induction of cellular senescence in ECs (23). In our study, we found that Lacidipine effectively suppressed the ROS production, NADPH activity, and expression of NOX1/NOX2 in ECs. Under H2O2-induced oxidative stress, we observed decreased cell viability and migration capacities in ECs that can be restored by Lacidipine treatment. Studies from other groups also reported that Lacidipine displays antioxidant activity, which is effective for preventing endothelial dysfunction (13, 15). By using bleomycin to induce EC senescence in vitro, we found that Lacidipine-pretreated ECs were also partially resistant to cell senescence. Taken together, our study demonstrated that Lacidipine exerts additional beneficial effects on hypertension-related endothelial injury by attenuating EC oxidative damage and cell senescence.

To further decipher the molecular mechanisms underlying Lacidipine-related protective effects, we specifically knocked down the expression of CXCR7 in ECs using si-RNA transfection. We observed that CXCR7 deficiency abolished the protective effects of Lacidipine on the function of ECs in vitro under the stimulation of bleomycin. As we know, CXCR7 is essential for the regulation of cellular biological functions (24). In some cancer cells, CXCR7 was involved in the resistance to apoptosis (25, 26). Yu et al. found that CXCR7 enhances ovarian cancer cell invasion through the P38 MAPK pathway (27). More importantly, CXCR7 plays a critical role in the regulation of EPC growth and survival (28). In the present study, we demonstrated that CXCR7 attenuated the oxidative injury and cell senescence in ECs through the inhibition of P38 phosphorylation. Moreover, the overexpression of P38 can inhibit Lacidipine-related beneficial effects on ECs. These findings suggest that the CXCR7/P38 axis is essential for Lacidipine-related EC protection.

Given the important role of P38 in the regulation of inflammation (29), we further explored the effect of the CXCR7/P38/C/EBP-β pathway on the inflammatory activation in ECs. We found that the inhibition of CXCR7 or overexpression of P38 led to the increase of C/EBP-β level. In addition, Lacidipine could effectively suppress LPS-induced inflammation and apoptosis by downregulating C/EBP-β expression in ECs. Studies showed that C/EBP-β is crucial for the inflammation and apoptosis associated with the pathogenesis of aging (11, 12). According to the report by Jain et al. (30), the C/EBP family of transcription factors may be involved in essential hypertension. Considering the association between inflammation and EC senescence, our results indicate that the CXCR7/P38/C/EBP-β pathway was involved in Lacidipine-related protection against endothelial inflammatory injury and apoptosis.

In summary, to the best of our knowledge, the present study demonstrates for the first time that Lacidipine attenuated endothelial oxidative injury, inflammatory activation, and senescence associated with hypertension by regulating the CXCR7/P38/C/EBP-β pathway. Our findings provide a new insight for the molecular mechanisms underlying Lacidipine-mediated EC protection that might be helpful for developing novel therapeutic strategies for hypertension-related vascular disease.
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Long non-coding RNAs (lncRNAs) are non-coding RNAs with lengths >200 nt and are involved in the occurrence and development of cardiovascular diseases (CVDs). Exosomes are secreted and produced by various cell types. Exosome contents include various ncRNAs, proteins and lipids. Exosomes are also important mediators of intercellular communication. The proportion of lncRNAs in exosomes is low, but increasing evidence suggests that exosomal lncRNAs play important roles in CVDs. We focused on research progress in exosomal lncRNAs in atherosclerosis, myocardial infarction, myocardial ischemia-reperfusion injury, cardiac angiogenesis, cardiac aging, rheumatic heart disease, and chronic kidney disease combined with CVD. The potential diagnostic and therapeutic effects of exosomal lncRNAs in CVDs are summarized based on preclinical studies involving animal and cell models and circulating exosomes in clinical patients. Finally, the challenges and possible prospects of exosomes and exosomal lncRNAs in clinical applications related to CVD are discussed.
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INTRODUCTION

Cardiovascular disease (CVD) is currently one of the main causes of death worldwide (1), and atherosclerosis and coronary heart disease are still representative challenges in CVD. In addition, the advent of an aging society has increased the cardiovascular burden, and the high incidence of rheumatic heart disease in developing countries and various concomitant cardiovascular diseases lead to final heart failure and other problems. The mainstream treatments, such as drugs, interventions, and surgery, cannot meet the needs of CVD patients with limited causes. In the case of myocardial infarction, emergency PCI or thrombolytic therapy can save the life of the patient but cannot block the adverse progression of the ischemic myocardium. For cancer patients, chemotherapeutic interventions can easily lead to premature heart failure (2). Therefore, exploring the molecular mechanisms underlying CVD and developing new treatments are critical for reducing CVD mortality.

LncRNAs are non-coding RNAs with lengths >200 nt. These factors were once considered noise in the genome. With the development of high-throughput sequencing, the continuous identification of functional lncRNAs has changed the view of junk RNA (3, 4). LncRNAs are found in various cells and circulation and play key roles in cardiovascular development and CVDs, and lncRNAs are expected to become targets for the treatment of CVDs (5). LncRNAs are transcribed through various regulatory methods, and their interaction with microRNAs (miRNAs) has become a hot spot for studying the functional mechanism of lncRNAs (6).

Exosomes are natural nanoscale cellular vesicles. The exosome surface is rich with specific marker proteins. After binding target cells, exosomes mainly introduce nucleic acids, proteins, and lipids through fusion with the plasma membrane and endocytosis. This content is delivered to the target cell for molecular regulation, representing an important mode of cell-to-cell communication (7). Although the level of lncRNAs in exosomes is low, their role cannot be ignored. In recent years, many studies investigating exosomal lncRNAs provided new insight into crosstalk in the tumor microenvironment (8, 9), and research in the field of CVDs has begun to emerge. This review focuses on the relationship between exosomal lncRNAs and CVD, including the production of exosomal lncRNAs and their mechanism in CVD. Current studies have shown that lncRNAs derived from exosomes are mainly involved in post-transcriptional regulation by sponge adsorption of miRNAs. We hope that this review can provide a basis for their future clinical application through current research investigating exosomes and exosomal lncRNAs in CVD.



LNCRNA CLASSIFICATION AND FUNCTION

Similar to mRNAs, most lncRNAs are transcribed by RNA polymerase II (Pol II), capped at the 5′ end (m7G), tailed at the 3′ end (polyadenylation) and spliced, but lncRNAs lack an open reading frame and do not encode proteins for translation (10). According to the positional relationship between lncRNAs and protein-coding genes, lncRNAs can be divided into (1) sense lncRNAs that overlap with protein-coding genes; (2) antisense lncRNAs that are opposite to protein-coding genes; (3) lncRNAs from introns of protein-coding genes; (4) intergenic lncRNAs located between protein-coding genes; (5) lncRNAs derived from enhancers of protein-coding genes; (6) divergent lncRNAs transcribed from bidirectional promoters; and (7) circular RNAs (circRNAs) formed by the reverse splicing of protein-coding genes (11, 12). LncRNAs are located in the nucleus and cytoplasm and participate in the regulation of gene transcription through cis-acting or trans-acting mechanisms (10, 13–15). Before transcription, lncRNAs can bind proteins or RNAs for chromatin modification. For example, LNCPRESS1 interacts with SIRT6 to prevent the chromatin localization of SIRT6, maintain histone H3K56 and H3K9 acetylation, and activate transcription (10, 15, 16). During transcription, lncRNAs can mediate gene silencing by interfering with the recruitment of transcription factors and Pol II to prevent transcription (10, 15). For example, the transcription of the lncRNA AIRN can interfere with the recruitment of Pol ll and inhibit the transcription of LGF2R (17). LncRNAs can also form an R-loop triplet structure with DNA to complete the recruitment of transcriptional cofactors to the promoter, regulate chromatin accessibility, and promote transcription through lncRNAs transcribed by enhancers (10, 15). LncRNAs participate in regulation after transcription and translation. For example, lncRNAs bind miRNAs through a ceRNA mechanism that regulates target gene expression and interact with proteins to form lncRNA-protein complexes to regulate mRNA splicing and translation (10, 15).



EXOSOME BIOLOGY

Extracellular vesicles can be secreted by various cell types and are detected in body fluids. According to their biological mechanism and size, these vesicles are classified as exosomes, microcapsules, and apoptotic bodies. Exosomes are 30–150 nm in size; the plasma membrane initially invaginates to form early endosomes, and the endocytic membrane invades again to form late endosomes and multivesicular bodies (MVBs) (18). Studies have shown that there are two mechanisms underlying the formation of intraluminal vesicles (ILVs) in MVBs as follows: an ESCRT-dependent pathway and an ESCRT-independent pathway. The ESCRT complex includes ESCRT-0, ESCRT-I, ESCRT-II, ESCRT-III and the auxiliary proteins Alix and Vps4 (18, 19). ESCRT-0 recognizes ubiquitinated proteins outside the endosomal membrane. The complete recruitment of ESCRT-I and ESCRT-II occurs under the stimulation of phosphatidylinositol 3-phosphate (PIP3), hepatocyte growth factor-regulated tyrosine kinase substrate (HRS), ubiquitination of the cytosolic tails of endocytic proteins, or curved membrane topology. ESCRT-I binds the ubiquitinated cargo to the endosomal membrane and cooperates with ESCRT-II to open the endoluminal membrane for germination. ESCRT-III participates in the membrane rupture of the ILV neck under the recruitment of Alix, binds TSG101 and participates in the formation of the ESCRT-I complex. Under the action of a deubiquitinating enzyme, the ubiquitin mark is removed from the carrier protein to complete the sorting process. ESCRT-III is decomposed and recycled by the AAA-ATPase suppressor of potassium transport growth defect-1 (SKD1) for the next round of cargo recruitment (18–20). Studies have shown that ILVs can be formed in the absence of the ESCRT complex, indicating that the biological behavior of MVBs can be independent of the ESCRT pathway (21). For example, the lipid raft microdomains formed by ceramide and tetraspanin microdomains formed by CD63 trigger the transport of ILVs to MVBs (19, 20). Usually, MVBs are degraded by fusion with lysosomes after ISG-mediated modification of the TSG101 protein or are fused with the plasma membrane under the coordinated control of the cytoskeleton (microtubules and actin), soluble NSF attachment protein receptor (SNARE), and Rab GTPase to release exosomes (19) (Figure 1). A layer-by-layer analysis of the biological behavior of exosomes suggests that exosomes have great potential as a new type of biomarker for prediction and diagnosis in the field of cancer (22). Regarding CVD, exosomes have been reported to have potential application in the diagnosis and treatment of adriamycin-induced cardiotoxicity (23). In addition, Ghafarian et al. discussed the basic science and clinical application of exosomes in CVD (24).


[image: Figure 1]
FIGURE 1. Exosome biology and the sorting and action mechanism of exosomal lncRNA.




EXOSOMAL LNCRNA SORTING AND MECHANISM OF ACTION

The mechanism by which lncRNAs are sorted into exosomes is still unclear. However, RNA-binding proteins (RBPs), including the hnRNP family [hnRNPA2B1 (25, 26), hnRNPG (27), hnRNPK (28)] and human antigen R (HuR) (29), have been confirmed to participate in the sorting of lncRNAs into exosomes (30). Furthermore, in sunitinib-resistant kidney cancer cells, hnRNPA2B1 has been shown to bind the 5′ end of LNCARSR, and knocking down the level of hnRNPA2B1 or mutating the binding site of hnRNPA2B1 reduces the level of LNCARSR in exosomes, suggesting that hnRNPA2B1 specifically facilitates LNCARSR loading into exosomes (31) (Figure 1). Previously, Zheng et al. introduced the mechanism of action of exosomal miRNAs, i.e., exosomal miRNAs affect the progression of CVD by binding target genes and mediating target mRNA silencing (32). The difference is that exosomal lncRNAs can be used for disease regulation through epigenetic modification. Furthermore, exosomal lncRNAs often act as sponges of endogenous miRNAs, mediating the expression of their target genes or activating related signaling pathways to produce biological effects. For example, Zang et al. found that the combination of the lncRNAs UFC1 and EZH2 resulted in H3K27 trimethylation and PTEN expression inhibition, which ultimately promoted the progression of non-small cell lung cancer (33). Zhuo et al. found that the exosomal lncRNA FAM138B derived from cancer cells can alleviate the progression of hepatocellular carcinoma by sponging MIR-765 (34).



EXOSOMAL LNCRNA IN CARDIOVASCULAR DISEASE

In recent years, research investigating exosomal lncRNAs has become a trend. Especially in the field of cancer, several studies have shown that exosomal lncRNAs may become new biomarkers of and targets for cancer progression and treatment (35). In addition, similar studies investigated exosomal lncRNAs in various systemic diseases. For example, exosomal lncRNAs are expected to become a therapeutic target for lung diseases (36). In the field of CVD, Wang et al. found that the release of the exo-circRNA HIPK3 from hypoxic cultured cardiomyocytes protects against cardiac microvascular endothelial oxidative damage by targeting the MIR29A/IGF-1 pathway and promotes the proliferation and migration of cardiac endothelial cells through the MIR29a/VEGF axis (37, 38). Ni et al. discussed the relationship between exocrine-derived non-coding RNAs (lncRNAs and miRNAs) in endothelial cells and vascular smooth muscle cells and their mechanism in vascular senescence (39). Recently, Cheng et al. found in vitro that the exo-lncRNA ZEB1-AS1 secreted by human umbilical vein endothelial cells induced by oxidized low-density lipoprotein (ox-LDL) enhances the damage caused by the MIR-590-5P/ETS1 axis to human umbilical vein endothelial cells through the TGF-β/Smad pathway (40).

Current studies have shown that exosomal lncRNAs participate in the dynamic evolution of underlying cardiovascular diseases through various pathways, involving all aspects of their pathophysiology and potential treatment. For example, lncRNAs participate in the initial development of atherosclerosis, the occurrence of acute myocardial infarction (AMI) and ischemia-reperfusion injury, cardiac angiogenesis, repair and protection against cardiac aging (Table 1 and Figure 2). The differential changes in lncRNAs in patient plasma exosomes make them potential biomarkers for the diagnosis and treatment of CVDs (Table 2 and Figure 3).


Table 1. Progress of exosomal lncRNA in preclinical study of CVD.
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FIGURE 2. The role of exosomal lncRNA in preclinical studies of cardiovascular diseases.



Table 2. The role of serum exosomal lncRNA in cardiovascular disease.
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FIGURE 3. Exosomal lncRNA in the serum of CVD patients as potential biomarkers.




ATHEROSCLEROSIS

Atherosclerosis (AS) is the most common type of CVD and the root cause of myocardial infarction. The main risk factors are aging, hyperlipidemia, obesity, hypertension, and smoking. Endothelial injury is considered the first step in the development of atherosclerosis. Subsequently, after inflammatory cell infiltration, vascular smooth muscle cells (VSMCs) proliferate and activate, exacerbating plaque formation. Therefore, targeting endothelial dysfunction, inflammatory cells and the phenotypic transition of VSMCs are critical for the study of the development and treatment of atherosclerosis. For example, exo-MIR143/MIR145 secreted by endothelial cells expressing KLF2 can communicate with smooth muscle cells, increase the expression of dedifferentiation-related genes, and reduce atherosclerosis in ApoE-/- mice (66). Macrophage-derived exo-MIR99A/MIR146B/MIR378A targets NF-κB/TNF-α signaling to inhibit inflammation, promote macrophage M2 polarization, and reduce the area of atherosclerotic necrosis (67).

Obesity is a risk factor for atherosclerosis; obesity promotes endothelial cell (EC) dysfunction, accelerates endothelial cell apoptosis and the release of inflammation, and promotes the development of atherosclerosis (68, 69). Exosomal lncRNAs are involved in endothelial dysfunction. For example, lncRNA SNHG9 overexpression in adipose stem cell-derived exosomes can inhibit endothelial cell apoptosis, inhibit NF-κB signaling, and reduce inflammation. TRADD, which is the target gene of SNHG9, is negatively associated with SNHG9 and inversely regulates the protective effects of SNHG9 to inhibit EC disorders (49).

M2 macrophages can fight the progression of atherosclerosis (67). Exosomal lncRNAs mediate communication between ECs and immune cells. For example, Huang et al. found that the expression level of the lncRNA MALAT1 was significantly increased in exosomes secreted by ox-LDL-stimulated human umbilical vein endothelial cells (HUVECs) and that coculture with these exosomes increased THP-1 cell expression of MALAT1 and promoted the polarization of M2 macrophages (43). A study by Chen et al. showed that the expression of the lncRNA GAS5 in exosomes derived from THP-1 cells under ox-LDL stimulation was significantly upregulated. Exosomes secreted by ox-LDL-stimulated THP-1 cells with GAS5 knockout were cocultured with HUVECs, and PHK67-labeled exosomes were internalized by HUVECs and significantly reduced HUVEC apoptosis. In contrast, exosomes secreted by ox-LDL-stimulated GAS5-overexpressing THP-1 cells could accelerate HUVEC apoptosis (48). Hong et al. found that the expression of MALAT1 was significantly reduced in the serum of patients with atherosclerosis and exosomes derived from ox-LDL-stimulated HUVECs. Exosomes derived from ox-LDL-stimulated HUVECs overexpressing MALAT1 are taken up by dendritic cells (DCs) and can inhibit DC maturation, activate NRF2 signaling, and inhibit reactive oxygen species (ROS) accumulation in DCs. Silencing MALAT1 results in the opposite effects. Similarly, in a mouse model of atherosclerosis, ox-LDL-stimulated exosomes exacerbated atherosclerosis in mice. This finding shows that the expression of MALAT1 is decreased in vascular endothelial cell-derived exosomes induced by ox-LDL, inhibits NRF2 signaling, leads to ROS accumulation and DC maturation, and accelerates the development of atherosclerosis (42).

Exosomal lncRNAs mediate the interaction between endothelial cells and VSMCs. For example, Shan et al. found that apoE-/- mice expressed increased levels of the lncRNA RNCR3 during the atherosclerotic stage, and RNA fluorescence in situ hybridization revealed RNCR3 localization in endothelial cells and arterial smooth muscle cells. After knocking out RNCR3 in vivo, the endothelial cell coverage and smooth muscle proliferation were significantly reduced. In vitro cell experiments showed that after knocking out RNCR3, HUVEC proliferation slowed, and apoptosis accelerated. After coculturing HUVEC-derived exosomes (HUVEC-exos) with VSMCs, VSMC proliferation and migration were inhibited. Biological analyses and luciferase assays show that HUVEC-exo-RNCR3 targets the MIR-185-5P/KLF2 axis to promote the proliferation of ECs and VSMCs and plays a protective role in the development of atherosclerosis (41). Zhang found that coculturing ox-LDL-stimulated HUVECs-exo-LINC01005 with VSMCs significantly downregulated the smooth muscle cell contraction markers α-SMA and SM22a and upregulated the VSMC proliferation marker OPN, indicating that HUVECs-exo-LINC01005 promoted phenotypic changes in VSMCs. The database and luciferase reporter assay show that HUVECs-exo-LNC01005 mediates phenotypic changes in endothelial cells and VSMC proliferation through the MIR-128-3P/KLF4 axis (50). It is suggested that the communication of exosomal lncRNAs among ECs, VSMCs and immune cells is mainly involved in the progression of atherosclerosis by targeting miRNAs or directly regulating the expression of genes.

The differences in the expression of exosomal lncRNAs in peripheral circulation in patients with atherosclerosis may represent a potential biomarker for the diagnosis of atherosclerosis. For example, Song et al. found significantly low expression of exosomal SNHG9 in the plasma of obese patients and revealed that this level was associated with endothelial dysfunction (49). Hong et al. found that a low expression of exosomal MALAT1 in the serum of patients with atherosclerosis led to DC maturation and promoted the progression of atherosclerosis (42). Wang et al. examined 65 blood samples from atherosclerosis patients and 68 blood samples from healthy volunteers and found that the blood exosomal concentration and exo-lncRNA HIF1A-AS1 expression in the atherosclerosis patients were significantly higher than those in the healthy group. A receiver operating characteristic (ROC) curve analysis showed that the areas under the curve of the plasma exosomes and exo-HIF1A-AS1 were 0.856 and 0.823, respectively. This finding indicates that plasma exo-HIF1A-AS1 may be a potential biomarker for the diagnosis of atherosclerosis (61). It is suggested that the differential expression of serum exosomal lncRNAs in patients with atherosclerosis may play an auxiliary role in diagnosis.



MYOCARDIAL INFARCTION

Myocardial infarction is caused by coronary artery stenosis or occlusion, and the myocardium is in a state of ischemia and hypoxia. Apoptosis and fibrosis of ischemic and hypoxic cardiomyocytes lead to ventricular remodeling, which, in turn, causes arrhythmia and heart failure. Since the 21st century, the performance of cell therapy in the treatment of myocardial regeneration has been unsatisfactory. The paracrine mechanism that plays a major role in cell therapy has given high hopes regarding the use of exosomes characterized by non-cellular therapy (70–74). For example, in a mouse model of myocardial infarction, exosomes derived from mouse embryonic stem cells promote survival and proliferation in cardiac progenitor cells by delivering miR-294 (75). Intramuscular injection of exosomes derived from cardiosphere-derived cells can reduce acute and chronic myocardial infarction injury in pigs, reduce the area of myocardial infarction, reduce the area of scars, and combat cardiac remodeling (76).

In addition to exosomal miRNAs, mesenchymal stem cell (MSC)-derived exosomal lncRNAs also play important roles in myocardial infarction. For example, Che et al. found that the exosomal lncRNA NEAT1 secreted by migration inhibitory factor (MIF)-induced human adipose mesenchymal stem cells (ADMSCs) inhibits H2O2-induced cardiomyocyte apoptosis. The database and dual luciferase gene reports show that the ADMSCMIF-derived exosomal NEAT1 reduces H2O2-induced oxidative stress in cardiomyocytes and reduces cardiomyocyte apoptosis through the MIR-142-3p/FOXO1 axis (51). Mao et al. detected the lncRNA KLF3-AS1 in exosomes secreted by human MSCs (hMSCs). Injection of hMSC-exos in a rat myocardial infarction model significantly reduced the expression of the proinflammatory factors IL-1β and IL-18 in cardiomyocytes and the expression of NLRP3, Asc, and Caspase-1, indicating that hMSC-exos induced cardiomyocyte pyrolysis. In an in vitro hypoxic cardiomyocyte model, the protective effect of hMSC-exos was consistent with that observed in the in vivo experiments. Database and dual luciferase gene reporter experiments showed that the hMSC-exo-KLF3-AS1/MIR-138-5p/SIRT1 axis mediates protection in hypoxic cardiomyocytes (54). Sun et al. performed cell and animal experiments and showed that the exosomal lncRNA UCA1 secreted by hypoxia-induced human bone marrow MSCs (BMSCs) sponges MIR-873-5p, regulates XIAP, and enhances AMPK phosphorylation in cardiomyocytes. This lncRNA also increases the expression of antiapoptotic proteins, such as p53, bax, and cleaved caspase-3, and inhibits the expression of the apoptotic protein bcl-2 (57).

Studies have shown that exosomal lncRNAs mediate communication between cardiomyocytes and cardiac fibroblasts (CFs) in the context of myocardial infarction. For example, Wang et al. found that coculturing hypoxic cardiomyocyte-derived exosomes and CFs significantly inhibited CF proliferation, migration and invasion and promoted apoptosis. An RNA-seq analysis revealed the differential expression of the lncRNA AK139128. In vivo experiments showed that exo-AK139128 exacerbated CF apoptosis in rats with myocardial infarction. Western blot analyses showed that the expression of the apoptotic protein bcl-2 increased, while the expression of the antiapoptotic protein bax decreased. This finding shows that exosomal AK139128 secreted by hypoxic cardiomyocytes promotes CF apoptosis (53). The above studies show that in addition to exosomal lncRNAs derived from mesenchymal stem cells, which are expected to become therapeutic targets for the treatment of infarcted myocardium, exosomal lncRNAs between cardiac cells also have potential therapeutic significance and research value.

Recent studies have shown that significant differences exist in plasma exosomal lncRNAs in patients with myocardial infarction, suggesting that these factors may have an auxiliary diagnostic effect. For example, Chen et al. found that the serum expression of exosomal NEAT1 and MMP9 in patients with ST-segment elevation myocardial infarction (STEMI) was significantly higher than that in patients with unstable angina and non-myocardial infarction, while the level of MIR204 was relatively lower. Spearman tested the correlation among the three factors and found that NEAT1 was positively correlated with the MMP9 levels, but NEAT1 was not significantly correlated with MIR204, MIR204, or MMP9. A logistic regression analysis revealed that NEAT1, MIR204, and MMP9 are independent predictors of STEMI (62). Zheng et al. found that ENST00000556899.1 and ENST00000575985.1 were significantly upregulated in circulating exosomes from AMI patients and control patients. An ROC analysis showed that ENST00000556899.1 and ENST00000575985.1 have areas under the myocardial infarction curve of 0.661 and 0.751, respectively, and are positively correlated with inflammatory biomarkers, myocardial infarction prognostic indicators, and myocardial injury markers (63). Sun et al. showed that the plasma expression of the exosomal lncRNA UCA1 in patients with myocardial infarction was increased. An ROC analysis showed that human plasma exosomal UCA1 may be a non-invasive biomarker for the diagnosis of AMI (57). Liang et al. enrolled 227 subjects and divided them into a coronary heart disease group, an early coronary heart disease group, and a normal coronary artery control group. Gene chip detection and RT-PCR showed that the exo-lncRNA SOCS2-AS1 was significantly downregulated in the coronary heart disease group. A Pearson correlation analysis showed that the plasma exo-SOCS2-AS1 levels were negatively correlated with the LPA and PLT levels. Univariate and multivariate logistic regression analyses showed that the plasma exosomal SOCS2-AS1 levels were an independent protective factor for coronary heart disease (64). These data suggest that exosomal lncRNAs may play an auxiliary role in the prediction and diagnosis of patients with myocardial infarction.



MYOCARDIAL ISCHEMIA-REPERFUSION INJURY

Myocardial ischemia-reperfusion injury (MIRI) refers to the pathological process during which the ischemic myocardium returns to normal perfusion after a coronary artery is partially or completely occluded, which, in turn, exacerbates myocardial injury. In clinical practice, MIRI is common in patients with myocardial infarction after emergency percutaneous coronary intervention (PCI) or thrombolytic therapy (77). The potential molecular mechanisms involved include oxidative stress, intracellular calcium ion overload, rapid recovery of PH, opening of the mitochondrial permeability transition pore (MPTP), the inflammatory response, and late myocardial reperfusion injury (77, 78). In recent years, treatments for MIRI have included ischemic preconditioning (IPC), ischemic post-processing (IPost), remote ischemic conditioning (IPC), the use of drugs to prevent myocardial reperfusion injury, therapeutic hyperbaric oxygen (HBO) and hypothermia (77–79). Recent studies have shown that the cardioprotective effect of IPC is mediated by exosomes (80). For example, exosomes derived from rat fibroblasts can protect cardiomyocytes after ischemia by targeting MIR-423-3p/RAP2C to reduce MIRI (81).

Similarly, exosomal UCA1 derived from hMSCs was discovered by Sun et al. to exert myocardial protection after myocardial infarction (57). Diao et al. found that exosomes derived from human umbilical cord blood MSCs (hUCMSCs) could inhibit hypoxia/reoxygenation (H/R)-induced cardiac microvascular endothelial cell (CMEC) apoptosis in Sprague-Dawley rats. In addition, hUCMSC-exos can inhibit macrophage autophagy under hypoxia. In an in vivo IR rat model, injection of hUCMSC-exos improved the ultrastructure of rat CMECs, inhibited apoptosis, and reduced the vascular endothelial injury markers TM and vWF. An RT-qPCR analysis verified that hUCMSC-exos were enriched with UCA1. In addition, dual luciferase reporter and RNA pull-down experiments showed that hUCMSC-exo-UCA1 inhibited autophagy and apoptosis in H/R-injured rat CMECs by regulating the miR143/BCL-2/BECLIN1 axis (56).

Recent studies have shown that exosomal lncRNAs are involved in the communication between polymorphonuclear cells (PMNs) and IR cardiomyocytes. For example, Zhai et al. used an H/R cardiomyocyte model and showed that PMN-exos stimulated by the calcium sensitive receptor (CaSR) activator cinacalcet were taken up by cardiomyocytes, increased the expression of p-AKT and Bcl-xL, reduced the production of NOX2 and ROS, and reduced cardiomyocyte apoptosis, while the AKT inhibitor HY15186 could reverse these effects. A high-throughput sequencing analysis of CaSR-PMN-exos found differential expression of the lncRNA ENSRNOT00000039868 (lncRNA 39868) and predicted PDGFD as the target protein of lncRNA 39868. siRNA-mediated silencing of the lncRNA 39868 significantly reduced PDGFD mRNA expression. In vivo experiments showed that after intravenous injection of CaSR-PMN-exos via the tail vein in rats, the area of myocardial infarction and MDA secretion were significantly reduced, the SOD levels were increased, and cardiac function was improved. These results suggest that CaSR-PMN-exosomal lncRNA 39868 upregulates the protein PDGFD, regulates these effects through the AKT pathway, and reduces MIRI (55).

Exosomal lncRNAs derived from endothelial cells have protective effects on IR cardiomyocytes. For example, Su et al. measured the expression of exosomal LINC00174 derived from vascular endothelial cells. After coculturing H/R cardiomyocytes with exo-LINC00174 in vitro, P53 was inhibited, and P53-induced autophagy enhancement and cardiomyocyte apoptosis were inhibited. In contrast, the expression of SRSF1 was increased. RNA pull-down experiments and RIP verified the binding of LINC00174 to SRSF1. In I/R mice, AKT/AMPK phosphorylation was increased, indicating that myocardial autophagy was activated, but P53 knockout inhibited autophagy activation and cardiomyocyte apoptosis. A dual luciferase reporter assay confirmed that MYOCARDIN was the binding site of P53. Vascular endothelial cell exo-LNC00174 bound SRSF1 to inhibit P53 expression, MYOCARDIN transcription, AKT/AMPK activation, and ultimately autophagy activation and apoptosis in I/R cardiomyocytes (58). These results suggest that the mechanism of cardiomyocyte protection mediated by exosomal lncRNAs in myocardial ischemia-reperfusion injury involves crosstalk among mesenchymal stem cells, polymorphonuclear cells and endothelial cells. The study of exosomal lncRNAs in myocardial ischemia-reperfusion still needs more exploration.



CARDIAC ANGIOGENESIS

Currently, revascularization treatment for AMI or ischemic cardiomyopathy mainly involves PCI, coronary artery bypass grafting and thrombolysis to restore the myocardial blood supply and save the dying myocardium. However, MIRI follows, and for patients who cannot undergo surgery, there is an urgent need for a new alternative therapy. In addition to cell therapy to rescue and restore cardiomyocytes, increasing research suggests that promoting the survival of cardiac endothelial cells, treating cardiac angiogenesis, and mediating the recanalization of cardiac collaterals have great therapeutic potential for the treatment of myocardial infarction. Examples include angiogenesis gene therapy (82), proangiogenic stem cell therapy (83), angiogenic ncRNA therapy (84), and exosome- and exosome-derived proangiogenic ncRNA therapy (85–88). For example, a study by Ma et al. showed that exosomes derived from murine BMSCs can deliver MIR132, induce tube formation in HUVECs in vitro, and promote angiogenesis in the ischemic area of the infarcted heart in mice (89).

Exosomal lncRNAs derived from stem cells can promote endothelial cell proliferation and angiogenesis after myocardial infarction. For example, Q. Wu et al. found that hypoxia-induced cardiovascular progenitor cells derived from human pluripotent stem cell (hCVPC)-EVs could improve heart function in mice with myocardial infarction, and immunohistochemistry studies showed that CD31 and α-SMA expression increased. Similarly, in vitro experiments showed that hCVPC-EVs can reduce the damage induced by oxygen glucose deprivation (OGD) to cardiomyocytes and promote endothelial cell migration and tube formation. RNA sequencing and RT-qPCR analyses showed that the expression of MALAT1 in hypoxic hCVPC-EVs was significantly increased, and knocking down the expression of MALAT1 inhibited angiogenesis. Database and dual luciferase gene reporter assays suggest that MALAT1 targets MIR497 (44). After culturing atorvastatin-treated (ATV)-MSC-exos with HUVECs in vitro, Huang et al. showed that HUVECs treated with ATV-MSC-exos had enhanced tube-forming abilities. When cocultured with H9C2 cardiomyocytes stimulated with hypoxia and serum deprivation (H/SD), HUVEC-exos increased the survival rates of cardiomyocytes under H/SD conditions and inhibited myocardial fibrosis. In addition, rats with myocardial infarction were injected with ATV-MSC-exos, resulting in improved heart function, inhibited cardiomyocyte apoptosis, reduced inflammatory cell infiltration, and increased blood vessel density. The sequencing of ATV-MSC-exos demonstrated that the lncRNA H19 was highly expressed, and the protective effect of ATV-MSC-exos on cardiomyocytes and the promotion of endothelial cell angiogenesis were eliminated after H19 knockout. Furthermore, MIR-675-3p, MIR-675-5p, VEGF, and ICAM1 were positively expressed with H19. These results suggest that atorvastatin increases the secretion of H19 exosomes by rat mesenchymal cells, activates VEGF and ICAM1 by regulating the expression of MIR−675-3p and MIR−675-5p, and promotes angiogenesis in the endothelium after myocardial infarction (59).

Studies have shown that HBO can promote the expression of angiogenic exosomal lncRNAs and mediate angiogenesis after myocardial infarction. For example, Shyu et al. found that HBO-induced cardiomyocyte exosomes increased the expression of MALAT1, decreased the expression of MIR92A, increased the expression of KLF2 and CD31, reduced the area of myocardial infarction and inhibited heart remodeling. A luciferase activity assay verified that the target gene of MIR92A was KLF2. In an in vitro rat cardiomyocyte hypoxia model, an HBO intervention promoted the expression of exosomal MALAT1 more than hypoxia stimulation. HBO induces the enrichment of exo-MALAT1 derived from cardiomyocytes, regulates the expression of CD31 and KLF2 through the MIR92A/KLF2 axis, and promotes cardiac angiogenesis after myocardial infarction (45). The metastasis of angiogenic lncRNAs in exosomes is of great significance for ischemic diseases. There have been many reports in the field of cancer. We look forward to more studies concerning angiogenesis in exosomal lncRNAs. It is believed that exosomal lncRNAs could be a new target for the treatment of ischemic cardiomyopathy.



CARDIAC AGING

Cellular aging is an irreversible factor in the occurrence and development of CVD. Aging leads to excessive oxidative stress, chronic low-grade inflammation, telomere shortening, autophagy, and mitochondrial dysfunction (90–92). Aging also mediates communication between cardiomyocytes and endothelial cells, fibroblasts, and immune cells (93) and promotes vascular wall endothelial damage, atherosclerosis, myocardial fibrosis, coronary heart disease, and heart failure (94, 95). Currently, the strategies applied to delay cardiac aging include repairing mitochondrial dysfunction (96), targeting cardiac stem cell senescence and senescence-associated secretory phenotype changes (97), inducing autophagy (90), and hydrogen sulfide-mediated regulation of senescence signals (98). It has been reported that extracellular vesicles mediate cell senescence (99). Recently, Lei et al. found that the transfer of proliferating cell nuclear antigen from MSC-EVs derived from neonatal umbilical cords could reverse aging in adult BMSCs. In mice, UCMSC-EVs could delay the aging phenotype in aging mice and reduce degeneration in bones and kidneys (100).

Recent studies have shown that stem cell exosomal lncRNAs can combat myocardial aging. For example, Zhu et al. injected hUCMSC-exo-MALAT1 into the tail veins of aging mice and found that the UCMSC-exos reversed the adverse effects of aging on cardiac function, increased the mRNA expression of the cardiac antiaging marker TERT, reduced the mRNA expression of the cardiac aging marker P21 and the inflammatory factor TNF-α, and reduced the protein expression of p-p65 in cardiac tissue, but these antiaging effects were reversed by siMALAT1. Culturing UCMSC-exo-MALAT1 with senescent cardiomyocytes reduced the activity of NF-κB and the expression levels of p-p65 and TNF-α, but silencing MALAT1 blocked these effects. These studies suggest that UCMSC-exos can fight cardiac aging through the MALAT1/NF-κB/TNF-α axis (46). Similarly, Xia showed that adipose MSC (ADMSC)-derived exosomes were enriched with MALAT1 under hypoxic conditions. Hypoxic MSC-exos were cultured with cardiomyocytes and inhibited doxorubicin (Dox)-induced cardiomyocyte senescence. In addition, hypoxic MSCs-exos can improve myocardial cell metabolism disorders. Database and luciferase reporter assays show that hypoxia-induced ADMSCs-exo-MALAT1 can improve mitochondrial dysfunction in cardiomyocytes after Dox treatment by targeting MIR-92a-3p/ATG4A and combating cardiac aging (47). In addition, Zhuang et al. found that the lncRNA NEAT1 was significantly enriched in exosomes derived from BMSCs treated with MIF. MSCsMIF-exos can resist Dox-induced myocardial aging in mice and improve heart function. In cell experiments, MSCsMIF-exos could also resist Dox-induced senescence in cardiomyocytes by reducing the number of cells in the G0/G1 phase, reducing the expression of the senescence genes P27 and P16, reducing the percentage of SA-β-gal-positive cells, and increasing the telomere length and activity. Database and luciferase reporter assays show that MSCsMIF-exos regulate the MIR−221-3p/SIRT2 axis by transporting NEAT1 to protect against Dox-induced cardiomyocyte senescence (52). We agree that stem cells are regarded as a breakthrough point against cell senescence, and the results of exosomal lncRNAs derived from stem cells against cardiomyocyte senescence are encouraging. Furthermore, exosomal lncRNAs provide a new perspective for the treatment of cell senescence and cell metabolic damage.



OTHER CARDIOVASCULAR DISEASES

Wang et al. found exosomal lncRNA crosstalk in chronic kidney disease (CKD) and CVD. The authors showed an increased expression of the lncRNA ZFAS1 in the hearts of CKD mice, transfected ZFAS1 into human cardiomyocytes (HCMs) and collected exosomes, and found that ZFAS1 was significantly enriched in HCM-derived exosomes. Injection of HCM-exos into mice significantly reduced their heart function and induced myocardial fibrosis. Similarly, HCM-exos activated the WNT/β-catenin signaling pathway in mouse cardiomyocytes after intervention in vitro. Silencing ZFAS1 can inhibit fibrosis in human CFs (HCFs). Biological database and luciferase assays show that ZFAS1 is transferred to HCFs through exosomes secreted by HCMs and induces myocardial fibrosis through the MIR−4711-5p/WNT/β signaling pathway (60). The communication of exosomal lncRNAs between CKD and CVD provides a reference for the study of the relationship between other systemic diseases and CVD.

Luo et al. found 105 significantly upregulated lncRNAs, 126 significantly downregulated lncRNAs, 77 significantly upregulated mRNAs, and 102 significantly downregulated mRNAs in plasma exosomes from five patients with rheumatic mitral stenosis. GO and KEGG analyses of the differentially expressed lncRNA-related genes showed that these cells are involved in magnesium homeostasis, ERBB signaling, RAS signaling, and inflammation. The KEGG pathway analysis of the upregulated mRNAs showed that they are associated with pathways associated with hypertrophic cardiomyopathy and dilated cardiomyopathy. In addition, the analysis of differentially expressed lncRNA subgroups indicated that five pairs of lncRNAs and their accessory-related genes were coexpressed simultaneously; the four downregulated pairs were RP13-820C6.2/EP400, RP11-339B21.15/CERCAM, G004800/ZBTB7B, XLOC_010028/PDE3A, and the one downregulated pair was XLOC_004201/STOX2. This finding highlights the potential diagnostic and therapeutic role of exosomal lncRNAs in rheumatic heart disease (65).



OUTLOOK AND SUMMARY

Current research concerning exosomes and exosomal lncRNAs is still in its infancy. First, the current methods used for the separation and purification of exosomes are different, and the production capacity is low, which is far from the standard of clinical application. It is of practical significance to upgrade the technology used for the separation and purification of exosomes. For example, Chen et al. optimized the yield and purity of exosomes by using an ultrafast separation system (EXODUS), which was innovated by ultrafiltration (101). We suggest that the separation and purification of exosomes should achieve a high a standard as possible.

Second, the organ targeting of exosomes needs to be examined. Local injection into a target organ may have improved therapeutic effects. However, intravenous injection results in unsatisfactory retention rates of exosomes in the target organ. We agree that the targeting of organs can be increased by surface modification of engineered exosomes, but the low immunogenicity and non-tumorigenicity of exosomes should be retained (102). In addition, heterogeneity is a difficult problem in the study of exosomes (103). The biological and functional mechanisms of serum exosomal lncRNAs from different CVD patients and exosomal lncRNAs secreted by different cells are different. Therefore, we suggest that the separation and purification of exosomes should be carried out under uniform and appropriate standards to the greatest extent possible. Therefore, we should search for traces of exosomes and exosomal lncRNAs in serum or tissues from more CVD patients and perform functional analyses. Furthermore, the exploration of the interaction between cells from different sources and target cells of exosomal lncRNAs should be more groundbreaking. Finally, deciphering the specific molecular mechanism of lncRNA selection and modification in exosomes may introduce new perspectives.

In addition, the relationship between lncRNAs and exosomes is intriguing. In general, exosomes act as carriers of lncRNAs to achieve cell-to-cell transfer and regulation. However, Yang et al. found that increasing the level of the lncRNA HOTAIR can promote the secretion of hepatocellular carcinoma exosomes (104). Similarly, Xing et al. found that the lncRNA HAND2-AS1 can inhibit the level of exo-MIR-106a-5p secreted by MSCs (105). In the field of CVD, research by Li showed that the overexpression of the lncRNA NRON can significantly inhibit the expression of exo-MIR23A secreted by atrial myocytes, promote the polarization of M2 macrophages, and reduce atrial fibrosis (106). The above studies show that lncRNAs, exosomes and lncRNAs and miRNAs in exosomes are closely related and complex. Therefore, we believe that in the CVD field, more attention and action are still needed in the study of the interaction mechanism among exosomes and exosomal lncRNAs and miRNAs.

The application and innovation of engineered exosomes may compensate for the disadvantage of exosomes produced by natural cells. Gene-enriched exosomes can be obtained through physical and chemical approaches, such as electroporation, ultrasound, and liposome-mediated membrane fusion (107). The surface modification of engineered exosomes allows exosomes to target tissues or organs and can be used to monitor the pharmacokinetics of exosomes in the body in real time to produce ideal biological effects (102). Therefore, using the advantages of engineered exosomes can provide reveries for the therapeutic effects of exosomal lncRNAs in the clinical application of real CVD patients. Of course, these applications can only be applied after solving the heterogeneity of exosomal lncRNAs and satisfying their basic conditions as drug carriers. In addition, proteomic and lipidomic studies of exosomes are potential hotspots in the study of CVD. For example, Takov et al. conducted a proteomic analysis of EVs derived from MSCs and found that migration-promoting mediators, such as PTX3, BGN, and RTN4, mediate angiogenesis after myocardial infarction (108). In summary, we believe that exosomes and exosomal lncRNAs may play an important role in the diagnosis and treatment of CVD in the future.
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Atrial fibrillation (AF) is the most common persistent arrhythmia, but the mechanism of AF has not been fully elucidated, and existing approaches to diagnosis and treatment face limitations. Recently, exosomes have attracted considerable interest in AF research due to their high stability, specificity and cell-targeting ability. The aim of this review is to summarize recent literature, analyze the advantages and limitations of exosomes, and to provide new ideas for their use in understanding the mechanism and improving the diagnosis and treatment of AF.
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INTRODUCTION

Atrial fibrillation (AF) is the most common persistent arrhythmia. In the United States, 2.3 million people have AF, and this number is expected to increase to 5.6 million by 2050 (1). AF greatly increases the risk of stroke, with a more than five-fold excess of stroke in subjects with AF (2), and contemporary studies have shown that 20–30% of patients with ischemic stroke had been diagnosed with AF (3). AF is also one of the main causes of heart failure, sudden death, and other cardiovascular diseases (3). After adjusting for preexisting cardiovascular conditions, AF increases all-cause mortality by a factor of two (4).

AF is widespread and harmful, but current diagnostic methods are not very efficient. Twelve lead electrocardiography is currently the gold standard for diagnosis, but due to its short recording time window, paroxysmal atrial fibrillation goes undetected in many patients (5). To address this limitation, ambulatory electrocardiographic recording devices were developed (6), but they are uncomfortable for patients during recording, and even the extended recording time may be insufficient (5). Therefore, it would be helpful to develop alternative convenient and efficient diagnostic tools.

Currently, scholars believe that AF occurs when atrial tissue undergoes structural and/or electrophysiological remodeling, which can promote formation and propagation of abnormal electrical pulses (7). Atrial abnormalities can occur via several mechanisms, such as renin angiotensin aldosterone system (RAAS) activation, cardiac fibrosis, decreased action duration potential, and others (8). The variety of mechanisms and pathways involved in atrial fibrillation contribute to its mechanism not yet being fully understood.

As the understanding of AF has improved, many treatments have emerged, including antiarrhythmic drugs (AADs), biologicals, catheter ablation, and the COX-maze procedure (9). However, most currently available treatments have major limitations. For example, AADs can cause malignant ventricular arrhythmia and lung and hepatic damage. Catheter ablation requires a long operation, while the result is not ideal (rhythm control is achieved in only 57–80% of cases), and long-term complications often result (9, 10). Although the COX-maze procedure yields a higher rate of postoperative freedom from AF (90% after 1 year), it is mainly suitable for symptomatic patients undergoing other cardiac surgical procedures (11). Therefore, further research on treatments for atrial fibrillation is warranted.

As mentioned above, AF is associated with a high risk of stroke, and the mechanism, diagnosis and treatment of AF require further study. Currently, exosomes and non-coding RNAs (ncRNAs) are areas of active cardiovascular research. What new perspectives and ideas will exosomes and ncRNAs bring to AF? We review recent research on ncRNAs and exosomes in AF, and provide suggestions for further research and clinical applications.



A BRIEF INTRODUCTION OF EXOSOMES AND THEIR CARGOS


Exosomes

Exosomes are extracellular vesicles that originate from endosomes and have diameters ranging from 40 to 160 nm. At the time of their discovery, exosomes were regarded as a kind of “cell junk.” Researchers believed that the role of exosomes was mainly to remove excess components in cells to maintain cell homeostasis (12). It later became clear that they have a role in intercellular communication and disease progression (13). Researchers believe that exosomes might constitute an ideal treatment because they can target specific cells and regulate complex pathways. In addition, exosomes have been detected in various body fluids (14), indicating that they have the potential to become biomarkers of multiple diseases.

The formation of exosomes begins with invagination of the plasma membrane. This process produces early sorting endosomes (ESEs). After cargos are transferred to and from other membranous structures, ESEs become late sorting endosomes (LSEs), whose secondary invagination forms intraluminal vesicles (ILVs). After processing and modification, ILVs become exosomes that carry a variety of cargos, including proteins, amino acids, lipids, DNA, RNA, and metabolites (15). LSEs transform into multivesicular bodies (MVBs) that dock on the plasma membrane and release the enclosed exosomes to the extracellular space (Figure 1A).


[image: Figure 1]
FIGURE 1. Biogenesis of exosomes and non-coding RNAs. (A) Biogenesis of exosomes. Formation of exosomes begins with invagination of the plasma membrane. This process produces early sorting endosomes (ESEs) with cargos of what had been extracellular material. After cargos are transferred to and from other membranous structures, ESEs become late sorting endosomes (LSEs), whose secondary invagination forms intraluminal vesicles (ILVs—the future exosomes) that give rise to multivesicular bodies (MVBs). Finally, MVBs are transferred to and dock on the plasma membrane, resulting in release of the exosomes. The exosomes usually contain mRNA, proteins, and non-coding RNAs (ncRNAs), including microRNAs (miRNAs), circular RNAs (circRNAs), and long non-coding RNAs (lncRNAs). (B) Biogenesis and functional mechanism of microRNAs. Primary miRNAs (pri-miRNAs) are transcribed and cleaved by the microprocessor complex to form precursor miRNAs (pre-miRNAs). Pre-miRNAs are then transported into the cytoplasm and further processed by DICER or co-factors, including the trans-activation response RNA-binding protein (TRBP). Mature miRNAs in the cytoplasm are transported to the RNA-induced silencing complex (RISC), which can bind to the Argonaute (AGO) protein and ultimately guide the complex to the target mRNA. (C) Biogenesis of circular RNAs. Exonic circRNAs are formed by backsplicing the transcription products between two breakpoints on DNA. CircRNAs have a closed ring structure without a 5′-end cap and a 3′-end polyadenosine tail structure. In the cytoplasm, circRNAs can act as ceRNAs by sponging miRNAs with miRNA response elements (MREs), thereby reducing the inhibitory effect of the miRNAs. (D) Biogenesis of mRNAs. Translation of mRNA is the key regulatory target of ncRNA, which is separate from the regulatory effect of lncRNAs and miRNAs. The mRNAs can also enter exosomes. (E) Biogenesis of long non-coding RNAs. Unlike mRNA, many lncRNAs are processed incompletely and remain in the nucleus, while others are spliced efficiently and transported to the cytoplasm. In the cytoplasm, lncRNAs can interact with different types of RNA-binding proteins (RBPs) and ribosomes. In addition, lncRNAs are usually sorted into mitochondria or other organelles, including exosomes. They perform post-transcriptional functions by promoting/suppressing mRNA stability or sponging miRNA as competing endogenous RNAs (ceRNAs). m7G, 7-methyl guanosine 5′ cap; (A)n, poly(A) 3′ tail.


Research on cargos has concentrated on RNA, and here we focus on ncRNAs.



Non-coding RNAs in Exosomes

Non-coding RNAs (ncRNAs) are RNA molecules that are not translated, but rather participate in post-transcriptional regulation of microRNAs (miRNAs), piwi-interacting RNAs, long non-coding RNAs (lncRNAs), circular RNAs (circRNAs), and endogenous small interfering RNAs, among others. Due to their extensive and complex regulatory effects, ncRNAs are involved in a variety of diseases, and have gradually become key molecules for diagnosis and treatment (16).


MicroRNAs

MicroRNAs are members of a family of small ncRNAs with a length of 18–23 bases, which are highly conserved among species (17). Although miRNAs do not code for proteins, they play important roles in inhibiting or promoting mRNA degradation to regulate gene expression (18). The occurrence and maturation of miRNAs are regulated by a variety of cellular factors, and their biosynthesis involves transcription and cleavage of primary miRNAs (pri-miRNAs) by the microprocessor complex to form precursor miRNAs (pre-miRNAs) (19). Pre-miRNAs are then transported into the cytoplasm and further processed by DICER or co-factors, including the trans-activation response RNA-binding protein (TRBP) or the protein activator of protein kinase R (PACT) (20). Mature miRNAs in the cytoplasm are then transported to the RNA-induced silencing complex (RISC), which can bind to the Argonaute (AGO) protein and ultimately guide the complex to the target mRNA (21) (Figure 1B). According to the principle of base complementarity, miRNAs directly regulate the stability of mRNA to affect cell behavior.



Circular RNAs

Circular RNAs are a unique class of ncRNAs. In contrast to linear RNAs, circRNAs have a closed ring structure without a 5′-end cap and 3′-end polyadenosine tail structure (22). This structure promotes cyclization of exons and/or introns to each other, potentially protecting them from degradation and providing a half-life of about 48 h (23). The circRNA sequences are highly conserved and have distinctive histological and temporal characteristics (24), participating in the regulation of transcriptional and post-transcriptional gene expression (25). CircRNAs can act as miRNA sponges, thereby reducing the inhibitory effect of miRNA and increasing expression of specific target genes (26) (Figure 1C).



Long Non-coding RNAs

Long non-coding RNAs are a kind of ncRNA with a length of more than 200 base pairs. Unlike mRNA (Figure 1D), many lncRNAs are processed incompletely and retained in the nucleus (27), while others are spliced efficiently and transported to the cytoplasm. In the cytoplasm, lncRNAs can interact with different types of RBPs and ribosomes. In addition, lncRNAs are usually sorted into mitochondria or other organelles, including exosomes (Figure 1E). The lncRNAs function primarily in three ways. First, they can bind transcription factors and the promoter region of target genes, which upregulates their transcription. Second, they can act like miRNA to downregulate mRNA. Third, they can target other post-transcriptional regulators such as miRNAs. The lncRNAs can act as miRNA sponges to affect mRNA levels and thus regulate gene expression (28). A more detailed description can be found in the article by Statello et al. (27). In addition to transcriptional or post-transcriptional regulation, lncRNAs also have roles in epigenetics, cellular stability, etc.





CLINICAL POTENTIAL OF EXOSOMES AND THEIR CARGOS


The Potential of Exosomes

Researchers have extensively studied the role of exosomes in cardiovascular disease. Zeng et al. revealed that increased circulating levels of the exosomal lncRNAs ENST00000556899.1 and ENST00000575985.1 can be a potential biomarker for acute myocardial infarction (29). The study by Zhu et al. (30) showed that exosomes can also release the lncRNA MALAT1, which prevents aging-induced cardiac dysfunction by inhibiting the NF-κB/TNF-α signaling pathway. Zhou et al. (31) reviewed the role of circulating exosomes, and nine types of exosomal MiRNAs were suggested to be useful for the diagnosis and prognosis of heart failure.



The Potential of MicroRNAs

Currently, only a small number of miRNAs have been identified. Analysis of miRNA sites in the genome showed that miRNAs play an important role in several physiological processes, including blood cell differentiation, homeobox gene regulation, neuronal polarity, insulin secretion, brain morphogenesis, and cardiogenesis (32, 33). Recent studies have identified ~50 miRNAs associated with essential hypertension, and more than 30 miRNAs associated with heart failure and myocardial infarction, many of which might serve as useful biomarkers (34–36). Some miRNAs, such as miR-29b, miR-323-5p, miR-455, and miR466, regulate expression of matrix metalloproteinase-9 in diabetic heart tissue and promote proliferation of endothelial cells (ECs) and formation of capillary-like structures, which could protect oxygen-damaged cardiomyocytes (37). Ong et al. (38) found that miR-27b-3p could target Wnt3A to regulate Wnt/β-catenin signaling in experiments using a rat model, thereby attenuating atrial fibrosis. These studies suggest that miRNA may play an important role in AF.



The Potential of Circular RNAs

Recent studies have indicated that circRNAs are widely involved in cardiovascular disease. Huang et al. (39) showed that the absence of the Super-Enhancer-Regulated circRNA Nfix in a mouse model of myocardial ischemia promotes regeneration and repair of myocardial cells. Li et al. (40) showed that circRNA_000203 enhances Gata4 gene expression by down-regulating miR-26b-5p and miR-140-3p, thereby exacerbating cardiac hypertrophy. Other studies have also shown that circRNAs also play an important regulatory role in myocardial fibrosis and vascular regeneration (41, 42).



The Potential of Long Non-coding RNAs

Long non-coding RNAs are widely involved in cardiovascular disease. Studies have shown that inhibition of AK088388 can increase the level of miR-30a and reduce the levels of mRNA and protein of the autophagy markers Beclin-1 and LC3-II, thus significantly reducing autophagy and cardiomyocyte damage (43). Fan et al. used microarray analysis to evaluate the variability of lncRNA in mouse aortic endothelial cells carrying vulnerable plaques, and found that the expression pattern of lncRNA UC.98 was closely related to the vulnerability of atherosclerotic plaques (44). Tao et al. found that expression of miR-21 can be down-regulated when expression of growth specific blocking factor 5 (GAS5) lncRNA is elevated, and miR-21, which promotes the progression of cardiac fibrosis, is overexpressed in cardiac fibrotic tissue and activated cardiac fibroblasts (45).



The Advantages of Exosomes and Their Cargos for Clinical Use

The use ncRNAs, such as miRNAs, in clinical practice may encounter several problems. First, in the search for biomarkers for diagnosing AF, there have been inconsistencies between different studies (Table 1). An explanation for these inconsistencies may be that the RNAs in the circulating blood come from different tissues or cells, and other components in the blood may also affect the results. In addition, expression of miRNA is related to the heterogeneity of the population of patients with AF (50). Second, as a treatment method, miRNAs also have problems with delivery efficiency and off-target effects. Because they can target a variety of organs and tissues, miRNA mimics used for treatment may not be accurately delivered to the intended tissues (51). Thus, delivery efficiency is relatively low and may cause side effects.


Table 1. miRNAs as biomarkers for the diagnosis of AF patients.
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However, loading ncRNA into exosomes provides several advantages for diagnosis and treatment:

(1) Abnormal cells and diseased tissues tend to produce more exosomes because of changes in cytoplasmic physiology (52). So exosomes are often from abnormal tissues, better reflecting the disease state.

(2) Compared with ncRNAs in biological fluids, the contents of exosomes are more stable and therefore more useful as clinical biomarkers.

(3) The ncRNAs in exosomes are naturally enriched, facilitating detection.

(4) Exosomes are a natural mechanism of cellular communication and molecular transportation, and deliver materials with high efficiency. This feature makes them very attractive for pharmaceutical applications.

(5) Their biophysical properties make it easy to extract exosomes and manipulate their protein and RNA cargoes (53).

(6) Exosomes are composed of multiple components, which means that they have greater potential to perform complex functions, such as modifying protein or lipid components to reduce adverse reactions (15) (Figure 2).


[image: Figure 2]
FIGURE 2. Advantages of applying exosomes to the diagnosis and treatment of atrial fibrillation. Current diagnosis and treatment methods for AF have many limitations. Exosomes have become a focus of cardiovascular research. Due to their many advantages, exosomes are thought to have the potential to overcome current limitations and provide new methods for understanding the mechanism and improving the diagnosis and treatment of AF.


All these characteristics make exosomes more effective than free ncRNAs in the diagnosis and treatment of AF.




DIAGNOSTIC AND THERAPEUTIC ROLE OF EXOSOMES IN ATRIAL FIBRILLATION


Exosomes in the Diagnosis of Atrial Fibrillation

Since 2019, there have been attempts to identify links between exosomes and AF that might improve its diagnosis and prognosis, and most studies have focused on miRNAs in exosomes. Wang et al. compared differences in circulating exosomes between AF patients and control groups, and analyzed three differentially expressed miRNA components, miR-483-5p, miR-142-5p, miR-223-3p, and miR-223-5p. Among them, miR-483-5p was independently related to AF, revealing that exosomes have great potential for diagnosing AF (54). The studies of Wei et al. and Liu et al. are similar. The former study showed that expression of miR-92b-3p, miR-1306-5p and miR-let-7b-3p are different in patients with AF compared to those with normal sinus rhythm (55), while the latter identified miR-382-3p as a differentially expressed miRNA (56). The study of Mun et al. attempted to identify specific biomarkers for persistent AF. They identified four kinds of miRNA in exosomes (miRNA-103a,−107,−320d,−486, and let-7b) found in patients with persistent AF but not in those with paroxysmal AF or in control patients (50).

There have also been studies trying to use other components in exosomes for diagnosis of AF, such as mitochondrial DNA (mtDNA) and protein. Soltész et al. searched for differentially expressed mtDNA in exosomes of AF patients. However, in addition to finding that mtDNA levels were different in exosomes, peripheral blood and cell-free plasma, there was no obvious difference between AF patients and healthy controls, indicating that mtDNA is not suitable for use as a biomarker for AF (57). Ni et al. believed that the protein in exosomes had not been fully studied, so they analyzed the difference in protein content in exosomes between AF patients and controls. Their results showed that the difference between the proteins in exosomes of AF patients and the control group was mainly reflected in protein folding, which caused the protein content of exosomes from AF patients to be less due to protein misfolding or unfolding (58).



Exosomes in the Pathogenic Mechanism of Atrial Fibrillation

Many studies have clarified the mechanism by which exosomes are involved in the development of AF. Recently, Shaihov-Teper et al. discovered that epicardial fat (eFat) could facilitate AF, and extracellular vesicles were one of the important mechanisms. They extracted and cultured eFat from patients with AF, then collected extracellular vesicles in the culture medium, and found that these vesicles had proinflammatory, profibrotic, and proarrhythmic effects, which ultimately promoted the formation of AF (59). Similarly, the study by Li et al. tried to reveal the mechanism by which myofibroblasts (MFBs) promote the progression of AF. They found that exosomes secreted by MFBs can act on cardiomyocytes (CMs) and cause the latter to down-regulate the expression of the L-type calcium channel Cav1.2, which is a typical AF-associated ionic remodeling marker. Further studies have shown the miR-21-3p in exosomes may be the inhibitory molecule responsible for this down-regulation (60). In addition, it has been observed that the lncRNA NRON (ncRNA repressor of the nuclear factor of activated T cells) can promote polarization of M2 macrophages to reduce atrial fibrosis, and a study by Li et al. showed that exosomes are involved in this process. The exosomes secreted by CMs stimulated by NRON can promote polarization of M2 macrophages and reduce expression of fibrosis markers in cardiac fibroblasts (61).



Exosomes in the Treatment of Atrial Fibrillation

Although there has been no research on the application of exosomes to the treatment of AF patients, there have been studies that demonstrated a role for exosomes in the treatment of AF in mice. The miR-320d in cardiomyocytes with AF is down-regulated, which leads to increased apoptosis and decreased cell viability. Liu et al. tried to use exosomes from adipose tissue-derived mesenchymal stem cells to deliver miR-320d mimics to cardiomyocytes, and showed that the above process was reversed. These results support exosomes as an effective drug delivery system (62).




NON-CODING RNAS IN ATRIAL FIBRILLATION

To the best of our knowledge, there are currently only 10 articles that directly relate exosomes with AF (discussed in the previous section). Although many ncRNAs have been successfully used to better study the mechanism and aid in the diagnosis and treatment of AF, they were not reported in exosomes in those studies. Therefore, in order to guide future research, we summarize the ncRNAs that have been studied in the context of AF but not yet reported in exosomes.


MicroRNAs
 
MicroRNA in the Diagnosis of Atrial Fibrillation

The following miRNAs have been shown to appear in exosomes and contribute to the diagnosis of AF: miR-483-5p, miR-142-5p, miR-223-3p, miR-223-5p, miR-92b-3p, miR-1306-5p and miR-let-7b-3p, miR-382-3p, miRNA-103a,−107,−320d,−486, and let-7b (50, 54–56).

In addition, many circulating miRNAs have been shown to be associated with AF, which may guide future exosome research. McManus et al. showed miR-21 and miR-150 in the plasma of AF patients were lower than those in patients with sinus rhythm. And interestingly, the level was lower in the plasma of patients with paroxysmal AF than in those with persistent AF, which means they can not only be a biomarker for AF, but potentially distinguish AF subtypes (63).

As biomarkers, miRNAs were also found to have the potential to evaluate AF in more complex situations. Zhou et al. (64) showed that miR-21 is related to the prognosis of patients with AF after radio-frequency ablation, helping to guide physicians in choosing whether to perform that procedure. And considering miR-29s along with age and amino-terminal procollagen III peptide (PIIINP) helps to predict whether the patient will develop AF after receiving a coronary artery bypass graft (CABG) (65). Goren et al. demonstrated that the circulating level of miR-150 is reduced in patients with AF and systolic heart failure (66).

A means of distinguishing embolic from thrombotic stroke is provided by identification of miRNAs. As we know, patients with AF have a higher probability of stroke, but whether the stroke was caused by AF or atherosclerosis affects clinical decisions, and distinguishing between the two remains a challenge (67). Chen et al. (68) identified miR-15a-5p, miR-17-5p, miR-19b-3p, and miR-20a-5p as biomarkers useful for making this distinction.



MicroRNAs in the Mechanism of Atrial Fibrillation

The miR-21-3p in exosomes has been shown to be related to the mechanism of AF (60). And many other miRNAs have been reported to be associated with AF. As mentioned above, AF-related myocardial remodeling can be divided into structural remodeling and electrical remodeling. The earliest research connecting miRNA to myocardial fibrosis can be traced back to van Rooij et al. (69) and Thum et al. (70) in 2008. van Rooij et al. (69) demonstrated that up-regulated miR-29 in fibroblasts can reduce expression of collagen, fibrin, and elastin, thereby reducing the level of fibrosis; Thum et al. (70) found that the level of miR-21 in fibroblasts was selectively increased in heart failure, and miR-21 enhanced ERK-MAP kinase activity by inhibiting (Spry1), thereby enhancing myocardial fibrosis. In the following decade, more and more studies focused on atrial fibrosis and miRNA-21 (71–73). In addition, the pro-fibrotic response of canine atria to nicotine was dependent on down-regulation of miR-133 and miR-590 (74); miR-132 can target connective tissue growth factor in cardiac fibroblasts to regulate fibrosis (75).

In addition to structural remodeling, miRNAs have also been shown to be related to electrical remodeling. Zhao et al. (76) found that miR-29 not only participated in myocardial fibrosis, but was also related to decreased Ica, L density by reducing expression of Ca2+ channel subunits. Binas et al. also found that miR-221 and miR-222 participate in cardiac electrical remodeling by regulating expression of L-type Ca2+ channel subunits and potassium channel subunits (77).



MicroRNAs in the Treatment of Atrial Fibrillation

As mentioned above, miR-320d in exosomes has been shown to decrease apoptosis and increase cell viability in AF, suggesting it could be used for treatment (62).

Some studies have experimented with using miRNA to directly treat AF in animal models. MiR-1 was shown to exacerbate arrhythmia when upregulated in rat hearts, which could be relieved by an antisense inhibitor. Further research revealed that associated mechanisms involve down-regulation of the K+ channel subunit Kir2.1 and connexin 43 (78). Other studies have also shown that miRNA can be used to prevent and treat AF in rat, mouse, and canine models (79–81). However, current research remains limited to animal experiments. Safety issues such as off-target effects must be resolved before conducting human trials (82).




Circular RNAs

Although no studies have yet shown that circRNA in exosomes contributes to the mechanism or is useful for the diagnosis and treatment of AF, many have shown circRNA may have such potential. We expect to see more research on circRNA in exosomes in the future.


Circular RNAs in the Diagnosis of Atrial Fibrillation

Shangguan et al. first reported the expression profile of circRNAs in atrial tissues of dogs with AF using high-throughput sequencing. Differentially expressed circRNAs were identified and annotated as being involved in “cytoskeleton structure composition and ion channel activity” (83), laying the foundation for research in this field.

CircRNAs are likely to become more stable and reliable biomarkers for the diagnosis of AF since in contrast to linear RNAs with a 5′ cap and 3′ tail at either end, circRNAs are characterized by a covalent closed loop structure, which may be more stable and conserved (84). In an analysis of human peripheral blood, Ruan et al. (85) identified 5 up-regulated and 11 down-regulated circRNAs and described a molecular regulatory network. Subsequent studies revealed the expression profile and target genes of circRNAs in atrial myocytes of patients with AF. By use of competing endogenous RNA (ceRNA) network analysis, Jiang et al. (86) showed that the circRNAs hsa_circ_0000075 and hsa_circ_0082096 may be involved in the pathogenesis of AF via the transforming growth factor (TGF)-beta signaling pathway. Hu et al. (87) identified five circRNAs with significantly large differences (ch9:15474007-15490122, chr16:75445723-75448593, hsa_circ_0007256, chr12:56563313-56563992, and hsa_circ_0003533) and speculated that they are related to inflammation associated with AF. Zhang et al. (88) first reported differences in the expression profiles of circRNAs in the left and right atrial appendages of patients with AF. Liu et al. (89) discovered two key miRNA+circRNA regulatory pathways that may be associated with the mechanisms of AF: hsa-circRNA-100053-hsa-miR-455-5p-TRPV1 and hsa-circRNA-005843-hsa-miR-188-5p-SPON. Wu et al. (90) constructed lncRNA-miRNA-mRNA and circRNA-miRNA-mRNA networks, which enriched the AF molecular network.

The expression profiles of patients with AF and other diseases have also been extensively studied. Zhang et al. (73) showed that plasma Hsa_circRNA_025016 can be used to predict the occurrence of AF after off-pump CABG (91); Hu et al. (92) discussed the expression characteristics of circRNA in patients with rheumatic heart disease and AF. Zhu et al. (93) reported the expression profile of circRNAs related to valvular heart disease and persistent AF.



Circular RNAs in the Mechanism of Atrial Fibrillation

It has been reported that circRNAs are involved in the mechanism of AF progression. Gao et al. suggested that circRNAs play an important role in the progression of AF, and identified hsa_circ_0004104 as promoting cardiac fibrosis by targeting the MAPK and TGF-β pathways, and as such is a potential regulator and biomarker of persistent AF (94). Costa et al. demonstrated that an important feature of the progression of paroxysmal to permanent AF is an increase in the expression of circRNAs that can adsorb specific miRNAs, which reduces expression of these post-transcriptional regulatory factors. The targeted miRNA molecules included hsa-miR-181d-5p, hsa- miR-3180-3p, hsa-miR-6868-3p, and hsa-miR-2277-5p (95).




Long Non-coding RNAs

Among the lncRNAs in exosomes, only the lncRNA NRON has been reported to be involved in AF (61), but many lncRNAs have been extensively studied, and these lncRNAs may become a focus of future research on exosomes. Babapoor-Farrokhran et al. reviewed the role of lncRNAs in AF described in articles published prior to 2020 (96). They concluded that lncRNAs play a variety of roles in the development of AF, including up-regulating or down-regulating atrial structural remodeling, down-regulating electrical remodeling, up-regulating the renin angiotensin system, and reducing abnormalities in calcium handling. However, research in this area is very active and many new studies have emerged since publication of their review.


Long Non-coding RNAs in the Diagnosis of Atrial Fibrillation

Studies have shown that lncRNAs can also be used as a biomarker of AF for diagnostic and prognostic evaluation. Shi et al. demonstrated that expression of lncRNA GAS5 was down-regulated in AF patients, which occurred before enlargement of the left atrium, indicating that it can be used as an early biomarker of AF. In addition, they also showed that patients with reduced expression of GAS5 have a higher probability of AF recurring after radio-frequency catheter ablation (97). To be able to predict the risk of stroke in AF patients, Zeng et al. monitored AF patients and compared the levels of the lncRNA ANRIL (antisense non-coding RNA in the INK4 locus) in the stroke group and a non-stroke group. The results showed that higher lncRNA ANRIL levels often correlate with a greater risk of stroke (98).



Long Non-coding RNAs in the Mechanism of Atrial Fibrillation

lncRNAs participate in cardiac structural remodeling and electrical remodeling. It has been shown that lncRNA HOTAIR, NRON, LICPAR and MIAT can participate in structural remodeling (61, 99–101). For example, consider the lncRNA HOTAIR, where previous studies demonstrated that miR-613 can target GJA1 to regulate the expression of Cx43, and HOTAIR can sponge miR-613. Consequently Dai et al. speculated that HOTAIR could act as a ceRNA to regulate Cx43 expression in AF by sponging miR-613. They collected atrial tissue from patients with valvular heart disease and cultured HL-1, a mouse atrial cell line, and using RT-PCR, western blot and luciferase activity assays, found that the suppressive effect of miR-613 on Cx43 expression was attenuated by HOTAIR. Their study identified a novel HOTAIR/miR-613/Cx43 axis in the regulation of AF, which has the potential to be a therapeutic target (99).

In addition, lncRNA can participate in the electrical remodeling. Du et al. found that expression of the lncRNA TCONS-00106987 was significantly higher in AF rabbit models compared with non-AF rabbit models. Then they infected the rabbits with lentiviruses that mediated over-expression of TCONS-00106987 and found that they were more prone to AF. Further research confirmed that TCONS-00106987 promoted electrical remodeling via sponging miR-26 to increase expression of the gene KCNJ2, thereby increasing inward-rectifier K+ current (102). The lncRNAs and their functional mechanisms summarized in the Table 2.


Table 2. The lncRNAs and their functional mechanisms on AF.
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EXOSOME-MIMETIC NANOVESICLES AND ENGINEERED NANOPARTICLES

However, there are still obstacles to the clinical application of exosomes in AF. First, isolation of exosomes with high yield, reproductivity and purity is challenging (103). Second, we also lack efficient methods of loading drugs into the exosomes. Third, although numerous reports have shown that exosomes can be used as biomarkers for AF, the results from different studies are often inconsistent. One explanation may lie in the different conditions of patients in the different studies, and another may be methodological differences in exosome purification (104). The potential solution may be to more precisely define experimental conditions and to combine multiple components as biomarkers in exosomes to manage exosome heterogeneity among patients. To successfully use exosomes for drug delivery, the problem of their low yield must be solved. For this reason, generation of exosome-mimetic vesicles or engineered nanoparticles with a substantially greater yield has attracted recent attention.


Exosome-Mimetic Nanovesicles

Jang et al. (105) developed a method to load chemotherapeutics into bioinspired exosome-mimetic nanovesicles for delivery to tumor tissue. Monocytes or macrophages were forced to pass sequentially through filters of diminishing pore size, which caused the cells to break up and release chemotherapeutics-loaded nanovesicles. Surprisingly, these nanovesicles possessed characteristics of exosomes, such as targeting ability, and they were also shown to have anti-tumor properties. More importantly, this method increased the yield by 100-fold compared with exosomes, suggesting that these bioengineered nanovesicles can effectively deliver chemotherapeutics to treat malignant tumors. Similarly, Yoon et al. (106) generated nanovesicles by slicing living cell membranes with microfabricated 500 nm-thick silicon nitride blades, and successfully delivered exogenous substances to recipient cells. These results suggest that exosome-mimetic nanovesicles can deliver drugs on a large scale.



Engineered Nanoparticles

Recently, engineered nanoparticles, such as fluorescent nanodiamonds, magnetic iron oxide nanoparticles, and silica nanoparticles, have attracted enormous attention due to their great potential for applications in medicine (107–109). Compared with natural vesicles, these artificially synthesized particles are more stable and easier to synthesize in vitro. In addition, nanoparticles have many useful characteristics, including optical and electromagnetic properties, lacking in natural vesicles (110). Researchers can also adjust the properties of nanoparticles by changing their size (110). For example, particles smaller than 12 nm can pass through the blood-brain barrier, and they can be endocytosed by cells when <30 nm. Shape and surface charge can alter particle affinity for specific organs and tissues (111). As a result, there is much research interest in the application of engineered nanoparticles to the diagnosis and treatment of disease. For example, multifunctional magnetic iron oxide nanoparticles are applied to magnetic hyperthermia treatment and photothermal therapy of tumors (112). Although there are few studies on the application of nanoparticles to AF, we can envision nanoparticles being used as contrast agents for imaging lesions in the cardiovascular system and as carriers for drug delivery. However, since nanoparticles are artificially synthesized, it will be necessary to carefully explore their toxicity and other potential adverse effects before being used in the clinic (113).




CONCLUSION

Exosomes provide a new perspective on AF. With greater stability, higher enrichment, and most importantly, greater targeting ability than non-specific drugs, exosomes are potentially useful diagnostic biomarkers and delivery vehicles for treating AF. Nevertheless, in order to make them useful in clinical practice, several limitations should be overcome. First, there are few existing studies of exosomes in the context of AF, but there are many studies of ncRNAs. Future research on exosomes should focus on ncRNA molecules that have been associated with AF. Second, we lack effective methods for extracting and purifying exosomes, resulting in low exosome yield. To solve this problem, we need, on the one hand, to optimize existing extraction technology, while on the other hand, to take advantage of artificial drug delivery systems such as exosome-mimetic nanovesicles and engineered nanoparticles. In summary, if we carry out detailed research on exosomes, conduct larger clinical trials, and increase yields, exosome-based diagnosis and therapy could greatly improve current management of patients with AF.



AUTHOR CONTRIBUTIONS

SH wrote the manuscript. SH, YD, and JX carried out the data collection and/or assembly of data and data analysis. JL and LL carried out data analysis and interpretation, and contributed to manuscript revisions. CF was responsible for conception and design of the study and contributed to manuscript revisions. All authors read and approved the final manuscript.



FUNDING

This work was supported by the National Key Research and Development Program (No. 2018YFC1311204 to LL).



REFERENCES

 1. Kannel WB, Benjamin EJ. Current perceptions of the epidemiology of atrial fibrillation. Cardiol Clin. (2009) 27:13–24, vii. doi: 10.1016/j.ccl.2008.09.015

 2. Wolf PA, Abbott RD, Kannel WB. Atrial fibrillation as an independent risk factor for stroke: the Framingham Study. Stroke. (1991) 22:983–8. doi: 10.1161/01.STR.22.8.983

 3. Kirchhof P, Benussi S, Kotecha D, Ahlsson A, Atar D, Casadei B, et al. 2016 ESC Guidelines for the management of atrial fibrillation developed in collaboration with EACTS. Eur Heart J. (2016) 37:2893–962. doi: 10.15829/1560-4071-2017-7-7-86

 4. Benjamin EJ, Wolf PA, D'Agostino RB, Silbershatz H, Kannel WB, Levy D. Impact of atrial fibrillation on the risk of death: the Framingham Heart Study. Circulation. (1998) 98:946–52. doi: 10.1161/01.CIR.98.10.946

 5. Zungsontiporn N, Link MS. Newer technologies for detection of atrial fibrillation. Bmj. (2018) 363:k3946. doi: 10.1136/bmj.k3946

 6. Mittal S, Movsowitz C, Steinberg JS. Ambulatory external electrocardiographic monitoring: focus on atrial fibrillation. J Am Coll Cardiol. (2011) 58:1741–9. doi: 10.1016/j.jacc.2011.07.026

 7. January CT, Wann LS, Alpert JS, Calkins H, Cigarroa JE, Cleveland JC, et al. 2014 AHA/ACC/HRS guideline for the management of patients with atrial fibrillation. J Am Coll Cardiol. (2014) 64:E1–E76. doi: 10.1016/j.jacc.2014.03.021

 8. Wijesurendra RS, Casadei B. Mechanisms of atrial fibrillation. Heart. (2019) 105:1860–7. doi: 10.1136/heartjnl-2018-314267

 9. Woods CE, Olgin J. Atrial fibrillation therapy now and in the future: drugs, biologicals, and ablation. Circ Res. (2014) 114:1532–46. doi: 10.1161/CIRCRESAHA.114.302362

 10. Toeg HD, Al-Atassi T, Lam BK. Atrial fibrillation therapies: lest we forget surgery. Can J Cardiol. (2014) 30:590–7. doi: 10.1016/j.cjca.2014.02.001

 11. Ruaengsri C, Schill MR, Khiabani AJ, Schuessler RB, Melby SJ, Damiano RJJr. The Cox-maze IV procedure in its second decade: still the gold standard? Eur J Cardiothorac Surg. (2018) 53:i19–i25. doi: 10.1093/ejcts/ezx326

 12. Mills J, Capece M, Cocucci E, Tessari A, Palmieri D. Cancer-derived extracellular vesicle-associated microRNAs in intercellular communication: one cell's trash is another cell's treasure. Int J Mol Sci. (2019) 20:6109. doi: 10.3390/ijms20246109

 13. Zhou R, Chen KK, Zhang J, Xiao B, Huang Z, Ju C, et al. The decade of exosomal long RNA species: an emerging cancer antagonist. Mol Cancer. (2018) 17:75. doi: 10.1186/s12943-018-0823-z

 14. Zhu L, Sun HT, Wang S, Huang SL, Zheng Y, Wang CQ, et al. Isolation and characterization of exosomes for cancer research. J Hematol Oncol. (2020) 13:152. doi: 10.1186/s13045-020-00987-y

 15. Kalluri R, LeBleu VS. The biology function and biomedical applications of exosomes. Science. (2020) 367:eaau6977. doi: 10.1126/science.aau6977

 16. Esteller M. Non-coding RNAs in human disease. Nat Rev Genet. (2011) 12:861–74. doi: 10.1038/nrg3074

 17. Song R, Hu XQ, Zhang L. Mitochondrial MiRNA in cardiovascular function and disease. Cells. (2019) 8:1475. doi: 10.3390/cells8121475

 18. Barwari T, Joshi A, Mayr M. MicroRNAs in cardiovascular disease. J Am Coll Cardiol. (2016) 68:2577–84. doi: 10.1016/j.jacc.2016.09.945

 19. Correia de Sousa M, Gjorgjieva M, Dolicka D, Sobolewski C, Foti M. Deciphering miRNAs' action through miRNA editing. Int J Mol Sci. (2019) 20:6249. doi: 10.3390/ijms20246249

 20. Lee HY, Zhou K, Smith AM, Noland CL, Doudna JA. Differential roles of human Dicer-binding proteins TRBP and PACT in small RNA processing. Nucleic Acids Res. (2013) 41:6568–76. doi: 10.1093/nar/gkt361

 21. van den Berg A, Mols J, Han J. RISC-target interaction: cleavage and translational suppression. Biochim Biophys Acta. (2008) 1779:668–77. doi: 10.1016/j.bbagrm.2008.07.005

 22. Wilusz JE, Sharp PA. Molecular biology. A circuitous route to noncoding RNA. Science. (2013) 340:440–1. doi: 10.1126/science.1238522

 23. Altesha MA, Ni T, Khan A, Liu K, Zheng X. Circular RNA in cardiovascular disease. J Cell Physiol. (2019) 234:5588–600. doi: 10.1002/jcp.27384

 24. Conn SJ, Pillman KA, Toubia J, Conn VM, Salmanidis M, Phillips CA, et al. The RNA binding protein quaking regulates formation of circRNAs. Cell. (2015) 160:1125–34. doi: 10.1016/j.cell.2015.02.014

 25. Wang Y, Lu T, Wang Q, Liu J, Jiao W. Circular RNAs: crucial regulators in the human body (Review). Oncol Rep. (2018) 40:3119–35. doi: 10.3892/or.2018.6733

 26. Tay Y, Rinn J, Pandolfi PP. The multilayered complexity of ceRNA crosstalk and competition. Nature. (2014) 505:344–52. doi: 10.1038/nature12986

 27. Statello L, Guo CJ, Chen LL, Huarte M. Gene regulation by long non-coding RNAs and its biological functions. Nat Rev Mol Cell Biol. (2021) 22:96–118. doi: 10.1038/s41580-020-00315-9 

 28. Furió-Tarí P, Tarazona S, Gabaldón T, Enright AJ, Conesa A. spongeScan: a web for detecting microRNA binding elements in lncRNA sequences. Nucleic Acids Res. (2016) 44:W176–W80. doi: 10.1093/nar/gkw443

 29. Zheng ML, Liu XY, Han RJ, Yuan W, Sun K, Zhong JC, et al. Circulating exosomal long non-coding RNAs in patients with acute myocardial infarction. J Cell Mol Med. (2020) 24:9388–96. doi: 10.1111/jcmm.15589

 30. Zhu B, Zhang L, Liang C, Liu B, Pan X, Wang Y, et al. Stem cell-derived exosomes prevent aging-induced cardiac dysfunction through a novel exosome/lncRNA MALAT1/NF-κB/TNF-α signaling pathway. Oxid Med Cell Longev. (2019) 2019:9739258. doi: 10.1155/2019/9739258

 31. Zhou R, Wang L, Zhao G, Chen D, Song X, Momtazi-Borojeni AA, et al. Circulating exosomal microRNAs as emerging non-invasive clinical biomarkers in heart failure: mega bio-roles of a nano bio-particle. IUBMB Life. (2020) 72:2546–62. doi: 10.1002/iub.2396

 32. Iorio MV, Croce CM. MicroRNA dysregulation in cancer: diagnostics, monitoring and therapeutics. A comprehensive review. EMBO Mol Med. (2012) 4:143–59. doi: 10.1002/emmm.201100209

 33. Wojciechowska A, Braniewska A, Kozar-Kamińska K. MicroRNA in cardiovascular biology and disease. Adv Clin Exp Med. (2017) 26:865–74. doi: 10.17219/acem/62915

 34. Jusic A, Devaux Y. Noncoding RNAs in hypertension. Hypertension. (2019) 74:477–92. doi: 10.1161/HYPERTENSIONAHA.119.13412

 35. Li X, Wei Y, Wang Z. microRNA-21 and hypertension. Hypertens Res. (2018) 41:649–61. doi: 10.1038/s41440-018-0071-z

 36. Poller W, Dimmeler S, Heymans S, Zeller T, Haas J, Karakas M, et al. Non-coding RNAs in cardiovascular diseases: diagnostic and therapeutic perspectives. Eur Heart J. (2018) 39:2704–16. doi: 10.1093/eurheartj/ehx165

 37. Chaturvedi P, Kalani A, Medina I, Familtseva A, Tyagi SC. Cardiosome mediated regulation of MMP9 in diabetic heart: role of mir29b and mir455 in exercise. J Cell Mol Med. (2015) 19:2153–61. doi: 10.1111/jcmm.12589

 38. Ong SG, Lee WH, Huang M, Dey D, Kodo K, Sanchez-Freire V, et al. Cross talk of combined gene and cell therapy in ischemic heart disease: role of exosomal microRNA transfer. Circulation. (2014) 130:S60–S9. doi: 10.1161/CIRCULATIONAHA.113.007917

 39. Huang S, Li X, Zheng H, Si X, Li B, Wei G, et al. Loss of super-enhancer-regulated circRNA Nfix induces cardiac regeneration after myocardial infarction in adult mice. Circulation. (2019) 139:2857–76. doi: 10.1161/CIRCULATIONAHA.118.038361

 40. Li H, Xu J-D, Fang X-H, Zhu J-N, Yang J, Pan R, et al. Circular RNA circRNA_000203 aggravates cardiac hypertrophy via suppressing miR-26b-5p and miR-140-3p binding to Gata4. Cardiovasc Res. (2020) 116:1323–34. doi: 10.1093/cvr/cvz215

 41. Gu X, Jiang YN, Wang WJ, Zhang J, Shang DS, Sun CB, et al. Comprehensive circRNA expression profile and construction of circRNA-related ceRNA network in cardiac fibrosis. Biomed Pharmacother. (2020) 125:109944. doi: 10.1016/j.biopha.2020.109944

 42. Liu Y, Yang Y, Wang Z, Fu X, Chu XM, Li Y, et al. Insights into the regulatory role of circRNA in angiogenesis and clinical implications. Atherosclerosis. (2020) 298:14–26. doi: 10.1016/j.atherosclerosis.2020.02.017

 43. Wang JJ, Bie ZD, Sun CF. Long noncoding RNA AK088388 regulates autophagy through miR-30a to affect cardiomyocyte injury. J Cell Biochem. (2019) 120:10155–63. doi: 10.1002/jcb.28300

 44. Fan Z, Zhang Y, Xiao D, Ma J, Liu H, Shen L, et al. Long noncoding RNA UC.98 stabilizes atherosclerotic plaques by promoting the proliferation and adhesive capacity in murine aortic endothelial cells. Acta Biochim Biophys Sin (Shanghai). (2020) 52:141–9. doi: 10.1093/abbs/gmz155

 45. Tao H, Zhang JG, Qin RH, Dai C, Shi P, Yang JJ, et al. LncRNA GAS5 controls cardiac fibroblast activation and fibrosis by targeting miR-21 via PTEN/MMP-2 signaling pathway. Toxicology. (2017) 386:11–8. doi: 10.1016/j.tox.2017.05.007

 46. Liu Z, Zhou C, Liu Y, Wang S, Ye P, Miao X, et al. The expression levels of plasma micoRNAs in atrial fibrillation patients. PLoS ONE. (2012) 7:e44906. doi: 10.1371/journal.pone.0044906

 47. Dawson K, Wakili R, Ordög B, Clauss S, Chen Y, Iwasaki Y, et al. MicroRNA29: a mechanistic contributor and potential biomarker in atrial fibrillation. Circulation. (2013) 127:1466–75. doi: 10.1161/CIRCULATIONAHA.112.001207

 48. McManus DD, Lin H, Tanriverdi K, Quercio M, Yin X, Larson MG, et al. Relations between circulating microRNAs and atrial fibrillation: data from the Framingham Offspring Study. Heart Rhythm. (2014) 11:663–9. doi: 10.1016/j.hrthm.2014.01.018

 49. Natsume Y, Oaku K, Takahashi K, Nakamura W, Oono A, Hamada S, et al. Combined analysis of human and experimental murine samples identified novel circulating MicroRNAs as biomarkers for atrial fibrillation. Circ J. (2018) 82:965–73. doi: 10.1253/circj.CJ-17-1194

 50. Mun D, Kim H, Kang JY, Park H, Park H, Lee SH, et al. Expression of miRNAs in circulating exosomes derived from patients with persistent atrial fibrillation. FASEB J. (2019) 33:5979–89. doi: 10.1096/fj.201801758R

 51. Xu X, Zhao Z, Li G. The therapeutic potential of microRNAs in atrial fibrillation. Mediators Inflamm. (2020) 2020:3053520. doi: 10.1155/2020/3053520

 52. Melo SA, Luecke LB, Kahlert C, Fernandez AF, Gammon ST, Kaye J, et al. Glypican-1 identifies cancer exosomes and detects early pancreatic cancer. Nature. (2015) 523:177–82. doi: 10.1038/nature14581

 53. El-Andaloussi S, Lee Y, Lakhal-Littleton S, Li J, Seow Y, Gardiner C, et al. Exosome-mediated delivery of siRNA in vitro and in vivo. Nat Protoc. (2012) 7:2112–26. doi: 10.1038/nprot.2012.131

 54. Wang S, Min J, Yu Y, Yin L, Wang Q, Shen H, et al. Differentially expressed miRNAs in circulating exosomes between atrial fibrillation and sinus rhythm. J Thorac Dis. (2019) 11:4337–48. doi: 10.21037/jtd.2019.09.50

 55. Wei Z, Bing Z, Shaohuan Q, Yanran W, Shuo S, Bi T, et al. Expression of miRNAs in plasma exosomes derived from patients with atrial fibrillation. Clin Cardiol. (2020) 43:1450–9. doi: 10.1002/clc.23461

 56. Liu L, Chen Y, Shu J, Tang CE, Jiang Y, Luo F. Identification of microRNAs enriched in exosomes in human pericardial fluid of patients with atrial fibrillation based on bioinformatic analysis. J Thorac Dis. (2020) 12:5617–27. doi: 10.21037/jtd-20-2066

 57. Soltész B, Urbancsek R, Pös O, Hajas O, Forgács IN, Szilágyi E, et al. Quantification of peripheral whole blood, cell-free plasma and exosome encapsulated mitochondrial DNA copy numbers in patients with atrial fibrillation. J Biotechnol. (2019) 299:66–71. doi: 10.1016/j.jbiotec.2019.04.018

 58. Ni H, Pan W, Jin Q, Xie Y, Zhang N, Chen K, et al. Label-free proteomic analysis of serum exosomes from paroxysmal atrial fibrillation patients. Clin Proteomics. (2021) 18:1. doi: 10.1186/s12014-020-09304-8

 59. Shaihov-Teper O, Ram E, Ballan N, Brzezinski RY, Naftali-Shani N, Masoud R, et al. Extracellular vesicles from epicardial fat facilitate atrial fibrillation. Circulation. (2021) 143:2475–93. doi: 10.1161/CIRCULATIONAHA.120.052009

 60. Li S, Gao Y, Liu Y, Li J, Yang X, Hu R, et al. Myofibroblast-derived exosomes contribute to development of a susceptible substrate for atrial fibrillation. Cardiology. (2020) 145:324–32. doi: 10.1159/000505641

 61. Li J, Zhang Q, Jiao H. LncRNA NRON promotes M2 macrophage polarization and alleviates atrial fibrosis through suppressing exosomal miR-23a derived from atrial myocytes. J Formos Med Assoc. (2020) 120:1512–9. doi: 10.1016/j.jfma.2020.11.004

 62. Liu L, Zhang H, Mao H, Li X, Hu Y. Exosomal miR-320d derived from adipose tissue-derived MSCs inhibits apoptosis in cardiomyocytes with atrial fibrillation (AF). Artif Cells Nanomed Biotechnol. (2019) 47:3976–84. doi: 10.1080/21691401.2019.1671432

 63. McManus DD, Tanriverdi K, Lin H, Esa N, Kinno M, Mandapati D, et al. Plasma microRNAs are associated with atrial fibrillation and change after catheter ablation (the miRhythm study). Heart Rhythm. (2015) 12:3–10. doi: 10.1016/j.hrthm.2014.09.050

 64. Zhou Q, Maleck C, von Ungern-Sternberg SNI, Neupane B, Heinzmann D, Marquardt J, et al. Circulating microRNA-21 correlates with left atrial low-voltage areas and is associated with procedure outcome in patients undergoing atrial fibrillation ablation. Circ Arrhythm Electrophysiol. (2018) 11:e006242. doi: 10.1161/CIRCEP.118.006242

 65. Rizvi F, Mirza M, Olet S, Albrecht M, Edwards S, Emelyanova L, et al. Noninvasive biomarker-based risk stratification for development of new onset atrial fibrillation after coronary artery bypass surgery. Int J Cardiol. (2020) 307:55–62. doi: 10.1016/j.ijcard.2019.12.067

 66. Goren Y, Meiri E, Hogan C, Mitchell H, Lebanony D, Salman N, et al. Relation of reduced expression of MiR-150 in platelets to atrial fibrillation in patients with chronic systolic heart failure. Am J Cardiol. (2014) 113:976–81. doi: 10.1016/j.amjcard.2013.11.060

 67. Tuttolomondo A, Pecoraro R, Di Raimondo D, Arnao V, Clemente G, Della Corte V, et al. Stroke subtypes and their possible implication in stroke prevention drug strategies. Curr Vasc Pharmacol. (2013) 11:824–37. doi: 10.2174/157016111106140128113705

 68. Chen LT, Jiang CY. MicroRNA expression profiles identify biomarker for differentiating the embolic stroke from thrombotic stroke. Biomed Res Int. (2018) 2018:4514178. doi: 10.1155/2018/4514178

 69. van Rooij E, Sutherland LB, Thatcher JE, DiMaio JM, Naseem RH, Marshall WS, et al. Dysregulation of microRNAs after myocardial infarction reveals a role of miR-29 in cardiac fibrosis. Proc Natl Acad Sci U S A. (2008) 105:13027–32. doi: 10.1073/pnas.0805038105

 70. Thum T, Gross C, Fiedler J, Fischer T, Kissler S, Bussen M, et al. MicroRNA-21 contributes to myocardial disease by stimulating MAP kinase signalling in fibroblasts. Nature. (2008) 456:980–4. doi: 10.1038/nature07511

 71. Adam O, Lohfelm B, Thum T, Gupta SK, Puhl SL, Schafers HJ, et al. Role of miR-21 in the pathogenesis of atrial fibrosis. Basic Res Cardiol. (2012) 107:278. doi: 10.1007/s00395-012-0278-0

 72. Cao W, Shi P, Ge JJ. miR-21 enhances cardiac fibrotic remodeling and fibroblast proliferation via CADM1/STAT3 pathway. BMC Cardiovasc Disord. (2017) 17:88. doi: 10.1186/s12872-017-0520-7

 73. Zhang K, Zhao L, Ma Z, Wang W, Li X, Zhang Y, et al. Doxycycline attenuates atrial remodeling by interfering with microRNA-21 and downstream phosphatase and tensin homolog (PTEN)/phosphoinositide 3-kinase (PI3K) signaling pathway. Med Sci Monit. (2018) 24:5580–7. doi: 10.12659/MSM.909800

 74. Shan H, Zhang Y, Lu Y, Zhang Y, Pan Z, Cai B, et al. Downregulation of miR-133 and miR-590 contributes to nicotine-induced atrial remodelling in canines. Cardiovasc Res. (2009) 83:465–72. doi: 10.1093/cvr/cvp130

 75. Qiao G, Xia D, Cheng Z, Zhang G. miR132 in atrial fibrillation directly targets connective tissue growth factor. Mol Med Rep. (2017) 16:4143–50. doi: 10.3892/mmr.2017.7045

 76. Zhao Y, Yuan Y, Qiu C. Underexpression of CACNA1C caused by overexpression of microRNA-29a underlies the pathogenesis of atrial fibrillation. Med Sci Monit. (2016) 22:2175–81. doi: 10.12659/MSM.896191

 77. Binas S, Knyrim M, Hupfeld J, Kloeckner U, Rabe S, Mildenberger S, et al. miR-221 and−222 target CACNA1C and KCNJ5 leading to altered cardiac ion channel expression and current density. Cell Mol Life Sci. (2020) 77:903–18. doi: 10.1007/s00018-019-03217-y

 78. Yang B, Lin H, Xiao J, Lu Y, Luo X, Li B, et al. The muscle-specific microRNA miR-1 regulates cardiac arrhythmogenic potential by targeting GJA1 and KCNJ2. Nat Med. (2007) 13:486–91. doi: 10.1038/nm1569

 79. Cheng WL, Kao YH, Chao TF, Lin YK, Chen SA, Chen YJ. MicroRNA-133 suppresses ZFHX3-dependent atrial remodelling and arrhythmia. Acta Physiol (Oxf). (2019) 227:e13322. doi: 10.1111/apha.13322

 80. Li PF, He RH, Shi SB, Li R, Wang QT, Rao GT, et al. Modulation of miR-10a-mediated TGF-beta1/Smads signaling affects atrial fibrillation-induced cardiac fibrosis and cardiac fibroblast proliferation. Biosci Rep. (2019) 39:BSR20181931. doi: 10.1042/BSR20181931

 81. Zhang Y, Zheng S, Geng Y, Xue J, Wang Z, Xie X, et al. MicroRNA profiling of atrial fibrillation in canines: miR-206 modulates intrinsic cardiac autonomic nerve remodeling by regulating SOD1. PLoS One. (2015) 10:e0122674. doi: 10.1371/journal.pone.0122674

 82. van Rooij E, Olson EN. MicroRNA therapeutics for cardiovascular disease: opportunities and obstacles. Nat Rev Drug Discov. (2012) 11:860–72. doi: 10.1038/nrd3864

 83. Shangguan W, Liang X, Shi W, Liu T, Wang M, Li G. Identification and characterization of circular RNAs in rapid atrial pacing dog atrial tissue. Biochem Biophys Res Commun. (2018) 506:1–6. doi: 10.1016/j.bbrc.2018.05.082

 84. E S, Costa MC, Kurc S, Drozdz A, Cortez-Dias N, Enguita FJ. The circulating non-coding RNA landscape for biomarker research: lessons and prospects from cardiovascular diseases. Acta Pharmacol Sin. (2018) 39:1085–99. doi: 10.1038/aps.2018.35

 85. Ruan ZB, Wang F, Yu QP, Chen GC, Zhu L. Integrative analysis of the circRNA-miRNA regulatory network in atrial fibrillation. Sci Rep. (2020) 10:20451. doi: 10.1038/s41598-020-77485-1

 86. Zhang PP, Sun J, Li W. Genome-wide profiling reveals atrial fibrillation-related circular RNAs in atrial appendages. Gene. (2020) 728:144286. doi: 10.1016/j.gene.2019.144286

 87. Hu X, Chen L, Wu S, Xu K, Jiang W, Qin M, et al. Integrative analysis reveals key circular RNA in atrial fibrillation. Front Genet. (2019) 10:108. doi: 10.3389/fgene.2019.00108

 88. Zhang Y, Ke X, Liu J, Ma X, Liu Y, Liang D, et al. Characterization of circRNA associated ceRNA networks in patients with nonvalvular persistent atrial fibrillation. Mol Med Rep. (2019) 19:638–50. doi: 10.3892/mmr.2018.9695

 89. Liu T, Zhang G, Wang Y, Rao M, Zhang Y, Guo A, et al. Identification of circular RNA-microRNA-messenger RNA regulatory network in atrial fibrillation by integrated analysis. Biomed Res Int. (2020) 2020:8037273. doi: 10.1155/2020/8037273

 90. Wu N, Li J, Chen X, Xiang Y, Wu L, Li C, et al. Identification of long non-coding RNA and circular RNA expression profiles in atrial fibrillation. Heart Lung Circ. (2020) 29:e157–67. doi: 10.1016/j.hlc.2019.10.018

 91. Zhang J, Xu Y, Xu S, Liu Y, Yu L, Li Z, et al. Plasma circular RNAs, Hsa_circRNA_025016, predict postoperative atrial fibrillation after isolated off-pump coronary artery bypass grafting. J. Am. Heart Assoc. (2018) 7:e006642. doi: 10.1161/JAHA.117.006642

 92. Hu M, Wei X, Li M, Tao L, Wei L, Zhang M, et al. Circular RNA expression profiles of persistent atrial fibrillation in patients with rheumatic heart disease. Anatol J Cardiol. (2019) 21:2–10. doi: 10.14744/AnatolJCardiol.2018.35902

 93. Zhu X, Tang X, Chong H, Cao H, Fan F, Pan J, et al. Expression profiles of circular RNA in human atrial fibrillation with valvular heart diseases. Front Cardiovasc Med. (2020) 7:597932. doi: 10.3389/fcvm.2020.597932

 94. Gao Y, Liu Y, Fu Y, Wang Q, Liu Z, Hu R, et al. The potential regulatory role of hsa_circ_0004104 in the persistency of atrial fibrillation by promoting cardiac fibrosis via TGF-β pathway. BMC Cardiovasc Disord. (2021) 21:25. doi: 10.1186/s12872-021-01847-4

 95. Costa MC, Cortez-Dias N, Gabriel A, de Sousa J, Fiúza M, Gallego J, et al. circRNA-miRNA cross-talk in the transition from paroxysmal to permanent atrial fibrillation. Int J Cardiol. (2019) 290:134–7. doi: 10.1016/j.ijcard.2019.04.072

 96. Babapoor-Farrokhran S, Gill D, Rasekhi RT. The role of long noncoding RNAs in atrial fibrillation. Heart Rhythm. (2020) 17:1043–9. doi: 10.1016/j.hrthm.2020.01.015

 97. Shi J, Chen L, Chen S, Wu B, Yang K, Hu X. Circulating long noncoding RNA, GAS5, as a novel biomarker for patients with atrial fibrillation. J Clin Lab Anal. (2021) 35:e23572. doi: 10.1002/jcla.23572

 98. Zeng W, Jin J. The correlation of serum long non-coding RNA ANRIL with risk factors, functional outcome, and prognosis in atrial fibrillation patients with ischemic stroke. J Clin Lab Anal. (2020) 34:e23352. doi: 10.1002/jcla.23352

 99. Dai W, Chao X, Li S, Zhou S, Zhong G, Jiang Z. Long noncoding RNA HOTAIR functions as a competitive endogenous RNA to regulate Connexin43 remodeling in atrial fibrillation by sponging microRNA-613. Cardiovasc Ther. (2020) 2020:5925342. doi: 10.1155/2020/5925342

 100. Wang H, Song T, Zhao Y, Zhao J, Wang X, Fu X. Long non-coding RNA LICPAR regulates atrial fibrosis via TGF-β/Smad pathway in atrial fibrillation. Tissue Cell. (2020) 67:101440. doi: 10.1016/j.tice.2020.101440

 101. Yao L, Zhou B, You L, Hu H, Xie R. LncRNA MIAT/miR-133a-3p axis regulates atrial fibrillation and atrial fibrillation-induced myocardial fibrosis. Mol Biol Rep. (2020) 47:2605–17. doi: 10.1007/s11033-020-05347-0

 102. Du J, Li Z, Wang X, Li J, Liu D, Wang X, et al. Long noncoding RNA TCONS-00106987 promotes atrial electrical remodelling during atrial fibrillation by sponging miR-26 to regulate KCNJ2. J Cell Mol Med. (2020) 24:12777–88. doi: 10.1111/jcmm,.15869

 103. Lener T, Gimona M, Aigner L, Borger V, Buzas E, Camussi G, et al. Applying extracellular vesicles based therapeutics in clinical trials - an ISEV position paper. J Extracell Vesicles. (2015) 4:30087. doi: 10.3402/jev.v4.30087

 104. Taylor DD, Shah S. Methods of isolating extracellular vesicles impact down-stream analyses of their cargoes. Methods. (2015) 87:3–10. doi: 10.1016/j.ymeth.2015.02.019

 105. Jang SC, Kim OY, Yoon CM, Choi DS, Roh TY, Park J, et al. Bioinspired exosome-mimetic nanovesicles for targeted delivery of chemotherapeutics to malignant tumors. ACS Nano. (2013) 7:7698–710. doi: 10.1021/nn402232g

 106. Yoon J, Jo W, Jeong D, Kim J, Jeong H, Park J. Generation of nanovesicles with sliced cellular membrane fragments for exogenous material delivery. Biomaterials. (2015) 59:12–20. doi: 10.1016/j.biomaterials.2015.04.028

 107. Jung HS, Cho KJ, Seol Y, Takagi Y, Dittmore A, Roche PA, et al. Polydopamine encapsulation of fluorescent nanodiamonds for biomedical applications. Adv Funct Mater. (2018) 28:1801252. doi: 10.1002/adfm.201801252

 108. Vangijzegem T, Stanicki D, Laurent S. Magnetic iron oxide nanoparticles for drug delivery: applications and characteristics. Expert Opin Drug Deliv. (2019) 16:69–78. doi: 10.1080/17425247.2019.1554647

 109. Wang Y, Zhao Q, Han N, Bai L, Li J, Liu J, et al. Mesoporous silica nanoparticles in drug delivery and biomedical applications. Nanomedicine. (2015) 11:313–27. doi: 10.1016/j.nano.2014.09.014

 110. Alkilany AM, Murphy CJ. Toxicity and cellular uptake of gold nanoparticles: what we have learned so far? J Nanopart Res. (2010) 12:2313–33. doi: 10.1007/s11051-010-9911-8

 111. Blanco E, Shen H, Ferrari M. Principles of nanoparticle design for overcoming biological barriers to drug delivery. Nat Biotechnol. (2015) 33:941–51. doi: 10.1038/nbt.3330

 112. Zhao S, Yu X, Qian Y, Chen W, Shen J. Multifunctional magnetic iron oxide nanoparticles: an advanced platform for cancer theranostics. Theranostics. (2020) 10:6278–309. doi: 10.7150/thno.42564

 113. Zuo G, Kang SG, Xiu P, Zhao Y, Zhou R. Interactions between proteins and carbon-based nanoparticles: exploring the origin of nanotoxicity at the molecular level. Small. (2013) 9:1546–56. doi: 10.1002/smll.201201381

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Huang, Deng, Xu, Liu, Liu and Fan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	REVIEW
published: 16 August 2021
doi: 10.3389/fcvm.2021.715258






[image: image2]

Cardiac Fibrosis: Cellular Effectors, Molecular Pathways, and Exosomal Roles

Wenyang Jiang1†, Yuyan Xiong1†, Xiaosong Li1 and Yuejin Yang2*


1State Key Laboratory of Cardiovascular Disease, National Center for Cardiovascular Diseases, Fuwai Hospital, Chinese Academy of Medical Science and Peking Union Medical College, Beijing, China

2State Key Laboratory of Cardiovascular Disease, Department of Cardiology, National Center for Cardiovascular Diseases, Fuwai Hospital, Chinese Academy of Medical Science and Peking Union Medical College, Beijing, China

Edited by:
Zhen-Ao Zhao, Hebei North University, China

Reviewed by:
Chaoshan Han, University of Alabama at Birmingham, United States
 Teng Ma, Tongji University, China

*Correspondence: Yuejin Yang, yangyjifw@126.com

†These authors have contributed equally to this work

Specialty section: This article was submitted to Cardiovascular Biologics and Regenerative Medicine, a section of the journal Frontiers in Cardiovascular Medicine

Received: 26 May 2021
 Accepted: 20 July 2021
 Published: 16 August 2021

Citation: Jiang W, Xiong Y, Li X and Yang Y (2021) Cardiac Fibrosis: Cellular Effectors, Molecular Pathways, and Exosomal Roles. Front. Cardiovasc. Med. 8:715258. doi: 10.3389/fcvm.2021.715258



Cardiac fibrosis, a common pathophysiologic process in most heart diseases, refers to an excess of extracellular matrix (ECM) deposition by cardiac fibroblasts (CFs), which can lead to cardiac dysfunction and heart failure subsequently. Not only CFs but also several other cell types including macrophages and endothelial cells participate in the process of cardiac fibrosis via different molecular pathways. Exosomes, ranging in 30–150 nm of size, have been confirmed to play an essential role in cellular communications by their bioactive contents, which are currently a hot area to explore pathobiology and therapeutic strategy in multiple pathophysiologic processes including cardiac fibrosis. Cardioprotective factors such as RNAs and proteins packaged in exosomes make them an excellent cell-free system to improve cardiac function without significant immune response. Emerging evidence indicates that targeting selective molecules in cell-derived exosomes could be appealing therapeutic treatments in cardiac fibrosis. In this review, we summarize the current understandings of cellular effectors, molecular pathways, and exosomal roles in cardiac fibrosis.
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INTRODUCTION

Cardiac fibrosis, marked by an excess of extracellular matrix (ECM) deposition by cardiac fibroblasts (CFs), is a common pathophysiologic process in most heart diseases such as myocardial infarction (MI), hypertensive heart disease, and different types of cardiomyopathies (1, 2) and impair the heart physically and electrically. Taking acute MI (AMI) as an example, sudden massive loss of cardiomyocytes triggers an intense inflammation and causes the dead myocardium to be replaced with a collagen-based scar (3), which is critical to prevent cardiac rupture. However, prolonged or excessive fibrotic responses could remarkably lead to excessive ECM deposition, which results in hardening of myocardium, poor tissue compliance, and worsening of cardiac dysfunction. According to the location of cardiac scars and underlying cause (4, 5), cardiac fibrosis can be classified into various forms, among which reactive interstitial fibrosis and replacement fibrosis are the most relevant type of the ischemic adult heart. Being the major cell type in the adult myocardium, CFs perform a critical role in maintaining ECM protein homeostasis. The activation of CFs can lead to the transition into myofibroblasts, which is a critical step in the development of cardiac fibrosis. Besides CFs, there are various types of cells involved in the process of cardiac fibrosis via different pathways. It is widely known that cardiac fibrosis can provoke chamber dilation, cardiomyocyte hypertrophy, and apoptosis and finally result in congestive heart failure (6–8). Therefore, it is essential to discover potential diagnostic or therapeutic targets for cardiac fibrosis.

Exosomes, ranging in 30–150 nm of size, play an essential role in cellular communications by their bioactive contents (9, 10). As a cell-free system, exosomes could lead to improvement in cardiac function without triggering an immune response by including cardioprotective components such as miRNAs and proteins, emerging as an appropriate candidate for cardiac fibrosis treatment. Recent research studies show that inhibiting exosome secretion or targeting specific molecules in CF-derived exosomes could be a promising therapeutic strategy in ischemic heart disease (11, 12). In this review, we demonstrate the current understandings of the cellular effectors, molecular pathways, and exosomal roles in cardiac fibrosis.



CELLULAR EFFECTORS OF CARDIAC FIBROSIS

After a myocardial injury, CFs convert to their activated form (termed as myofibroblasts) by upregulating expression of pro-inflammatory cytokines, which is defined as the key cellular event in cardiac fibrosis. Though activated myofibroblasts have been the primary effector cells in the fibrotic heart by producing ECM proteins directly, macrophages/monocytes, mast cells (MCs), lymphocytes, cardiomyocytes, and vascular cells (Figure 1) can also play vital roles in the fibrotic response via secretion of a variety of fibrogenic mediators such as matricellular proteins and growth factors.


[image: Figure 1]
FIGURE 1. Cellular effectors of cardiac fibrosis.



Fibroblasts and Myofibroblasts

It is recognized that the transdifferentiation from CFs to myofibroblasts is the core cellular event in cardiac fibrosis. In order to clarify the role of CFs and myofibroblasts in cardiac fibrosis, several markers have been found to identify and distinguish CFs and myofibroblasts (13–37) (Table 1). It has been clear that most CFs derived from the epicardium, a protective epithelial layer that entirely covers the four cardiac chambers, undergoing epithelial–mesenchymal transition (EMT) (38, 39). Smaller populations are derived from the endocardium (40, 41) and cardiac neural crest (20) and are mostly found in the interventricular septum and right atrium, respectively (Figure 2). However, the origin of the myofibroblasts forming fibrotic lesions in failing hearts has been a source of debate. Most investigations in the last 10 years have revealed that activated myofibroblasts in remodeling and the infarcted hearts are primarily derived from resident CFs (20), and it is well-established that the transformation of CFs to myofibroblasts is a core cellular event involved in fibrotic response under cardiac injury. Cardiac myofibroblasts, a contractile and secretory cell type, not only contribute to the structure of ECM proteins in fibrotic hearts but also play an important role in matrix remodeling regulation through the production of proteases including the matrix metalloproteinases (MMPs) as well as their inhibitors.


Table 1. Summary of molecular markers used for the identification of cardiac fibroblasts and myofibroblasts.
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FIGURE 2. Origin of cardiac fibroblasts.


So far, few factors that can independently induce CF activation have been identified. Evidence has revealed that, following mechanical stress, fibroblasts change to proto-myofibroblasts (an intermediate cell) (42). Proto-myofibroblasts contain unique cell markers including a splice variant of fibronectin called the fibronectin extradomain A (ED-A) and stress fibers (43). The cytokine TGF-β further stimulates proto-myofibroblasts, causing them to develop into the myofibroblast cell phenotype; thus, it, in turn, leads to heart failure associated with cardiac remodeling. Inflammation, MI, changes in mechanical tension, reactive oxygen species (ROS), age, and other factors can all alter the activation of CFs (Figure 3). We will discuss the specific molecular pathways contributing to CF activation in the remodeling heart in section Fibrogenic growth factors.


[image: Figure 3]
FIGURE 3. Activation of cardiac fibroblasts.




The Monocytes/Macrophages

According to increasing evidence, macrophages and monocytes have both been confirmed to play vital roles in the regulation of cardiac fibrosis. Macrophages and monocytes in the injured heart appear to be increasingly heterogeneous depending on their different subpopulation (44), and their phenotypic and functional flexibility allow them to perform diverse functions in fibrotic responses, such as serving as a primary source of fibrogenic growth factors and cytokines, producing matricellular proteins, and secreting matrix remodeling proteases (45). Moreover, circulating fibroblast progenitors may be implicated in the progression of cardiac fibrosis as suggested by numerous studies using bone marrow transplantation techniques (46). These hematopoietic progenitors could be monocyte subsets that can differentiate fibroblasts, comparable with the CD14+ “fibrocytes” discovered in humans (47), which imply that macrophages and monocytes in fibrotic hearts could be sources of myofibroblasts.



The Mast Cells

MCs are innate immune cells found almost everywhere of the body, including the heart. Resident MCs in the heart can respond to damage-associated molecular patterns (DAMPs) after injury, thus influencing the development of cardiac remodeling. However, the precise function of MCs in cardiac fibrosis is debatable, as the secretory proteins produced by MCs can be both anti- and profibrotic in nature. MC-specific proteases such as chymase and tryptase released by degranulation could induce TGF-β1 production (48–50), which plays a role in cardiac fibrosis through collagen synthesis, myofibroblast differentiation, and fibroblast stimulation (1, 51). In addition, cytokines like tumor necrosis factor (TNF) (52) and interleukin (IL)-1β (53) stored in MC granule (MCG) can also promote cardiac fibrosis through cardiomyocyte apoptosis during degranulation (54).

MCs, on the other hand, secrete anti-inflammatory mediators including IL-10 (55), which has been shown to inhibit excessive cardiac remodeling by activating STAT3 and suppressing NF-κB (56–58). Besides, MCs can produce vascular endothelial growth factor (VEGF)-A (52, 53), as one of the important anti-fibrotic mediators, which can increase capillary density in damaged tissues and promote proper repair in cardiac fibrosis (59–61). Over the past few years, various studies have been carried out for investigating the functions of MCG in fibrosis. MCG therapy of mesenchymal stem cells (MSCs) in vitro reduced TGF-β1-mediated transition of MSCs to myofibroblasts, while in vivo delivery of MCGs from rats to the myocardium during AMI lowered fibrosis and enhanced capillary density (62). These findings suggest that MCs have anti-fibrotic properties and could be used as therapeutic targets in cardiac remodeling.



The Endothelial Cells

The prevalence of perivascular fibrosis in the injured heart may indicate that endothelial cells are involved in cardiac fibrosis (63). Under pathophysiologic conditions, endothelial cells may enhance fibrotic responses via a variety of mechanisms after the myocardial injury. First, several profibrotic mediators produced by endothelial cells, such as FGFs, TGF-1, and endothelin (ET)-1, may play key roles in the development of cardiac fibrosis (64, 65). Second, endothelial cells may produce pro-inflammatory cytokines and chemokines, contributing to recruitment of lymphocytes and macrophages with fibrogenic actions (66). Third, although low numbers of endothelial-derived fibroblasts were detected in the remodeling myocardium, endothelial cells may undergo endothelial to mesenchymal transition (EndMT), increasing the number of fibroblasts (34).

On the contrary, anti-fibrotic mediators could also be produced by endothelial cells. Endothelial cells have been found to express hypoxia-inducible factor (HIF)-1 for protecting the pressure-overloaded myocardium from fibrosis via suppression of TGF-β signaling partially (67). Furthermore, endothelial cells exert inhibitory actions on cardiac fibrosis by producing and secreting interferon-γ-inducible protein (IP)-10/CXCL10, a CXC chemokine that prevents the migration of CFs in the infarcted heart (68).



The Cardiomyocytes

The roles of cardiomyocytes in the process of cardiac fibrosis are two sides of the coin. For one thing, cardiomyocytes may promote interstitial fibrosis through neurohumoral and growth factor-mediated pathways, such as cardiomyocyte-specific mineralocorticoid receptor signaling (69), TGF-β receptor II (TβRII) signaling (70), and insulin-like growth factor (IGF)-1 signaling (71). Moreover, necrotic cardiomyocytes trigger an inflammatory response that finally leads to activation of fibroblasts via release of DAMPs, which means cardiac fibrosis may occur due to cardiomyocyte death, instead of cardiomyocyte-derived fibrogenic signals (51). For another, cardiomyocyte-specific overexpression of angiotensin II (Ang II) type 2 (AT2) receptor or the plasminogen activator inhibitor (PAI)-1 exerts anti-fibrotic actions via the kinin/NO system activation or inhibition of TGF-β synthesis, respectively (72, 73).




MOLECULAR PATHWAYS IN CARDIAC FIBROSIS

The complexity of interconnections and the extensive range of molecular pathways involved in the fibrotic response have restricted our understanding of the mechanism of cardiac fibrosis. High-throughput transcriptomic and genomic techniques have recently been employed to find new molecular signals and pathways linked to the fibrotic response's initiation, regression, and progression (74); and in the development of cardiac fibrosis, various molecular routes have been identified. Most fibrotic heart diseases, regardless of cause, appear to include the aldosterone/angiotensin axis and fibrogenic growth factors such as platelet-derived growth factor (PDGF) and TGF-β. Moreover, several inflammatory signals (3, 75) such as TNF-α and IL-6 may regulate reparative and ischemic fibrosis by transducing the cascades of intracellular signaling that result in the transcription of ECM genes and translation of matrix remodeling-related proteins. Here, we demonstrate signaling pathways and mediators known to influence process of cardiac fibrosis after myocardial injury, hoping to find novel therapeutic targets or strategies.


Neurohumoral Pathways
 
The Renin–Angiotensin–Aldosterone System

During the progression of cardiac fibrosis, the renin–angiotensin–aldosterone system (RAAS), of which Ang II appears to be the primary effector, is persistently engaged. In fibrotic hearts, the oligopeptide Ang II, which induces vasoconstriction and high blood pressure, is raised. Angiotensin-converting enzyme (ACE) and renin, which are required for the production of Ang II, are produced by fibroblasts and macrophages invading the damaged heart (76, 77). Both in vivo and in vitro investigations suggest that Ang II is involved in TGF signaling. TGF-1 expression is induced by Ang II in fibroblasts and cardiomyocytes via the Ang II type 1 (AT 1) receptor, which plays a crucial role in profibrotic signaling (78–80); and in vivo, TGF-β is necessary for Ang II to induce both cardiac fibrosis and hypertrophy (81, 82). Besides, Ang II is also intimately involved with the inflammatory response, and in CFs, Ang II enhances their collagen-synthetic activity through extracellular signal-regulated kinase by an IL-6-dependent mechanism indeed. Another mechanism underlying the fibrotic capability of Ang II could involve miR-29b. In vitro, miR-29b suppression promotes Ang II-induced collagen type I and α-SMA expression, but overexpression of miR-29b inhibits it. It is indeed possible that miR-29b targets a sequence within the TGF-β1 coding area, which explains this observation. On the contrary, AT2 signaling may inhibit AT1-mediated actions, suppressing CF proliferation and matrix synthesis, serving as a negative regulator of Ang II-mediated profibrotic responses.

Aldosterone is also capable of inducing fibrotic responses in the myocardium after cardiac injury, suggested by patients with adrenal adenomas and experimental animal studies. Several potential mechanisms have been involved in the profibrotic activities of aldosterone in the heart. First, aldosterone may have pro-inflammatory effects on vascular cells by increasing the production of cytokines like TNF-α via NF-κB activation. Second, aldosterone may induce a fibrogenic phenotype in macrophages via the mineralocorticoid receptor. Third, aldosterone may activate cardiomyocyte-derived fibrotic signals, involving regulation of MMP-2/9 activity and the TGF-β-connective tissue growth factor profibrotic pathway. Fourth, aldosterone may exert a direct effect on CFs, stimulating proliferation and increasing collagen synthesis.



GPCR/Adrenergic Signaling

It has been reported that activation of adrenergic signaling via β-adrenergic receptor (AR) can induce cardiomyocyte death and subsequent reparative fibrosis, thus leading to cardiac remodeling. Although there are several subtypes of β-AR expressed in the heart, the predominant form of β2-AR seems to be expressed on CFs. Collagen secretion, cell proliferation, migration, and transformation to the myofibroblast phenotype can all be induced by direct activation of β2-AR on CFs, mediated through p38 MAPK signaling partially. In addition, β-AR signaling can also regulate cytokine expression by macrophages and induce growth factor synthesis by cardiomyocytes, which plays an important role in promoting cardiac fibrosis. However, not all types of β-ARs are involved in the profibrotic responses. On the contrary, several studies have proved that, in a model of pressure overload-induced cardiac fibrosis, β3-AR signaling in cardiomyocytes may protect the heart, due to downregulation of the matricellular protein CCN2 by cardiomyocytes.

Adrenergic stimulation causes structural changes in G protein βγ subunits in the damaged myocardium, culminating in activation of G protein-coupled receptor kinase 2 (GRK2). In an experimental model of MI, GRK2 activation in CFs has been shown to have substantial fibrotic effects. Although the specific fibrotic signals activated by GRK2 remain unclear, GRK2 represents a critical target for therapeutic interventions against cardiac fibrosis.



Endothelin-1

The endothelin family of peptides was mostly known for its vasoconstriction capabilities; however, it is now being recognized for its potential role in tissue fibrosis. ET-1, one of the significant endothelin isoforms in humans, is thought to be secreted predominantly by endothelial cells but also can be produced by other cells including fibroblasts, cardiomyocytes, and macrophages. The ETA and ETB receptors, which have been found to perform opposite roles, are two recognized ET-1 receptors in the heart. At first, it was thought that these two receptors were only expressed on endothelial cells; however, the latest evidence suggests (83, 84) that they can also be expressed in other types of cells such as macrophages, cardiomyocytes, and CFs.

Both in vitro and in vivo studies suggest that ET-1 appears to be a potent fibrogenic mediator. In vitro, ET-1 enhances proliferation and collagen production in isolated human CFs via ETA receptor; in vivo, overexpression of ET-1 in the heart induces myocardial fibrosis associated with biventricular systolic and diastolic dysfunction. In addition to fibroblast-activating characteristics of its own, ET-1 can also act as a downstream of cytokines and neurohumoral mediators such as TGF-β and Ang II, serving as a link between fibrosis and inflammation. For example, the development of cardiac fibrosis in response to Ang II is impaired in mice with vascular endothelial cell-specific ET-1 deficiency, regulated by the myocardin-related transcription factor (MRTF)-A.

Moreover, endothelin antagonists are now approved to treat pulmonary hypertension, and many believe they will also be beneficial in the treatment of heart pathological fibrosis. Bosentan, a non-selective endothelin receptor antagonist routinely used to treat pulmonary hypertension, has also been shown to reduce fibrotic myocardium remodeling in hypertensive and reparative cardiac fibrosis animal models (85). Despite the failure of several randomized controlled studies exploring the impact of endothelin antagonists in heart failure and coronary artery disease, manipulating ET-1 signaling appears to be promising. More researches are needed to explore whether ET-1 and its receptors may be appropriate clinically viable anti-fibrotic treatment targets.




Fibrogenic Growth Factors
 
TGF-β

The TGF-β family is a group of pleiotropic and multifunctional peptides activated in experimental models of cardiac fibrosis and fibrotic human hearts markedly (1, 3). TGF-β is found in three isoforms (TGF-β1, TGF-β2, and TGF-β3) in mammals (86), among which TGF-β1 acts as the predominant isoform in the cardiovascular system and expresses ubiquitously. In the injured heart, TGF-β1, which is present in the normal heart as a latent complex, is transformed from the latent form to the active form via a variety of mediators. Proteases, including MMP-2, MMP-9, and plasmin, are widely acknowledged to participate in the activation of TGF-β as well as the matricellular protein thrombospondin 1 (TSP-1) (1), which plays an important role in cardiac remodeling. Upon activation, a group of studies have revealed that TGF-β was involved in the pathogenesis of cardiac fibrosis through Smad-mediated pathways where TGF-β binds to the constitutively active TβRII on the cell surface, transphosphorylates the cytoplasmic domain of the type I receptor (TβRI), and then gets connection with the Smads; or through Smad-independent pathways, in which TGF-β/TAK-1 signaling may exert profibrotic actions (1). Meanwhile, negative regulation of TGF-β signaling may be crucial in preventing cardiac fibrosis. A study conducted in a mouse model of pressure overload-induced heart failure has suggested that cleavage and release of a soluble endoglin may inhibit fibrogenic actions of TGF-β (87).

In addition, TGF-β is a critical fibrogenic mediator that may have the potential to affect all cell types involved in cardiac fibrotic response. MCGs are known to contain TGF-β in a large amount, while TGF-β-induced Smad-dependent pathways are activated by MC chymase, which results in fibrogenic effects (88). Besides, profibrotic growth factors including TGF-β can be produced and secreted in significant quantities by macrophages and monocytes. In return, TGF-β-mediated actions of these cell types may also play a paracrine role in fibrotic response. Moreover, endothelial cells may promote fibrotic cardiac remodeling through the expression of profibrotic mediators, such as TGF-β1, FGFs, or ET-1.

What is more, TGF-β-stimulated myofibroblast transdifferentiation is induced by activation of the Smad3 signaling cascade, which promotes α-SMA transcription in fibroblasts (89) and enhances ECM protein synthesis. Furthermore, cardiomyocyte-specific TβRII knockdown significantly reduced fibrosis in the pressure-overloaded heart (70), implying that cardiomyocyte-specific TGF-β signaling is essential in the pathogenesis of fibrotic remodeling.



Platelet-Derived Growth Factor

The PDGF family includes homo- or hetero-dimeric growth factors (such as PDGF-AA, PDGF-BB, PDGF-AB, PDGF-CC, and PDGF-DD) that signal via two distinct receptors: PDGFR-α and PDGFR-β (1). In vivo, PDGF-A and PDGF-C bind to PDGFRα, while PDGF-B and PDGF-D bind to PDGFRβ in general (90). PDGF-B and PDGF-D are expressed by endothelial cells, whereas PDGFRβ is expressed by vascular mural cells (pericytes and smooth muscle cells). Myocardial cells express both PDGF-A and PDGF-C, while PDGFRα-positive interstitial cells have been found in the myocardium, epicardium, and endocardium (90). With pleiotropic effects of PDGF signaling, all PDGFs have been reported to play a certain role in the development of cardiac fibrosis. Overexpression of PDGF-C (91) and PDGF-D (92) from the α-myosin heavy chain promoter (α-MHC), as well as PDGF-A (both splice variants) and PDGF-B, has been reported to generate cardiac fibrosis and hypertrophy in transgenic mice, though the degree and location of fibrosis vary between the different ligands (90). Besides, a group of studies suggested that PDGF stimulates fibroblast proliferation and differentiation to myofibroblasts in vitro, whereas PDGF blockade reduces interstitial fibrosis of the infarcted hearts in rats and suppresses atrial-selective canine fibroblast activation, removing the distinctive atrial–ventricular fibroblast activation differences (93). Moreover, a study implied that PDGF may also act to promote fibrosis by elevating TGF levels, for it can significantly upregulate profibrotic TGF-1 mRNA and accelerate cardiac fibrosis and arteriosclerosis when three of the isoforms, PDGF-A, PDGF-C, or PDGF-D, was introduced into the heart using adenovirus-mediated delivery (94). Similarly, PDGFRα appears to be a strong CF marker, possibly implicated in the production of CFs from epicardium, while PDGFR-β regulates the development of vascular smooth muscle cells from epicardium-derived cells (22, 24). Injection of a neutralizing PDGF receptor-specific antibody was also shown to reduce atrial fibrosis in several studies (95). These findings strongly imply that PDGF and PDGFR could be useful targets for anti-fibrotic treatment in the heart.




Inflammatory Cytokines
 
Tumor Necrosis Factor-α

TNF-α is a powerful pro-inflammatory cytokine that exerts pleiotropic effects on a variety of cell types and is reported to be crucial in the process of cardiac fibrosis. Transmembrane TNF-α, a precursor of the soluble TNF-α, is expressed on activated lymphocytes and macrophages as well as other cell types, exerting its biological actions by binding to type 1 and 2 TNF receptors (TNF-R1 and TNF-R2) (96), which can play different roles. Studies have shown that TNF-α in deficient mice after non-reperfused MI exacerbates cardiac remodeling, hypertrophy, NF-κB activity, and inflammation as well as border zone fibrosis through TNF-R1, whereas it ameliorates these events through TNF-R2 (97). In addition, an increasing number of studies suggest that cardiac fibrosis is promoted by TNF-α via a range of mediators and the interaction with other cell types. Heart failure was accelerated in transgenic mice by cardiac-specific overexpression of TNF-α, which was associated with increased collagen synthesis, deposition, and denaturation, and dramatically elevated MMP-2 and MMP-9 activities (98). Studies have also shown that fibrotic remodeling in the TNF-α overexpressing heart is associated with increased expression of TGF-βs and the interactions between CFs and MCs (98). Complementally, in models of heart pressure overload induced by Ang II infusion or aortic banding, it is demonstrated that global genetic deletion of TNF-α reduced interstitial and perivascular fibrosis (99).



Interleukin-6

IL-6 is a pleiotropic cytokine that has a wide range of biological functions in hematopoiesis, immunological regulation, inflammation, and cardiac fibrosis. It was first identified as a B-cell differentiation factor (100). Secreted by various types of cells, IL-6 influences a group of cell types and exerts its multiple biological activities through two different signaling pathways: classic signaling and trans-signaling. Both intracellular signaling pathways involve the signal transducer and activator of transcription (STAT) pathway and Janus kinase (JAK) pathway, though they are activated following interaction of signal transducing membrane-bound IL-6R (mIL-6R), soluble IL-6R (sIL-6R), or glycoprotein (gp130) (100, 101). Emerging evidence suggests that IL-6, as a multifunctional cytokine, has a role in cardiac fibrosis. A study using the animal model suggested that elevated production of IL-6 induced by aldosterone could further promote collagen production and cardiac hypertrophy via the IL-6 trans-signaling pathway (102). Similarly, increased IL-6 levels and ROS generation in rats could activate the renin–angiotensin system (RAS) and JAK1/2-STAT1/3 signaling pathways, thus ultimately leading to activation of TGF-1β/Smad3 fibrotic pathway (103). Moreover, a study of neonatal rats under hypoxic conditions showed that overexpression of IL-6 was sufficient for inducing myofibroblastic proliferation, differentiation, and fibrosis, probably through improved TGF-β1-mediated MMP-2/MMP-3 signaling (102). Furthermore, IL-6 is a downstream signal of hypoxia-induced mitogenic factor (HIMF), and it plays a key role in cardiomyocyte hypertrophy and cardiac fibrosis via the MAPK and CaMKII-STAT3 pathways (104). Directly, by activating CFs to secrete Tenascin-C (TN-C), ET-1, and collagen, IL-6 produced by macrophages can also cause cardiac fibrosis (105). However, different studies on the role of IL-6 in cardiac fibrosis can be conflicting. In models of left ventricular pressure overload, genetic loss of IL-6 reduced cardiac dysfunction and fibrosis, whereas another study utilizing a model of pressure overload caused by transverse aortic constriction found no effect of germline IL-6 loss on ECM protein deposition and cardiac fibrosis (98). Therefore, we conclude that IL-6 and IL-6Rs may act as therapeutic targets of cardiovascular disease in the near future (Figure 4).
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FIGURE 4. Molecular pathways participated in cardiac fibrosis.






ROLE OF EXOSOMES IN CARDIAC FIBROSIS

Exosome-mediated intercellular signaling, which can transfer various functional modulators including proteins, lipids, and RNA, plays an increasingly important role in cardiovascular diseases. CFs are major components of the heart, ischemia/hypertrophy activates these fibroblasts, and they are involved in cardiac fibrosis and remodeling (106). Post-cardiac injury, fibroblast-derived miR-21-enriched exosomes can lead to cardiac myocyte hypertrophy and remodeling (11). In addition, miR-155 enriched in macrophage-derived exosomes led to enhanced proliferation and differentiation of resident fibroblasts and further exacerbated inflammation (12). Furthermore, exosomes via use of a targeting cardiac homing peptide or encapsulated in functional peptide hydrogels exhibit better ability in improving cardiac function and reducing fibrosis (107, 108). Besides, changes of miRNAs or proteins in exosomes derived from plasma or peripheral blood are considered as novel biomarkers for cardiac fibrosis or cardiac remodeling. Therefore, exosomes could be potential therapeutic treatments in cardiac fibrosis. Thorough knowledge of exosomes and exosome-mediated intercellular communication in cardiac fibrosis will provide better understanding to develop novel strategies for cardiac fibrosis treatments.


Exosomes: Biogenesis, Isolation, and Uptake

In response to different physiological states, exosomes are secreted by various cell types, such as MCs (109), macrophages, CFs, and exogenous MSCs, whose size range from 30 to 150 nm. Initially, transmembrane proteins are endocytosed and trafficked to early endosomes (EEs). EEs then mature into late endosomes (LEs) and generate intraluminal vesicles (ILVs) in the lumen of the organelles. Multivesicular bodies (MVBs), namely, LEs containing these ILVs, can fuse with plasma membrane and release exosomes into the extracellular space or fuse with lysosomes and degrade exosomes (110, 111). Different cell type- and microenvironment-derived exosomes transport distinct proteins, lipids, and nucleic acid cargoes (112, 113). Generally, exosomes are formed with tetraspanin family (CD9, CD63, and CD81) transmembrane proteins, tumor susceptibility gene 101 (TSG101), major histocompatibility complex (MHC) class II molecules, programmed cell death 6-interacting proteins (PDCD6IPs), heat shock proteins (HSPs) (HSP60, HSP70, and HSP90), cytoskeletal proteins (actin and tubulin), annexins (regulate cytoskeletal changes in membranes and membrane fusion), and membrane transport proteins (114).

Different techniques including microfiltration, gel filtration, ultracentrifugation, and commercial exosomes isolation kits are used to isolate exosomes from body fluids, plasma, or cell culture medium (115). Among these, ultracentrifugation is regarded as the gold standard for exosomes isolation and is also the most common method. Exosomes can enter recipient cells via distinct mechanisms including lipid membrane fusion, internalization by receptor-mediated endocytosis, receptor-mediated binding, and activation of downstream signaling (116). Total understanding of the biogenesis, isolation, and uptake of exosomes may contribute to find novel strategies for the treatment of cardiac fibrosis.



Exosome Contents for the Treatment of Cardiac Fibrosis
 
MicroRNAs

MiRNAs, small endogenous oligonucleotides of 21–25 nucleotides, are critical in regulating post-transcriptional gene. Additionally, exosomes, containing different numerous miRNAs, could contribute to or alleviate a variety of pathologies including cardiac fibrosis. Exosomes, derived from distinct cell types including fibroblasts and exogenous MSCs, with upregulation or downregulation of certain miRNAs, can exhibit better ability in attenuating cardiac fibrosis and improving cardiac function (Table 2).


Table 2. MiRNAs and proteins involved in exosomes for the treatment of cardiac fibrosis.

[image: Table 2]

It has been confirmed that miR-21 played an essential role in fibroblast biology and that the levels were selectively increased in the failing heart, which makes it a target in heart failure (146). Bang et al. (11) revealed that miR-21 was enriched in fibroblast-derived exosomes, and the transfer of miR-21 to cardiomyocytes led to cellular hypertrophy. Additionally, Kang et al. demonstrated that miR-21-loaded human peripheral blood derived-exosomes enhanced fibrosis, making it a novel therapeutic target for cardiac fibrosis (137). Another research indicated that miR-27a-, miR-28a-, miR-34a-enriched fibroblast-derived exosomes could regulate cardiomyocyte antioxidant enzymes, thus contributing to cardiac hypertrophy (117). Therefore, exosomes derived from fibroblasts, especially those changing miRNAs contents, are a promising target for cardiac fibrosis.

Furthermore, exosomes derived from cardiomyocytes also exert therapeutic effects in cardiac fibrosis. Exosomes that contain high levels of miR-29b and miR-455 can downregulate MMP-9, thus reducing matrix degradation and mitigating fibrosis and myocyte uncoupling (122). MiR-378 secreted by cardiomyocytes mediated cardiac fibrosis via targeting the p38 MAPK-Smad2/3 signaling pathway and then regulating collagen and MMP expression in CFs (123). However, cardiomyocyte-derived miR-217- and miR-208-containing exosomes resulted in cardiac dysfunction and worsened cardiac fibrosis via targeting phosphatase and tensin homolog (PTEN) and dual-specificity tyrosine phosphorylation-regulated kinase 2 (Dyrk2) separately (124, 147). Evidence indicated that miR-142-3p-enriched exosomes derived from activated CD4+ T cells contributed to the activation of WNT signaling pathway and CF activation, making it a promising target for treating cardiac fibrosis post-MI (138).

Cell therapy, including different types of stem cells, has been widely considered as a therapeutic approach for the treatment of cardiac fibrosis. Placenta-derived MSCs decreased the expression of TGF-β and reduced fibrosis in cardiac muscles via transferring exosomal miR-29c (130). MiR-92a from CDC-derived exosomes can be enriched via the activation of β-catenin and contribute to attenuation of cardiac fibrosis and improved cardiac function (131).



Proteins

Functional proteins, as the vital contents of exosomes, also exhibit an ability in regulating cardiac remodeling and cardiac fibrosis. It is generally considered that heat shock response is a cellular intrinsic defense mechanism (148) and that the increased expression of HSPs is beneficial for cells or tissues to fight against stress stimuli and pathological conditions (149). The overexpression of HSP20 in cardiomyocytes contributes to the secretion of exosomes via interaction with TSG101 and leads to the elevation of HSP20 in exosomes, which remarkably improved cardiac function and attenuated adverse remodeling (139). However, myocyte-derived HSP90 exerted a profibrotic role through orchestrating the synthesis of IL-6 and activating STAT-3 in fibroblasts, leading to excess collagen secretion and deposition, thus exaggerating cardiac hypertrophy and fibrosis (140). Emerging evidence indicated that proteins of WNT family are involved in the activation of cardiac fibrotic pathologies (150–152). Działo et al. confirmed that WNT3a-rich exosomes could specifically activate WNT/β-catenin signaling pathway and promoted fibrogenesis in post-infarcted hearts, whereas WNT5a-rich exosomes only activated non-canonical WNT pathways and induced production of profibrotic IL-6 (145). Summarizing, exosomes containing WNT proteins can regulate cardiac fibrosis via canonical and non-canonical WNT pathways and provide a novel strategy to treat cardiac fibrosis. The upregulated decorin and downregulated periostin in cardiomyocyte-derived exosomes had been confirmed to regulate cardiac fibrosis through targeting Ang II. Additionally, upregulated human antigen R (HuR) in macrophages significantly increased inflammatory and profibrogenic responses in fibroblast and cardiac fibrosis, suggesting that HuR might be targeted to alleviate macrophage dysfunction and pathological fibrosis (144).




Exosomes Act as Biomarkers in Cardiac Fibrosis

Recently, researches have been devoted to using miRNAs or other molecules in serum or plasma as diagnostic or prognostic biomarkers in cardiovascular diseases. Exosomes, as the carrier of those molecular constituents, are highly associated with concurrent physiological or pathological condition. It has been shown that the level of plasma exosomal miR-425 and miR-744 was decreased while the level of miR-21 was increased during the development of heart failure, which makes them novel biomarkers for heart failure and represent the conditions of the CF (136). In addition, surface HSP70 expression in serum exosomes was obviously decreased during senescence in the model of cardiac fibrosis, while HSP70 overexpression attenuated these effects, making it a new biomarker in aging-related cardiac fibrosis (142). Therefore, exosomes may act as a promising diagnostic biomarker in cardiac fibrosis.




CONCLUSION

Cardiac fibrosis, a common pathophysiologic event in most heart disease, can lead to poor tissue compliance, hardening of myocardium, and worsening of cardiac dysfunction. CFs, a major cell type of adult myocardium, play a vital role in the process of cardiac fibrosis. MCs, macrophages/monocytes, endothelial cells, and cardiomyocytes, in addition to CFs, also have a role in the fibrotic response through fibrogenic growth factors, the aldosterone/angiotensin axis, or inflammatory signals. Thus, cardiac fibrosis is a complex process involving multiple cells and regulated by multiple molecular pathways. Based on this, exosomes derived from various cell types are rich in a variety of miRNAs and proteins and could participate in intercellular communication to mediate cardiac fibrosis process, thus providing a novel strategy for the prediction and treatment of cardiac fibrosis.
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ABBREVIATIONS

ECM, extracellular matrix; CF, cardiac fibroblast; AMI, acute myocardial infarction; EMT, epithelial–mesenchymal transition; MMP, matrix metalloproteinases; DDR2, discoidin domain receptor 2; FSP1, fibroblast-specific protein 1; S100a4, S100 calcium-binding protein A4; Thy1, thymus cell antigen 1; TCF21, the transcription factor 21; PDGFR α, platelet-derived growth factor receptor α; α-SMA, α-smooth muscle actin; ED-A, extradomain A; ROS, reactive oxygen species; MC, mast cells; DAMPs, damage-associated molecular patterns; TNF, tumor necrosis factor; IL, interleukin; MCG, mast cell granule; VEGF, vascular endothelial growth factor; MSC, mesenchymal stem cell; ET, endothelin; EndMT, endothelial to mesenchymal transition; HIF, hypoxia-inducible factor; IP, interferon-γ-inducible protein; TβRII, TGF-β receptor II; IGF, insulin-like growth factor; AT2, angiotensin II type 2 receptor; PAI, plasminogen activator inhibitor; PDGF, platelet-derived growth factor; RAAS, renin–angiotensin–aldosterone system; Ang II, angiotensin II; ACE, angiotensin-converting enzyme; AT 1, angiotensin type 1; AR, adrenergic receptor; CCN2, cellular communication network factor 2; GRK2, G protein-coupled receptor kinase 2; MRTF, myocardin-related transcription factor; TSP-1, thrombospondin 1; STAT, signal transducer and activator of transcription; JAK, Janus kinase; mIL-6R, membrane-bound IL-6R; sIL-6R, soluble IL-6R; RAS, renin–angiotensin system; HIMF, hypoxia-induced mitogenic factor; TN-C, Tenascin-C; EE, early endosome; LE, late endosome; ILV, intraluminal vesicle; MVB, multivesicular body; TSG101, tumor susceptibility gene 101; MHC, major histocompatibility complex; PDCD6IP, programmed cell death 6-interacting protein; HSP, heat shock protein; SORBS2, orbin and SH3 domain-containing protein 2; PDLIM5, PDZ and LIM domain; Nrf2, nuclear factor erythroid 2-related factor 2; FoxO, forkhead transcription factors of the O class; YBX-1, Y box binding protein 1; Smurf1, SMAD-specific E3 ubiquitin protein ligase 1; HDAC4, histone deacetylase 4; MKK6, mitogen-activated protein kinase kinase 6; Dyrk2, dual-specificity tyrosine phosphorylation-regulated kinase 2; PTEN, phosphatase and tensin homolog; Mecp2, methyl CpG binding protein 2; BMP2, bone morphogenetic protein 2; EGR1, early growth response factor 1; HuR, human antigen R; Ang, angiotensin.
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Recent studies have shown that the hydrogels formed by composite biomaterials are better choice than hydrogels formed by single biomaterial for tissue repair. We explored the feasibility of the composite hydrogel formed by silk fibroin (SF) and silk sericin (SS) in tissue repair for the excellent mechanical properties of SF, and cell adhesion and biocompatible properties of SS. In our study, the SF SS hydrogel was formed by SF and SS protein with separate extraction method (LiBr dissolution for SF and hot alkaline water dissolution for SS), while SF-SS hydrogel was formed by SF and SS protein using simultaneous extraction method (LiBr dissolution for SF and SS protein). The effects of the two composite hydrogels on the release of inflammatory cytokines from macrophages and the wound were analyzed. Moreover, two hydrogels were used to encapsulate and deliver human umbilical cord mesenchymal stem cell derived exosomes (UMSC-Exo). Both SF SS and SF-SS hydrogels promoted wound healing, angiogenesis, and reduced inflammation and TNF-α secretion by macrophages. These beneficial effects were more significant in the experimental group treated by UMSC-Exo encapsulated in SF-SS hydrogel. Our study found that SF-SS hydrogel could be used as an excellent alternative to deliver exosomes for tissue repair.

Keywords: silk fibroin and sericin composite hydrogel, exosome, wound repair, angiogenesis, inflammation



[image: Graphical Abstract]
GRAPHICAL ABSTRACT. The composite hydrogel formed by SF and SS did not induces strong immune responses and improved the beneficial effect of the UMSC-Exo by promoting angiogenesis and the wound repair. The composite hydrogel can serve as an excellent media for exosomes delivery and tissue repair.


INTRODUCTION

As the biggest organ, skin functions as a barrier to protect the body from pathogen invasion and to prevent fluid loss. However, skin often suffers from injuries caused by burns, diabetes, and ulceration, which cause infections, as well as physical and mental pain of the individual (1). Many ongoing research efforts have been focused on developing methods to promote wound healing. Those method should keep the wound from being infected and allow gas exchange, adsorb excrescent wound exudates and maintain the local moisture of the wound to accelerate the healing (2). Recently, stem cell and exosomes have emerged as promising strategies for skin repair. Exosomes are 30–100 nm extracellular vesicles that can be secreted by almost all cells, and stem cell-derived exosomes have been shown to accelerate the healing of skin wound (3). Exosomes derived from the human umbilical cord mesenchymal stem cells (UMSC-Exo) have been shown to promote re-epithelialization, enhance collagen maturation and reduce the scar size of skin wound. In addition to UMSC-Exo, exosomes secreted by pluripotent stem cells-derived MSCs, intestinal epithelial cells, oral mucosal epithelial cell, adipose stem cells, induced pluripotent stem cells and platelet (3–8) could also promote skin wound healing. Although these previous studies proved the concept of principal, there are still hurdles that need to be overcome before exosome-based therapy can be used in the clinic. Exosomes have short retention time in vivo due to the lack of matrix support. In addition, exosomes often present in solution, which is not able to protect the wound from the pathogenic bacteria, and not absorb excrescent exudates, so exosomes must be delivered together with wound dressing materials to achieve the desired beneficial effects.

Hydrogels have been used as excellent wound dressing (9, 10). Hydrogels can be formed by natural, synthetic or composite materials. Single material-based hydrogel has some drawbacks for the lack of either biological function or good mechanical properties, whereas the composite hydrogel formed by two or more materials can avoid these defects. Silk, an appealing biomaterial that was widely used in medical field, is consisted of 70% silk fibroin (SF), 25% Silk sericin (SS). SF has been used as suture thread and wound dressing for its good biocompatibility and suitable mechanical properties (11–15). The biological properties of SF can be improved when introduce other materials such as chitosan, polyurethane, hyaluronic acid (15–18). Even though SS was originally thought to trigger immune response and was treated as the by-product in traditional silk biomaterial processing (19). Recent studies have shown that SS is biocompatible and has good biological performance. SS shows great hydrophilic and has multiple biological properties, including anti-oxidation, anti-bacterial, and promoting cell adhesion and proliferation (20, 21). However, SS shows poor mechanical properties. It was shown that the Young's moduli of SS hydrogel are much lower than that of most tissues (22). Thus, SS has been mostly used in tissue regeneration and wound repair in combination with other materials (10, 23, 24). It's an interesting find that SF has an opposite characteristic that Young's moduli of SF hydrogel have a higher stiffness than native tissue (25).

Thus, introducing SS into the fibroin hydrogel can adjust the compressive moduli to a more suitable condition for tissue engineering. More importantly, sericin has the beneficial characteristics to promote cell adhesion and growth (26). In addition, the different hydrophilic and hydrophobic nature of sericin and fibroin of the complex hydrogel enables sericin to be exposed to the water, which makes it easier for sericin to interact with surrounding tissue and to exert its beneficial effect.

Thus, in our study, we explored the immunogenicity of the composite hydrogel formed by SF and SS and determined whether the composite hydrogel can deliver UMSC-Exo to repair skin wound.



MATERIALS AND METHODS


Isolation and Identification of Exosomes

The exosomes derived from the human umbilical cord mesenchymal stem cells (UMSCs) were isolated and collected as described previously (27, 28). Briefly, UMSCs (Jiangsu Heze Biotechnology, Heze, Jiangsu, China) were cultured in MEM medium containing 15% FBS and cells of passage 4–6 were digested by 0.125% (w/v) trypsin (Thermo fisher, Waltham, MA, USA) and the cell suspension was transferred to a new 10 cm cell culture dish, until reaching to 70% confluency and was then replaced by MEM medium containing 10% FBS which had been centrifuged at 100,000 g to eliminate bovine-derived exosomes. After 48 h of culture, exosomes were isolated from UMSCs culture supernatants which was centrifuged at 2,000 g for 30 min to remove dead cells and debris, and then centrifuged at 10,000 g for 40 min to remove large extracellular vesicles, then the medium was transferred to a new tube containing 0.5 volumes of Total Exosome Isolation reagent (Life Technology, Grand Island, NY, USA). The mixture was incubated at 4°C overnight and centrifuged at 10,000 g for 1 h at 4°C. The pellets were re-suspended in PBS and stored at −80°C. Protein concentrations of UMSC-Exo were determined using a BCA protein assay kit (Takara, Japan).

The diameter of UMSC-Exo was analyzed by Zetasizer Nano (Malvern Panalytical, Malvern, UK). Exosomes (1 mL) with a concentration of 1 mg/mL were placed in a quartz colorimetric dish for subsequent measurement. Specific protein markers of exosomes were identified by Western blot and flow cytometry as we reported previously (27, 28). Briefly, 40 μg protein extracted from UMSC-Exo or UMSCs protein was separated by SDS-PAGE, transferred to PVDF membranes which were incubated with CD63 (Santa cruz biotechnology, Texas, USA), CD9 (Abcam, Cambridge, MA, USA), Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (MultiSciences, Hangzhou, China) antibodies, followed by washing and incubation with HRP-linked goat anti-rabbit IgG (MultiSciences, Hangzhou, China) and HRP-linked goat anti-mouse IgG secondary antibodies (MultiSciences, Hangzhou, China). Exosomes were attached to aldehyde/sulfate latex beads (4 μm; Invitrogen, Grand Island, NY, USA) for analysis. The pre-bound exosomes were analyzed by flow cytometry using a fluorescence isothiocyanate-conjugated antibody against CD63 (Abcam, Cambridge, MA, USA), which is a specific marker for exosomes.



Preparation of SF SS Hydrogel

The separate extraction of SF and SS (SF SS) from silkworm (Dazao strain) cocoons were performed as described previously. Briefly, 5 g silkworm cocoons were cut into 1 cm2 pieces and boiled in 1 L 0.02 M Na2CO3 solution (Macklin, Shanghai, China) for 30 min with continuous stirring in order to disperse SF and allow SS to be dissolved. SS was obtained by concentration and dialysis of the harvested solution. The SS solution was finally adjusted to 5% w/v with ultrapure water at room temperature. After washing in ultra-pure water to remove the remaining SS protein, the drying SF was extracted as described before (29). Briefly, the SF was dissolved in 9.3 M LiBr (Thermo Scientific, Waltham, MA, USA) and SF solution was load in ordinary dialysis bag (YuanyeBio-Technology, Shanghai, China) with cut-off molecular weight of 3,500 and dialyzed in ultrapure water for 48 h, then centrifuged to remove precipitates. The SF solution was finally adjusted to 5% (w/v) with ultrapure water and stored at 4°C for up to one week. The concentration of SF or SS solution was determined by the measuring dry weight of SF or SS after drying the entire content of the solution. In order to ensure the similar proportion of SF and SS in SF SS and SF-SS hydrogel, we measured the SF and SS in natural silk, the dried weight of SF was 3.71g after removing the SS from 5 g silk, so the content of fibroin was 74.2% (3.71 g ÷ 5 g × 100% = 74.2%). Considering the fact that there is about 3.2% carbohydrates, inorganic matter and pigment dissolved in the SS solution, the content of sericin in silk is 22.6% (100%−74.2%−3.2% = 22.6%). The proportion of SF to SS is about 3:1 in natural silk, which is similar to that of SF-SS hydrogel. The volume ratio of SF solution to SS solution was 3:1, which is consistent with that of the natural silk. The mixed solution (0.5 ml) was sonicated 3 times for 30 s at 30% ultrasound intensity (S150D, Branson, St. Louis MO, USA), and then the pre-gelling SF SS mixed solution was transferred to the molds with a diameter of 1.2 cm to ensure the hydrogel has a height of 3 mm, and then kept at 37°C for 24 h to form SF SS hydrogel.



Preparation of SF-SS Hydrogel

The simultaneous extraction of SF and SS (SF-SS) from silkworm cocoons were performed using a LiBr dissolution as previously described (30). Briefly, 5 g silkworm cocoons were cut into 1 cm2 pieces and was dissolved in 9.3 M LiBr to make a 20% (w/v) protein solution and then incubated at 60°C to completely dissolve the SF and SS. After dialysis and concentration, the SF-SS solution was finally adjusted to 5% (w/v) with ultrapure water at room temperature and stored at 4°C for no more than one week. The mixed SF-SS protein solution was sonicated 1 times for 30 s at 30% ultrasound intensity, and then the pre-gelling SF-SS solution was transferred to the suitable molds, and kept at 37°C for 1 h to form the SF-SS hydrogel.



Exosomes Encapsulated Into the SF SS or SF-SS Hydrogel

SF SS hydrogel or SF-SS hydrogel were frozen in −20°C freezer, and then freeze-dried for 48 h in freeze dryer to generate hydrogel sponge. Exosomes derived from UMSCs were isolated and the concentration was measured as described in 2.1. Exosomes concentration would be adjusted to 2 mg/mL and 50 μL exosomes will be dropped into the hydrogel sponge and it will be used for wound repair immediately. The hydrogel sponge lost most of water and it will hold the exosome solution.



Cell Proliferation Assay

The human skin fibroblast cells (BJ cells) were purchased from ATCC (Maryland, USA). The BJ cells were cultured in DMEM to reach 70–80% confluency in 96-well plates and then switched to fresh DMEM. UMSC-Exo (100 or 200 μg), 5 μg freeze-dried SF SS hydrogel, 5 μg SF-SS hydrogel or sterile cotton gauze were added into different wells and then incubated with BJ cells for another 24 h. After removing the residual cotton gauze or the freeze-dried hydrogel, cell viability was determined using the CCK-8 reagent (MesGen Biotech, Shanghai, China) per manufacturer's instruction. In order to observe the cells proliferation directly, a white pipette tip was used to draw a straight line on the monolayer cells to create an open space when the BJ cells were cultured to reach 85–90% confluency in 96-well plates. The cells were washed 3 times with PBS to remove free floating cells formed by scratches. The sterile gauze or the freeze-dried SF SS and SF-SS hydrogel were added into the DMEM medium with 10% FBS and incubated with BJ cells. After 24 h co-culture, the cells were fixed and photographed under a microscope.



Fluorescence and Microstructure of Silk Fibroin and Sericin Mixed Hydrogel

In order to clearly observe the fluorescence characteristics of different hydrogel under a microscope, the thickness of the hydrogel was controlled to 0.5–1 mm. After freeze-drying, the spontaneous fluorescence under different fluorescence channels of an inverted fluorescence microscope is observed directly and recorded.

To reveal the morphology of the SF SS and SF-SS hydrogel, the samples were loaded on top of conductive tapes mounted on SEM sample stubs and sputter-coated with gold for 60 s using gold sputter-coating equipment (Cressington Scientific Instruments, Watford, UK). The samples were examined using a scanning electron microscope (S-4800; Hitachi, Japan) at an accelerating voltage of 3 kV.



Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy (ATR-FTIR) Measurements

A VERTEX 70 FTIR spectrometer (Bruker, Hongkong, China) equipped with a diamond ATR accessory, a deuterated triglycine sulfate detector, and a KBr beam splitter was used for spectral acquisition. The freeze-dried samples were then placed on the diamond ATR crystal. For each sample, three replicate spectra were recorded to ensure the spectral reproducibility and analytical precision. All spectra were recorded in the range of 4,000–600 cm−1 using the ATR method with a resolution of 4 cm−1 and 32 scans.



Compressive Mechanical Property Testing

The SS and SF mixed solution was sonicated and loaded into the suitable mold to form a cylinder hydrogel with the diameter of 120 mm and the height of 150 mm. After freeze drying, hydrogel were tested by a universal material testing machine at room temperature. In compression test, the loading speed was 5 mm/min. When the sample was compressed to 60% of its original height, the loading was stopped. Each sample was tested three times.



Wound Closure Assay

Before the surgery, the C57BL/6J mice were anesthetized by intraperitoneal injection of sodium pentobarbital (45 mg/kg). After shaving the dorsal hairs and sterilizing the skin, a 10 mm diameter full-thickness wound was created on the upper back. The mice were randomly divided into five groups (n = 6/group). Control group: four layers cotton gauze (13 × 13 mm) containing 50 μL PBS were inserted into the skin layer near the skin defect to cover the wound. SF SS or SF-SS Hydrogel group: a freeze-dried hydrogel (13 × 13 mm) containing 50 μL PBS was used to cover the wound as the described in the control group. SF SS Hydrogel-Exosome or SF-SS Hydrogel-Exosome group: a freeze-dried hydrogel containing 100 μg exosomes in 50 μL PBS was used to cover the wound. The restraining bandage (Urgostrapping, URGO) was used to fix the wound and dressings. At 3 and 21 days post-surgery, 3 mice in each group were sacrificed for further analysis. The mice were maintained in a specific pathogen-free animal facility at Soochow University, and fed with sterile food and water. All animal experiments were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 8023, revised 1978). The animal protocols were approved by the Laboratory Animal Care and Use Committee of Soochow University.



Immunostaining for CD31 and CD68 Expression

To avoid skin contraction, complete wound specimens and the normal skin tissue within 2–3 mm around the wounds were collected on days 3 and 21 post-operation. The skin tissues were fixed overnight by 4% polyoxymethylene and then dehydrated by 20% sucrose. After embedding in optimal cutting temperature compound and freezing in liquid nitrogen, the specimens were cut into 5-μm sections for immunostaining. After blocking with 5% BSA, skin sections were incubated with a mouse anti-CD31 antibody (Abcam, Cambridge, MA, USA) or anti-CD68 antibody (Abcam), followed by a goat anti-mouse IgG-FITC secondary antibody (Santa Cruz Biotechnology, Texas, USA). The nuclei were stained with DAPI (Sigma-Aldrich, St. Louis, MO USA). Images were analyzed using fluorescent microscopy.



TNF-α Detection by ELISA

The macrophage NR8383 cells (Kang Lang Biological Technology, Shanghai, China) were used to assess the immune response induced by the SF SS or SF-SS hydrogel sponges. 2 × 105 NR8383 cells were seeded into each well of the plate 24-well plate. When the cells reached 75–85% confluency, freeze-dried SF SS, SF-SS hydrogel or cotton gauze were added into culture media and co-culture for 24 h, and then the culture media was harvested and centrifuged at 1,000 rpm for 5 min. TNF-α levels were detected by TNF-α ELISA kit (Abcam).

Blood samples were collected from the animals and the blood samples were placed at 37°C for 1 h and sera were obtained by centrifugation at 5,000 rpm for 5 min. The levels of TNF-α were determined by ELISA kit.



Statistical Analysis

All data with significance of differences were presented as mean ± standard deviation. Statistical analyses and calculation of sample size were performed using Prism 5 software (GraphPad Software, La Jolla, CA, USA). Two-tailed t-test was used to determine the significance of differences between two groups. Multiple comparisons were analyzed using ANOVA with post-hoc analysis by the Newman-Keuls test.




RESULTS


Isolation, Identification and Function of Exosomes Derived From Human Umbilical Cord Mesenchymal Stem Cells (UMSC-Exo)

In order to obtain pure and well-characterized exosome preparations, we used the commercial ready-to-use precipitation solutions and total exosome isolation reagent to separate exosomes from supernatants of cell culture. Cell debris and large vesicles were removed by centrifugation. The exosomes were characterized by Western blot, and Zetasizer Nano analysis. Western blot showed that GAPDH was highly expressed in the UMSC, whereas exosomes-specific markers CD9 and CD63 were only detected in UMSC-Exo (Figure 1A). Flow cytometry results further proved that more than 99% of the exosome-coated beads are CD63 positive (Figure 1B). We also found that CD63, which is a universal biomarker of exosomes, has a higher expression in UMSC-Exo. The diameter of exosomes was approximately 47.3 nm determined by Zetasizer Nano (Figure 1C), which is consisted with the previous reported value of 30–100nm. In addition, the cell viability of skin fibroblast was significantly enhanced in a dose dependent way when incubated with the exosomes with the concentration of 100 and 200 μg/ml (Figure 1D), which is consistent with previous study (31).
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FIGURE 1. Isolation and identification of UMSC-Exo. (A) Western blot analysis of CD9 and CD63 and GAPDH protein expression in UMSC and UMSC-Exo. (B) The expression of CD63 in UMSC-Exo was analyzed by flow cytometry. (C) Nanoparticle size distribution of UMSC-Exo. (D) The BJ cell viability was detected by CCK-8 after treatment with UMSC-Exo. Data is shown as mean ± standard deviation (n = 3). **p < 0.01, ***p < 0.001.




Silk Fibroin and Sericin Mixed Hydrogel Increase Skin Fibroblast Cell Viability and Proliferation

SF SS hydrogel was formed by SF and SS protein with separate extraction method (mild LiBr dissolution for SF and high temperature alkaline water method for SS), while SF-SS hydrogel was formed by SF and SS protein using simultaneous extraction method (mild LiBr dissolution for SF and SS protein). When SF SS and SF-SS hydrogel was incubated with the BJ cells, the cell viability was increased significantly (Figure 2A). Moreover, the cell doubling time is fast in SF-SS hydrogel with mild extraction method (Figures 2B,C), which may be due to the relative mild extraction process for protein in SF-SS hydrogel and more intact bioactive SS can be preserved during extraction process of mild LiBr dissolution method.
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FIGURE 2. SF SS and SF-SS hydrogel promote BJ cell growth. (A) BJ cell viability was detected by CCK-8 after treatment with SF SS and SF-SS hydrogel. (B) BJ cell migration after scratch and treatment with SF SS and SF-SS hydrogel was recorded by microscope. (C) The quantity of relative wound area in Figure B of cell migration by Image J. Data is shown as mean ± standard deviation (n = 3). ns, no significant difference, *p < 0.05, **p < 0.01.




Characterization of Silk Fibroin and Sericin Mixed Hydrogel

Hydrogel formed by fibroin and sericin can emit intrinsic fluorescence (Figure 3A), which is partly due to 5% tyrosine and 0.25% tryptophan in fibroin, 2.1% tyrosine and 0.9% phenylalanine in sericin (32). SF-SS hydrogel shows a stronger spontaneous fluorescence and a smaller pore diameter compared to SF SS hydrogel (Figures 3A,B). The pore size of hydrogel is about 20–100 μm as shown in Figures 3A,B, which is much larger than exosomes with a diameter of 30–100 nm. This result suggests that most of exosomes can be diffused into the surrounding environment. The Young's moduli were 1.56 kPa (SF SS hydrogel) and 3.77 kPa (SF-SS hydrogel), which was reflected by straight line slope as shown in Figure 3C. Thus, compressive mechanical property revealed that the SS SF hydrogel had a higher stress than the SS-SF hydrogel (Figure 3C). The Young's moduli of SF SS hydrogel and SF-SS hydrogel indicated that the complex hydrogels are suitable for the usage on the soft tissue.
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FIGURE 3. Characterization of SF SS and SF-SS hydrogel. (A) Spontaneous fluorescence and microstructure of SF SS and SF-SS hydrogel. (B) Microstructure of SF SS and SF-SS hydrogel. (C) The stress-strain curve of SF SS and SF-SS hydrogel. (D) Fourier transform infrared spectroscopy of SF SS and SF-SS hydrogel.


FTIR analysis revealed a shift to lower wavelength at the peak of Amide I and Amide II in SF SS hydrogel and SF SS Exo hydrogel compared with the SF solution, and the wavelength became even lower in SF-SS hydrogel and SF-SS Exo hydrogel, suggesting the formation of a more stable β-folding structure (Figure 3D). Adding exosome caused only a small shift to lower wavelength in both SF SS hydrogel and SF-SS hydrogel. The significant difference between SF SS hydrogel and SF-SS hydrogel may be attributed to the mild simultaneous protein extraction conditions of SF-SS hydrogel to allow easier formation of hydrogel.



The Effect of Silk Fibroin and Sericin Mixed Hydrogel on Wound Closure

Mice were created a 10 mm diameter full-thickness wound on the upper. After inserting the cotton gauze or hydrogel sponge into the wound, the wound was fixed with restraining bandage and the wound repairment would be observed. Three days after treatment, the two composite hydrogels absorbed most of the wound exudates and maintain the moisture environment, which was favorable to wound healing. However, the gauze induced significant exudates that caused the gauze to stick to the tissue and slowed down the healing process. After 21 days treatment, the skin cells can grow on the surface of the composite SF SS and SF-SS hydrogel and the wound was completely healed, whereas the size of the gauze inserted skin wound remains unhealed. In the presence of exosomes, SF SS and SF-SS not only healed the wounds completely but also recovered the hair growth to normal level (Figure 4). CD31 staining on skin wound sections was used to assess angiogenesis. Even though density of total vessels in gauze cotton was more than that of other treatment, most of vessels showed a non-mature state in gauze cotton. Thus, we mostly analyzed the vessels diameter in different groups. The blood vessels were longer in the SF SS Exo and SF-SS Exo groups compared with the control, SF SS and SF-SS groups (Figures 5A,B). In addition, the scar size in SF-SS group is smaller that of SF SS group (Figure 4), and the average diameter of blood vessels is larger than that of SF SS group (Figure 5B).


[image: Figure 4]
FIGURE 4. The wound closure ability of SF SS and SF-SS hydrogel. The scar size analysis by Image J. Data is shown as mean ± standard deviation (n = 3). ns, no significant difference, *p < 0.05.
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FIGURE 5. The immunogenicity of SF SS and SF-SS hydrogel sponges. (A) Immunofluorescence staining of CD31 in skin wound treated by SF SS and SF-SS hydrogel and UMSC-Exo encapsulated in SF SS and SF-SS hydrogel. SF SS Exo, the Exo was delivered by SF SS composite hydrogel; SF-SS Exo, the Exo was delivered by SF-SS composite hydrogel. (B) Quantification of vessel diameter by Image J. Data is shown as mean ± standard deviation (n = 3). ns, no significant difference, *p < 0.01, ***p < 0.001.




The Inflammatory Response to Silk Fibroin and Sericin Mixed Hydrogel in vitro and in vivo

To determine whether the hydrogel induces inflammation, the SF SS and SS-SF hydrogel sponges were incubated with macrophages in cell culture for 24 hours or applied to the skin wound of a mice model for 3 days. The cell culture supernatant or serum from the mice was collected to measure the level of TNF-α. Previous studies have suggested that SF and SS can induce inflammation; however, there is no significant difference in the amount of TNF-α released from either the macrophages or mice with injured skin (Figures 6A,B). in vitro, the amount of TNF-α derived from macrophages induced by the SF SS and SF-SS were similar with that of cotton gauze. In vivo, the amount of TNF-α from mice serum of SF SS, SF-SS, SF SS Exo or SF-SS Exo treatment groups was lower than that of the cotton gauze. The difference between the in vitro and in vivo effect may be due to the presence of various types of macrophages in vivo, as well as the different microenvironment of macrophages of in vivo and in vitro. In addition, CD68 immunofluorescence staining of the injured skin treated by the SF SS and SF-SS hydrogel sponges for 3 days showed similar results to that of the TNF-α (Figures 7A,B).


[image: Figure 6]
FIGURE 6. TNF-α released by macrophage or in serum after incubating with SF SS and SF-SS hydrogel sponges. (A) TNF-α release from macrophages after incubating with cotton gauze, SF SS and SF-SS hydrogel. (B) TNF-α in the serum from mice with different treatments. Data is shown as mean ± standard deviation (n = 3). ns, no significant difference, *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 7. CD68+ cells infiltration in wound treated with SF SS and SF-SS hydrogel sponges. (A) CD68+ inflammatory cell infiltration in skin wound from different treatment groups. (B) Quantification of CD68+ cells with the FITC fluorescence signal by Image J. Data is shown as mean ± standard deviation (n = 3). ns, no significant difference, *p < 0.05, **p < 0.01, ***p < 0.001.





DISCUSSION

In our study, the beneficial effects were more significant in the experimental group treated by exosomes encapsulated in SF-SS hydrogel compared to SF SS. The beneficial effects may be explained by the fact that exosomes could increase the fibroblast cell viability in vitro (Figure 1D). In addition, Exo encapsulated in SF-SS hydrogels could promote vascular growth (Figure 4) and inhibit the inflammatory response (Figures 7A,B), suggesting that these hydrogels are promising biomaterials that can be used to enhance wound repair.

Exosomes are readily accessible via biological fluids for diagnosis and reflect the disease progression and prognosis, such as in cancer (29), cardiovascular, brain and kidney diseases (33–37). In addition, exosomes involve in regulating multiple biological process, such as reproduction and development, immune response, infection, neurodegeneration, cancer and cardiovascular disease through mediating cell communication (38–40). More importantly, exosomes derived from different kind of cells can treat multiple diseases including ischemic disease (41), cancer (42–44) and inflammatory bowel disease (45). In this study, we also found beneficial function of exosomes derived from UMSC in wound repair.

To improve the retention time of exosomes in vivo, we introduced hydrogel formed by SS and SF. It has been found that undegummed native silk can induce a severe immunoglobulin E mediated allergy or inflammation, delaying the wound healing process (46). However, there are some conflicting reports regarding the possible immunogenicity of silk proteins. SS has been considered as the element in the silk that triggers immune responses (47). However, recent studies showed that the immunogenicity of SS is extremely low. Furthermore, SS promotes the proliferation of vascular endothelial progenitor cells, endothelial cells, and hair follicle stem cells by increasing the transcription of VEGFa (48). Thus, SS has been used to treat myocardial infarction (49), skin wound (50), and bone injury (51–53). During the purification of silk sericin, the majority of small molecule impurities such as waxes, sugars and fats are expected to be removed during dialysis (46, 54), which may indicate that impurities in sericin is the cause for immune response. Another study showed that synergistic effect of crystalline fibroin coated with sericin protein and lipopolysaccharides, trigging significant release of TNF-α from macrophages, which indicates that sericin mediated inflammation activation is dependent on the association with core fibroin fibers (55). Even though there are different views on the source of the immune response, SF and SS hydrogel prepared in our article avoid the potential impurities and natural interaction of sericin and fibroin fibers during the purification and gelling process, which also showed very low immune response.

Previous studies showed that different extraction methods of sericin have different effects on protein integrity, structure and functional properties. Conventional harsh method with high heat and alkali can lead to degradation of sericin into low molecular weights polypeptides, make it difficult to cross-link into hydrogel (23). While gentle LiBr extraction method can produce a relative intact protein profile of sericin and forms a hydrogel that possesses excellent cell-adhesive capability, and promoting proliferation and long-term survival of various types of cells (32, 49). These can explain to a certain extent that SF-SS hydrogel has a short gelling time. SF hydrogel (14, 56) or SS hydrogel (9, 57) have been used to deliver cells and drugs due to the excellent mechanical properties of SF or bioactivity activity of SS. Composite hydrogels such as SF and chitosan hydrogel (58), SF and collagen hydrogel (59), SF and agar hydrogel (60), SF and poly (vinyl alcohol) hydrogel (61), have been used in the past to overcome some of the shortcomings associated with hydrogels formed by single biomaterial. SF and SS have emerged as promising biomaterial for tissue repair because they can be easily acquired and have low immunogenicity (48, 61, 62).

Mechanical properties of extracellular environment (ECM) are intimately related with cell behaviors. Those mechanical signals can be transfer by transmembrane receptors, cytoskeleton or nuclear skeleton, thus regulating the gene expression. Matrix elasticity has been shown to involve in cell survival, proliferation and differentiation (63, 64). Suitable mechanical properties of ECM are critical for the homeostasis of cell or tissue. Exception of bone, most of human tissues are soft, reflected by the value of compressive moduli (Young's moduli) ranging from 1 to 200 kPa (65–67). A better hydrogel should provide similar mechanical properties of certain tissue. As described before, the Young's moduli of SF hydrogel at concentration of 1.5–4% (w/v) ranges from 6.41 ± 0.47 kPa to 63.98 ± 2.42 kPa, which is consistent with a biologically relevant stiffness similar to native vasculature (68). Other studies showed that native silk fibers and fibroin hydrogel at concentrations of 4–15% (w/v) had the value of Young's moduli larger than 400 kPa, which is more suitable for stiff or semi-stiff implants, rather than for regeneration of soft organs (25). The Young's moduli of SS and polyvinyl alcohol hydrogel is only 20 Pa, which is much lower than that of most tissues (22). Thus, introducing SS into the fibroin hydrogel can adjust the compressive moduli to get a complex hydrogel with appropriate mechanical properties for wound repair.

Recent studies show that the hydrogels in encapsulating stem cells shape cell status, improve cells retention time and involve in tissue repair process (69, 70). In addition, recent works demonstrate that the beneficial functions of stem cells in tissue regeneration are largely through paracrine manner, rather than the direct differentiation of the implanted cell (71, 72). During all the secretome, exosomes are regarded as important components to involve in the cell communication and transfer functional molecules for tissue regeneration. We also showed that introducing exosomes derived from UMSCs into SF and SS mixed hydrogel promoted wound repair.



CONCLUSION

In our study, we found that the freeze-dried composite hydrogel formed by SF and SS can be used to enhance wound repair with low immune response. In addition, the beneficial effects of these hydrogel were improved in the presence of UMSC-Exo. In conclusion, SF and SS mixed hydrogel can serve as a good substitute to wound dressing and can be used to deliver exosomes.
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Myocardial infarction and ischemic stroke are the leading causes of mortality worldwide. Atherosclerosis is their common pathological foundation. It is known that atherosclerosis is characterized by endothelial activation/injury, accumulation of inflammatory immune cells and lipid-rich foam cells, followed by the development of atherosclerotic plaque. Either from arterial vessel wall or blood circulation, endothelial cells, smooth muscle cells, macrophages, T-lymphocytes, B-lymphocytes, foam cells, and platelets have been considered to contribute to the pathogenesis of atherosclerosis. Exosomes, as natural nano-carriers and intercellular messengers, play a significant role in modulation of cell-to-cell communication. Under physiological or pathological conditions, exosomes can deliver their cargos including donor cell-specific proteins, lipids, and nucleic acids to target cells, which in turn affect the function of the target cells. In this review, we will describe the pathophysiological significance of various exosomes derived from different cell types associated with atherosclerosis, and the potential applications of exosome in clinical diagnosis and treatment.
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INTRODUCTION

According to epidemiological investigation, the number of deaths from atherosclerotic cardiovascular disease (ASCVD) in 2016 was about 2.4 million, accounting for 61% of cardiovascular deaths and 25% of total deaths (1). Moreover, ASCVD mortality has increased significantly over the past 30 years. Atherosclerosis, a progressive multifactorial degenerative disease of large and medium arterial walls (2–4), is the root cause of most cardiovascular diseases including coronary artery disease (CAD), ischemic gangrene, abdominal aortic aneurysm, heart failure and ischemic stroke (5). It is known that atherosclerosis is a complex multifactorial disease developed through a series of events involving the cardiovascular system, metabolism, and immune system (6, 7). Increasing evidence suggests that local inflammatory microenvironment consisting of different inflammatory cells is a fundamental pathological characteristic (2, 8–11), in which cells exchange information through different mechanisms and structures, such as secreting bioactive molecules (growth factors, chemokines, peptides, ions, bioactive lipids, and nucleotides), direct cell-cell contact and cell-matrix interaction (12, 13). In the past few years, extracellular vesicles (EVs) derived from various cells have received increasing attention (14). EVs are membranous vesicles abounding in body fluids. There are three types of EVs, including exosomes, microvesicles (MVs) and apoptotic bodies. Among them, exosomes have been paid increasing attention and been considered as a mediator for cellular communication, which can deliver a series of bioactive components to target cells and then modulate their functions (12, 15). This review will focus on the sources of different exosomes and elucidate how they contribute to the pathogenesis of atherosclerosis, eventually provide evidence to suggest their potential clinical applications.



INTRODUCTION OF EXOSOMES

Exosomes used to be considered as “extracellular debris” and received little attention. Now exosomes are generally recognized as a mediator of cell-to-cell communication which are the smallest kind of extracellular vesicles (30–150 nm) with bilayer membrane morphology, and usually in the shape of cup (16).

Exosomes were first described as microvesicles containing 5′-nucleotidase activity released by tumor cell lines (17). In 1983 and 1985, Harding et al. (18) and Pan et al. (19) respectively reported and proved that cultured reticulocytes released exosomes. Using immunoelectron microscope, they saw the dynamic change process of internalized anti-transferrin receptor antibody in the reticulocytes. The released vesicles were separated and purified, and then named after “exosomes”. Afterwards, it has been confirmed that apart from reticulocytes, EVs can be secreted from various types of living cells, such as B lymphocytes, macrophages and endothelial cells (14). Moreover, exosomes can be extracted from different body fluids, including blood, ascites, cerebrospinal fluid, saliva, breast milk and urine (16).

To this day, although there is still no standardized method for exosome isolation, many techniques have been established based on the biochemical and physicochemical features of exosomes (20). The exosome separation methods include: ultracentrifugation, ultrafiltration, immunoaffinity capture, charge neutralization-based polymer precipitation, size-exclusion chromatograph, and microfluidic techniques (20). Each one has its unique advantages and disadvantages. Now one of the most common used strategies is ultracentrifugation (21). In recent years, microfluidic techniques are attracting more and more attention for their simplicity, fast-isolating and material-saving features, which may be commonly applied to exosome separation and detection in the future (20).

Exosomes can be formed in two mechanisms: the ESCRT-dependent and ESCRT-independent mechanisms, contribution of which may vary depending on the contents recruited and the type of donor cells (22). According to the current database of the exosome contents, 4,563 proteins, 1,639 mRNAs, 764 miRNAs, and 194 lipids have been identified in exosomes (23). The nucleic acids, proteins and other molecules carried by exosomes give exosomes rich biological information, which is transmitted from donor cells to target cells to play a specific biological effect (24). In addition, exosomes are enriched in membrane markers, such as tetraspanins and endosomal sorting complex required for transport members (25, 26). Furthermore, exosomes can also serve as biomarkers and potential targets for diagnosis and treatment of ASCVD (27, 28).



THE ROLES OF EXOSOMES IN THE OCCURRENCE AND DEVELOPMENT OF ATHEROSCLEROSIS

Atherosclerosis is a multifactorial disease closely associated with endothelial cell damage, vascular inflammation, accumulation of monocytes and macrophages, and thrombosis (29). Exosomes from endothelial cells, smooth muscle cells, macrophages, T-lymphocytes have been considered to contribute to the atherosclerosis-related pathological processes, such as inflammation, vascular injury, calcification, apoptosis, thrombosis, and coagulation (22, 30).


The Roles of Monocytes/Macrophages Exosomes in Atherosclerosis

In the early stages of atherosclerosis, inflammation induces the expression of vascular endothelial cell adhesion molecules and vascular cell chemokines, recruiting circulating monocytes. These monocytes move into the lumen of arteries and then differentiate into macrophages in response to local mediators such as mononuclear colony stimulating factors (10). Monocyte-derived macrophages are recruited, differentiate and proliferate continuously and thus become the main group of cells involved in the formation of atherosclerotic plaques. Monocytes and macrophages can secret abundant exosomes, mainly found in atherosclerotic lesion (6, 31). Exosomes derived from monocytes are key players in inflammation. By interacting with endothelial cells, these exosomes induce expression and activation of adhesion molecules and pro-inflammatory cytokines. Meanwhile, they can also interact with other types of blood vessel cells, including monocytes, fibroblasts and smooth muscle cells and then regulate immune response and vascular inflammation microenvironment (32, 33).


Monocyte Exosomes Promote Vascular Inflammation, Endothelial Cell Apoptosis and Thrombosis

Friedrich et al. isolated exosomes from starved human monocyte cell line (THP-1) and then injected intravenously into ApoE-/- mice fed on a high-fat and high-cholesterol diet. The results showed that monocyte exosomes significantly increased monocyte and T lymphocyte infiltration in mouse vascular wall and enhanced plaque formation. The results of in vitro cell culture experiments confirmed that the uptake of monocyte exosomes triggered the production of reactive oxygen species and the release of proinflammatory interleukin-6 in macrophages, as well as macrophage migration regulated by monocyte chemotactic protein 1 (MCP-1). After co-incubation with endothelial cells, monocyte exosomes can also significantly increase the expression of intracellular adhesion molecule-1 (ICAM-1) in monocytes. Therefore, monocyte exosomes may exacerbate vascular inflammation via paracrine during atherosclerosis (34).

During the pathogenesis of atherosclerosis, oxidized lipoprotein (ox-LDL) promotes the adhesion of monocytes to intima by inducing the expression of adhesion molecules of endothelium, thereby promoting the formation and progression of lesions. Chen et al. reported that exosomes secreted by ox-LDL-treated THP-1 cells, were rich in long non-encoding lncRNA GAS5. These exosomes could promote apoptosis of vascular endothelial cells when they transferred to the perinuclear region. In contrast, exosomes released by THP-1 cells knockout of lncRNA GAS5 inhibited endothelial cell apoptosis and expression of P53, Caspase 3, Caspase 7, and Caspase 9 (35). To understand the direct effect of monocyte exosomes on endothelial cells in the NO pathway, Maria et al. treated THP-1 cells with the apoptotic agent epotoside (VP-16). They discovered that the exosomes secreted by these cells could promote the production of NO in human endothelial cells by inhibiting the expression of caveolin-1 in the pits of endothelial cells. The inhibition of caveolin-1 expression by exosomes could be reversed by inhibiting phosphatidylinositol-3-kinase (PI-3-K) or mitogen-induced extracellular kinase 1/2 (MEK1/2). These results suggest the pleiotropic effect of monocyte microparticles on the function of vascular endothelial cells and dissect the related signaling pathways (36).

Thrombosis of atherosclerotic plaque depends largely on the morphology of the plaque and relative levels of tissue factor (TF) and TF pathway inhibitor (TFPI) (37). Monocyte-derived exosomes are considered potent coagulants for they contain TF that leads to the formation of procoagulant thrombin (38). Manjunath et al. found that exosomes from circulating monocytes carried more TF in lipid-rich carotid atherosclerosis. These exosomes improved the risk of thrombosis by inducing imbalances in TF and TFPI levels in vessels (39).



The Roles of Macrophage Exosomes in Endothelial Cell Migration, Monocyte Infiltration, Foam Cell Aggregation, and Vessel Calcification

During inflammation, endothelial cell migration and leukocyte recruitment are strictly controlled by integrin activation and internalization, which is a critical step in the process of angiogenesis and is closely related to the formation of atherosclerosis (40, 41). In 2014, Lee et al. found that exosomes derived from human macrophages could inhibit the migration of endothelial cells by regulating intracellular integrin β1 trafficking. First, the exosomes secreted from macrophages promoted the internalization of integrin β1 in primary human umbilical vein endothelial cells (HUVECs). Integrins accumulated in the perinuclear region rather than recycled back to the plasma membrane, leading to the proteolytic degradation of integrin. Second, macrophage-derived exosomes enhanced ubiquitination degradation of HUVECs integrin β1. Third, macrophage-derived exosomes inhibited the migration of HUVECs by inhibiting integrin β1-regulated collagen-induced mitogen-activated protein kinase/extracellular kinase signaling pathway (42). In addition, ox-LDL-stimulated macrophages might attenuate the growth and tube formation of endothelial cells and exosomes derived from these macrophages might be involved in the process (43).

Monocyte infiltration is closely related to the formation of early lesions in atherosclerosis. Damaged endothelial cells release growth factors to recruit monocytes. Monocytes adhere to the endothelium, and then migrate into the sub-endothelial space, continuously taking up ox-LDL in the intima and convert to foam cells. Tang et al. demonstrated that exosomes released from LPS-treated macrophages increased the expression of adhesion molecules ICAM-1, chemokine ligand CCL-2 and cytokine IL-6 in human vascular endothelial cells, which induced monocyte adhesion and migration (44). In 2017, Osada-Oka et al. found that in addition to ICAM-1, macrophage-derived exosomes could also promote the expression of plasminogen activator inhibitor-1 (PAI-1) and increase monocyte infiltration (45).

Foam cells derived from monocytes and smooth muscle cells accumulate and form fatty streak lesions. Fat streaks are the earliest lesions visible to the naked eye in atherosclerosis and exist through the development of plaques. Studies have shown that the release of galectin-3 (Gal-3) in macrophage- and monocyte- derived exosomes is regulated by the intercellular redox reaction. Gal3 may increase intracellular cholesterol accumulation by regulating macrophage endocytosis of low-density lipoprotein, increasing the formation of foam cells (46). In addition, miR-146a in exosomes derived from cholesterol-loaded macrophages could inhibit the expression of the pro-migratory genes IGF2BP1 and HuR in macrophages in vitro and in vivo (47). Obstruction of macrophage migration led to further accumulation of foam cells, resulting in the spread of inflammation and instability of atherosclerotic plaques. The fatty streaks are followed by fibrous lesions, which are characterized by the formation of necrotic debris and the presence of VSMCs. Niu et al. established macrophage-derived foam cell models and found that these foam cells released more vesicles than normal macrophages. Proteomic data analysis indicated that foam cell-derived exosomes promoted adhesion and migration of VSMCs by regulating the actin and focal adhesion pathways of the cytoskeleton. Western blot results showed that foam cell-derived vesicles could transport proteins to VSMCs, thereby activating ERK and Akt pathways in VSMCs and promoting adhesion and migration of VSMCs, which might accelerate the development of atherosclerotic plaques (48).

Microcalcification of the thin coronary arteries covering the intimal necrosis of atherosclerotic plaque can lead to plaque rupture, causing acute cardiovascular events (49). Vascular calcification is a ubiquitous phenomenon in atherosclerotic plaque and an inevitable result of atherosclerosis. There are abundant macrophages in the early microcalcification plaques (50). Sophie et al. found that proinflammatory macrophages release pro-calcified exosomes by the phosphatidylserine-membrane adhesion protein 5-S100A9 membrane complex. These exosomes rich in membrane adhesion proteins 5 and S100A9 directly promotes microcalcification (51).

In addition, the study of Yong-Gan Zhang et al. indicated that exosomal miR-146a derived from oxLDL-treated macrophage could promote the overproduction of ROS and NETosis by decreasing SOD2 expression in neutrophils, leading to atherosclerosis deterioration (52). A recent study discovered that Nicotine might induce atherosclerotic lesion progression after administered to ApoE−/− mice. Macrophage-derived exosomes containing miR-21-3p might play a role in the process of plaque progress by increasing VSMC migration and proliferation through its target PTEN (53).

In conclusion, monocyte/macrophage-derived exosomes promote atherosclerosis mainly by inhibition of vascular endothelial cell migration and promotion of endothelial cell apoptosis, monocyte infiltration, inflammation, oxidation and vascular microcalcification.




The Roles of Endothelial Cell Exosomes in Atherosclerosis

Recent studies have shown that endothelial cell-derived exosomes mediated the interactions among endothelial cells, smooth muscle cells, and macrophages and played an important role in the pathogenesis of atherosclerosis (54). A total of 1,354 proteins and 1,992 mRNA were found in the vesicles released from cultured normal endothelial cells, reflecting the complexity of vesicle transport in endothelial cells (55).


The Roles of Endothelial Cell Exosome in Vessel Homeostasis

The cargo delivered by exosomes can regulate cell survival/death, inflammation and tumor metastasis. Therefore, exosomes are capable of modulating angiogenesis and thus play a role in maintaining vessel homeostasis.

Kruppel-like factor 2 (KLF2) is a shear stress-induced transcription factor with protective effects against atherosclerosis (56). HUVECs could secrete extracellular vesicles rich in miR-143/145 through KLF2-mediated or shear stress-stimulated mechanism. These vesicles could regulate the phenotype of smooth muscle cells and inhibit the dedifferentiation of human aortic smooth muscle cells, which is one of the reasons for its atheroprotective effect in mice (57). Bas et al. showed that miR-214 could control endothelial cell function and angiogenesis, and play a leading role in exosome-mediated signaling between endothelial cells. Endothelial cells released exosomes containing miR-214, which could stimulate angiogenesis by silencing the expression of ataxia telangiectasia mutated in adjacent target cells (58). In addition, IL-3 increased vascular endothelial cell-activated signal transduction and transcriptional activator 5 (pSTAT5)-mediated release of exosomes containing miR-126-3p and pre-miR-126, thereby promoting angiogenesis (59).

Angiogenesis and homeostasis are complex biological processes that are strictly controlled by multiple signaling pathways. Among them, the angiopoietin-Tie2 signaling pathway has received increasing attention in the past decade (60). Angiopoietin-2 (Ang2), involved in the regulation of vascular homeostasis and vascular integrity, is an extracellular protein produced primarily by endothelial cells and the main ligand of the Tie2 receptor (61). Ju et al. demonstrated that Ang2 was secreted by endothelial cells through exosomes, which was regulated positively by the syndecan 4/syntenin signaling pathway and negatively by PI3K/Akt/endothelium-dependent nitric oxide synthase (eNOS) signaling. The vascular defects observed in Akt-/- mice were partly due to the excessive secretion of Ang2 and could be ameliorated by syndecan-4 knockdown that reduced the level of extracellular Ang2. This suggested that three key signaling pathways, including angiopoietin/Tie2, PI3K/Akt/eNOS and syndecan/syntenin, played an important role in blood vessel growth and stabilization (62). Delta-like 4 (Dll4) is a Notch ligand which is expressed in endothelial cells and up-regulated during angiogenesis. As reported, endothelial exosomes incorporated with Dll4 protein could transfer Dll4 to other endothelial cells, resulting in low Notch signaling and injure the vascular integrity (63).



The Roles of Endothelial Cell Exosomes in Vascular Inflammation

High concentrations of ox-LDL and homocysteine (Hcy) are independent risk factors of atherosclerosis and coronary heart disease (64, 65). High level of circulating heat shock protein 70 (HSP70) is also at risk of vascular disease (66). Zhan et al. found that Ox-LDL and Hcy enhanced the release of HSP70-containing exosomes from rat arterial endothelial cells. These extracellular HSP70 cannot directly activate endothelial cells, but can recruit circulating monocytes to adhere to vascular endothelial cells, and thus participating in the pathogenesis of vascular inflammation (54, 67).

Long non-coding RNA-RNCR3 was significantly upregulated in mouse and human aortic atherosclerotic lesions and RNCR3 knockdown could accelerate the development of atherosclerosis and releases of inflammatory factor. Endothelial cell derived-exosomal RNCR3 could exert a remarkable atheroprotective effect via mediating the communication between ECs and VSMCs (68). Ten-eleven translocation 2 (TET2), a member of methylcytosine dioxygenase is considered as a key molecular to switch the phenotype of VSMCs. In response to pro-inflammatory stimuli, the CD137 pathway was activated in endothelial cells and the TET2 was reduced in endothelial cell-derived exosomes, which transferred into and then induced VSMC phenotype switch, promoting plaque formation and AS development (69).

Vesicles from TNF-α-induced inflammatory vascular endothelial cells were easily taken up by THP-1 and HUVECs. Compared with the control, the vesicles derived from inflammatory vascular endothelial cells contained intercellular adhesion molecules and chemokines, including ICAM-1, CCL-2, IL-6, IL-8, CXCL-10, CCL-5 and TNF-α. The vesicles could mediate the selective transfer of functional inflammatory mediators to target cells and modulate them to pro- or anti-inflammatory mode. Inflammatory vascular endothelial cell-derived vesicles could increase the expression of pro-inflammatory cytokines IL-6, IL-8 and ICAM-1 in HUVECs. These vesicles also increased the expression of pro-inflammatory ICAM-1 and CCL-4 in THP-1, as well as the expression of pro- and anti-inflammatory CCL-5 and CXCL-10 proteins, thereby inducing the macrophages to exhibit both pro-inflammatory and anti-inflammatory phenotypes. At the functional level, endothelial cell exosomes mediated inflammation and promoted adhesion and migration of THP-1. These evidences suggest that exosomes released by inflammatory endothelial cells are rich in a variety of inflammatory markers, chemokines, and cytokines that establish targeted cross-talk between endothelial cells and monocytes and reprogram them to pro- or anti-inflammatory phenotype (70).

HUVECs released a large quantity of exosomes rich in inflammation-associated miR-155 after ox-LDL stimulation. Later, miR-155 was transferred to THP1 cells by exosomes to promote the polarization of the anti-inflammatory M2 macrophages to pro-inflammatory M1 macrophages. The vesicles expressing KLF2 secreted from endothelial cells inhibited monocyte activation and decreased inflammation. Oil red O staining showed that exosomes secreted by endothelial cell expressing KLF2 significantly reduced atherosclerotic lesions in mice, decreased pro-inflammatory M1 macrophages and increased anti-inflammatory M2 macrophages, which partly resulted from the down-regulation of miR-155 expression (71).

Neutrophil extracellular traps (NETs) play an important role in the pathological process of atherosclerosis. Both exosomes from atherosclerosis patients and ox-LDL treated HUVECs induced NETs release from neutrophils, aggravating atherosclerosis. The highly-expressed miR-505 encapsulated in these exosomes might inhibit Sirtuin 3 (SIRT3) in neutrophils, increasing ROS levels and NET release by neutrophils (72). Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), a long non-coding RNA has been widely shown to be involved in tumorigenesis, but the role of exosomal MALAT1 in atherosclerosis is likely to be controversial. Gao H et al. came to the conclusion that exosomal MALAT1 derived from ox-LDL-treated HUVECs promoted the formation and release of NETs which might further deteriorated atherosclerosis (73). However, Hongqi L et al. found that the MALAT1 expression in the exosomes derived from ox-LDL treated HUVECs was lower than the exosomes derived from untreated HUVECs. Their further in vivo experiments showed the loss of MALAT1 from ox-LDL-VECs-Exos in mouse repressed the nuclear factor erythroid 2-related factor (NRF2) signaling pathway and failed to inhibit dendritic cells maturation, which might be associated with atherosclerosis progression (74). Therefore, the precise roles of exosomal MALAT1 in atherogenesis should be further investigated.




The Roles of Platelet-Derived Exosomes in Atherosclerosis

Platelets are involved in thrombosis. Platelet activation and endothelial damage play an important role in atherosclerosis. A variety of platelet-derived exosomes regulate the progression of atherosclerosis (75, 76).

Various agonist-activated platelets release exosomes from plasma membrane. Orla P. Barry et al. found that activated platelets increased monocyte adhesion to HUVECs in a time- and dose-dependent manner, primarily due to the exosomes secreted by these platelets selectively increasing the expression of the adhesion molecule ICAM-1 and inflammatory cytokines including IL-1β, IL-6, and IL-8 in HUVECs while having no up-regulating effects on the expression of adhesion molecules VCAM-1 and P-/E-selectin (77). Furthermore, in 2003, Kaneider et al. found that thrombin-activated platelet exosomes carried CD40 ligands and triggered dendritic cell maturation through the mechanism of CD40 ligands to modulate inflammatory immune responses (78).

Exosomes secreted by thrombin-activated platelets have protective effects on atherosclerotic endothelial inflammation. The miR-223 was elevated in thrombin-activated platelet exosomes and was transferred into vascular endothelial cells to inhibit phosphorylation of p38, JNK and ERK, then blocked nuclear translocation of p65 of NF-κB, ultimately decreased the high expression of ICAM-1 stimulated by TNF-α (79). MiR-223 in platelet exosomes also regulated apoptosis of vascular endothelial cells and affected the development of atherosclerosis. miR-223 was significantly increased in platelet-derived exosomes stimulated by thrombopoietin or thrombin and in patients with atherosclerosis. Then exosomes introduced miR-223 into HUVECs, which in turn reduced insulin-like growth factor 1 receptors and ultimately promoted apoptosis of HUVECs induced by advanced glycation end products (80). In addition, Yao Y et al. discovered that exosomes derived from platelets of the atherosclerosis models of ApoE-/- mice exhibited high expression level of miR-25-3p which could target Adam 10 and reduce its expression in the ox-LDL-treated coronary vascular endothelial cells (CVECs), leading to the attenuation of CVEC inflammation (81).

Platelet-derived exosomes can also inhibit platelet aggregation in vitro and reduce the adhesion of platelets to exposed collagen from damaged blood vessels caused by high shear forces in vivo. By decreasing the reactivity of platelets, exosomes inhibit vascular occlusive thrombosis in a model of damaged arterial caused by ferric chloride. In atherosclerosis, exosomes from activated platelets significantly reduce type II scavenger receptor CD36 expression in platelets, thus reducing platelet aggregation. On the other hand, exosomes from activated platelets also inhibit uptake of ox-LDL in macrophages, thereby preventing the formation of foam cells by reducing the expression of type II scavenger receptor CD36 in macrophages, ultimately inhibiting thrombosis in atherosclerosis (82).

In summary, activated platelet-derived exosomes play an important regulatory role in endothelial damage, endothelial cell apoptosis, monocyte adhesion, and dendritic cell maturation during atherosclerosis. At the same time, platelet-derived exosomes inhibit the development of atherosclerosis by inhibiting platelet aggregation and thrombosis. However, the in vivo regulatory mechanism still needs further studies.



The Roles of Vascular Smooth Muscle Cell Exosomes in Atherosclerosis

Smooth muscle cells (SMCs) differentiation and endothelial cell damage promote the formation of atherosclerotic plaques (83). Exosomes derived from VSMCs mediate KLF5-induced miR-155 transfer from SMCs to endothelial cells, thereby destroying endothelial tight junctions and barrier integrity, increasing endothelial permeability and promoting atherosclerosis (84). The transfer of miR-155 to endothelial cells leads to the overexpression of miR-155 in endothelial cells, which can inhibit proliferation, migration and re-endothelialization of endothelial cells in vitro and in vivo, thereby increasing permeability of vascular endothelium (85).

Alexander et al. used calcified cultured human VSMCs as a model of atherosclerotic vascular calcification. Exosomes released by these VSMCs contained high calcium and extracellular matrix proteins. Extracellular high calcium induces expression of sphingomyelin diesterase 3 and release of VSMC-secreted high calcium-contained exosomes in vitro. After VSMCs were stimulated by tumor necrosis factor-α and platelet-derived growth factor-BB, exosomes were released and deposited in blood vessels, thereby accelerating the calcification of blood vascular walls (86).

In the diabetic mouse model, exosomes derived from VSMCs containing miR-221/222 were more likely to cause atherosclerosis compared with the non-diabetic mice, and the introduction of exosomes of diabetic VSMCs into ApoE-/- mice led to deterioration of atherosclerotic lesions (87).

Thrombosis caused by atherosclerotic plaque rupture is the main cause of vascular embolism events including myocardial infarction, unstable angina, and stoke. Exposure to TF upon plaque rupture initiates the extrinsic coagulation pathway. Kapustin et al. found that platelet derived growth factor (PDGF) and tumor necrosis factor-α (TNFα) stimulated release of exosomes from VSMCs (86). This result correlate well with another study which showed that TF is secreted from vesicles (<200 nm) released by VSMCs and this process is regulated by PDGF and TNFα (88). Meanwhile, exosomal PS can bind to coagulation factors. Thus, exosomes released by VSMCs may contribute to vascular thrombosis events (89).



Roles of Other Cell Exosomes in Atherosclerosis

In 2006, Mayerl et al. analyzed 12 human atherosclerotic specimens collected by von Rokitansky's and reported that T cells were involved in the early pathological process of atherosclerosis (90). Subsequent researchers further confirmed that T cells were present in all stages of atherosclerotic plaque, formatting the basis of adaptive immune response in atherosclerosis (91, 92). Although activated CD4+ T lymphocytes infiltrate atherosclerotic plaques, the effects of T-cell exosomes on atherosclerosis-associated cells have not been fully understood. Liudmila et al. isolated exosomes from the supernatant of activated human CD4+ T cells and found that endogenous phosphatidylserine receptors mediated the process of T cell exosomes into monocytes, thereby increasing the appearance of lipid droplets containing cholesterol ester and free cholesterol in cytoplasm of recipient cells (93).

Myeloid derived suppressor cells (MDSC) originate from immature myeloid cells under pathological microenvironment. It has been reported that the inflammatory environment and exogenous stimuli that promoted the differentiation of immature myeloid cells can also facilitate the release of exosomes from MDSCs. Deng Z et al. demonstrated that doxorubicin treatment of mammary carcinoma bearing mice led to the induction of miR-126+ MDSCs and MDSC miR-126a+ exosomes, which could promote tumor angiogenesis (94). Meanwhile, administration of miR-126-5p could rescue EC proliferation and limit atherosclerosis (95), indicating that MDSC-derived exosomal miR-126a might limit the atherosclerotic lesion formation in the same way (96).

Other types of cells in atherosclerotic plaques, such as dendritic cells, can internalize ox-LDL to become foam cells. They increase in atherosclerotic lesions to mediate adaptive cellular immune inflammation reaction in early stage. Mature dendritic cell-derived exosomes mediated activation of NF-κB pathway via abundant TNF-α on their membrane, which increased endothelial cell inflammation and thereby promoted atherosclerosis (97). A recent study demonstrated that adipose-derived mesenchymal stem cells (ADSCs)-derived exosomes could restrain the expression of miR-324-5p which targeted at PPP1R12B in the lesion model for HUVECs. Their work revealed a possible mechanism in which ADSCs-derived exosomes might protect endothelial cells against atherosclerosis (98).

Vascular adventitial fibroblasts play a key role in vascular wall function and structure regulation. It's reported that miR-155-5p transferred by adventitial fibroblasts-derived exosomes could attenuate VSMC proliferation via suppressing angiotension-converting enzyme, which might be anti-atherosclerotic (99).

Exosomes derived from cardiomyocytes in type 2 diabetic rats exerted an anti-angiogenic function by transferring miR-320 into endothelial cells, suggesting that exosomes could promote atherosclerosis by inducing endothelial dysfunction (100). Recently, Xiong Y et al. found a significant upregulation of miR-20b-5p in circulating exosomes in diabetic patients. This miRNA could suppress endothelial cell angiogenesis by regulating Wnt9b/β-catenin signaling (101). However, the cellular sources of these exosomes need further studies.




POTENTIAL APPLICATION OF EXOSOMES IN THE DIAGNOSIS AND TREATMENT OF ATHEROSCLEROSIS

As a natural carrier, exosomes contain abundant biologically active molecules including proteins, mRNAs, miRNAs and lipids, which are cordoned off and protected from degradation by exosomal membrane. Actually, this property of exosomes makes them a novel promising biomarker for diseases. Furthermore, natural or modified exosomes can also serve as therapeutic tools to modulate target cell dysfunction or deliver drug to cells, altering the phenotype and function of the target cells (102).


As a Biomarker for Disease Detection

Biomarkers have been used for objective measurement and assessment and served as indicators of normal biological function, pathogenic process or pharmacological response to therapeutic interventions (103). Secretion of exosomes increases in response to stress or injury, especially in atherosclerosis patients with vascular injury, inflammation, and prothrombotic state (102). Circulating exosomes have become significant candidates for cardiovascular disease biomarkers. At the same time, the content of exosomes depends largely on the pathological and physiological state of the cells or tissues. The structure of the lipid bilayer keeps the exosome content stable against various enzymes. Therefore, detection of exosomes in plasma may be a novel minimally invasive indicator for early stage of diseases. In addition, extracellular vesicles are similar to their parental cells in many characteristics, such as surface receptors, integrated membrane proteins, cytosolic proteins, mRNAs and miRNAs. Exosomal miRNAs, which may have significantly different circulating levels between healthy subjects and patients with cardiovascular disease, are therefore useful as biomarkers for diagnosis and prognosis.

It's been reported that elevated levels of plasma platelets and/or endothelial extracellular vesicles could be used to predict cardiovascular morbidity and mortality in atherosclerosis patients (104, 105). Kuwabara et al. observed elevated levels of miR-1 and miR-133a in vesicles of patients with myocardial infarction and unstable angina, which could be used as biomarkers for myocardial cell death and injury (106). In addition, serum miR-34a, miR-192, and miR-194 are elevated in patients with acute myocardial infarction, especially in CD63-positive exosomes, which is associated with a high risk of ischemic heart failure 1 year after myocardial infarction (107). Recently, a study reported a higher expression of miR-30e and miR-92a in exosomes from serum in patients with coronary atherosclerosis compared with healthy subjects. MiR-30e and miR-92a targeted ATP binding cassette (ABC) A1 and downregulated its expression, subsequently regulating cholesterol metabolism. Therefore, the levels of miR-30e and miR-92a in exosomes from serum could be a novel diagnostic biomarker for atherosclerosis (108). In addition, it's reported that specific kind of circulating exosomal miRNAs such as miR-122-5p, miR-27b-3p, and miR-24-3p etc., could be a novel predictor for recurrent ischemic events in intracranial atherosclerosis (109).



Potential Application of Exosomes to the Treatment of Atherosclerosis

As a natural vesicle isolated from tissues or cells, exosomes have biocompatibility, bio-barrier permeability, low toxicity and low immunogenicity, which shows that exosomes have potential therapeutic effects in diseases (24, 110).

Exosomes, delivering miRNAs for repair of damaged tissues caused by atherosclerosis (such as delivery of atheroprotective miRNAs) or anti-miRs (e.g., antisense miRNAs) for clearance of pro-atherosclerotic miRNAs are considered as a promising carrier tool to be used for the treatment of atherosclerosis. The potential miRNAs are mainly miR-126 (endothelium-specific and atheroprotective) and miR-145 (VSMC-specific and atheroprotective) (111).

Exogenous miRNAs, siRNAs, and even drugs can be encapsulated in natural exosomes or engineered exosomes. Mature techniques for encapsulation of therapeutic miRNAs or siRNAs in exosomes can be used through the following methods: (1) donor cells can be co-transfected with two types of plasmids or viruses (112); (2) miRNAs or siRNAs can be directly loaded to purified exosomes through electroporation (113, 114); (3) transient transfection of miRNAs using commercial transfection reagents (115); (4) other loading methods, such as permeabilization by saponin, sonication or extrusion can improve loading efficiency, but still need further verification (116). For example, Wu G et al. discovered that M2 macrophage-derived exosomes electroporated with FDA-approved five-administration hydrochloride exhibited excellent inflammation-tropism and anti-inflammation effects and could be used for AS imaging and therapy (117). Techniques for assembling drugs into exosomes are also evolving. There are currently three different methods for drug loading into exosomes: (1) direct incorporation of small molecule drugs into purified exosomes such as lipophilic small molecules, low molecular weight antioxidants and anticancer agents (113, 118, 119); (2) loading the drug into the donor cell which secretes exosomes thereby loading the drug into the exosomes (116, 120); (3) direct transfection of the drug-encoding DNA into donor cells resulting in drug expression and sorting into exosomes (120). Kalani et al. loaded curcumin into donor mouse brain endothelial cells by direct infiltration. Curcumin-loaded exosomes isolated from endothelial cells penetrated the blood-brain barrier well and could reduce oxidative stress and MMP-9 levels, as well as improve endothelial cell permeability to ultimately reduce dysfunction of endothelial cell induced by hyperhomocysteinemia (121). In general, the characteristics of technology, function and safety for exosomes have not been fully understood. The therapeutic significance of exosomes in atherosclerosis remains to be further studied.

Recently, a study provided a new strategy for the treatment of patients with familial hypercholesterolemia (FH) and managing atherosclerosis. They used low-density lipoprotein receptor (Ldlr)-deficient mice (Ldlr−/− mice) as a model of FH and found that exosomes-mediated Ldlr mRNA delivery could robustly restored Ldlr expression in the Ldlr−/− mouse model. Significantly, serum LDL-cholesterol levels were lowered and the number and size of atherosclerotic plaques were reduced (122). In addition, in vivo experiments showed that mesenchymal stem cell-derived exosomes with miR-145 could downregulate JAM-A expression and reduce atherosclerosis plaque size, suggesting the role of exosomes derived from MSCs containing miR-145 in the treatment of atherosclerosis (123). Chrysin could attenuate the expression of miR-92a in exosomes derived from human coronary artery endothelial cell and counteract the inhibitory effect of miR-92a on the expression of KLF2, and play an atheroprotective role (124).




CONCLUSIONS

As a new and effective intercellular communication tool, exosomes have attracted more and more attention in the field of biology, including atherosclerotic cardiovascular diseases. Exosomes envelop various biomolecules according to pathological/physiological conditions and different cellular sources. In most cases, exosomes mainly promote the progression of atherosclerosis. However, there are also studies showing the atheroprotective role of exosomes, indicating the multifuctional property of exosomes in atherosclerosis. To date, there are still many problems to be solved regarding exosomal biology, such as exosome formation, release, internalization and clearance. Besides, the molecular mechanisms of exosome-based intercellular communication associated with atherosclerosis are expected to be elucidated.

As for the clinical application, the assessment of circulating exosomes as a diagnostic and prognostic biomarker for cardiovascular risk has just started. Several technical limitations still exist, such as the lack of gold-standard method for exosome isolation as mentioned earlier and the influence of confounding factors like disease specificity the presence of comorbidities. It needs more research to validate the relationship between disease progression and exosome-associated biomarkers (such as miRNAs carried in exosomes) and figure out the value of exosomes for diagnosis and prognosis. In addition, the precise cellular origin, package and secretion mechanisms of biomarkers carried by exosomes and their functional roles remain to be studied.

Because exosomes are natural carriers of biologically active molecules, they can be an attractive therapeutic tool. They may act as carriers for drugs or siRNAs to control gene expression and accelerate disease recovery, or to carry excess lipids at the plaque to expel atherosclerotic plaques, thereby slowing the onset and progression of the disease. In addition, although some meaningful findings have been made on the prognosis and treatment of vascular diseases, research on exosome-based treatment methods is still limited, so further basic medical research is needed before applications.
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Heart function maintenance requires a large amount of energy, which is supplied by the mitochondria. In addition to providing energy to cardiomyocytes, mitochondria also play an important role in maintaining cell function and homeostasis. Although adult cardiomyocyte mitochondria appear as independent, low-static organelles, morphological changes have been observed in cardiomyocyte mitochondria under stress or pathological conditions. Indeed, cardiac mitochondrial fission and fusion are involved in the occurrence and development of heart diseases. As mitochondrial fission and fusion are primarily regulated by mitochondrial dynamins in a GTPase-dependent manner, GTPase-dependent mitochondrial fusion (MFN1, MFN2, and OPA1) and fission (DRP1) proteins, which are abundant in the adult heart, can also be regulated in heart diseases. In fact, these dynamic proteins have been shown to play important roles in specific diseases, including ischemia-reperfusion injury, heart failure, and metabolic cardiomyopathy. This article reviews the role of GTPase-dependent mitochondrial fusion and fission protein-mediated mitochondrial dynamics in the occurrence and development of heart diseases.
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INTRODUCTION

Over the course of a human lifetime, the heart beats ~2.5 billion times. The enormous amount of energy required for this cyclic beating process is provided by the mitochondria of myocardial cells. Mitochondria are membrane-bound organelles found in the cytoplasm of almost all eukaryotic cells (cells with clearly defined nuclei), the primary function of which is to generate large quantities of energy in the form of adenosine triphosphate (ATP). Aside from their role in energy production, mitochondria also have a vital role in maintaining cell homeostasis.

Mitochondria are organelles whose morphology and function are interconnected. Through the dynamic balance of fission and fusion, the normal morphology of mitochondria is regulated to meet the energy and metabolic needs of the cell. These dynamic changes in morphology maintain the integrity and distribution of mitochondria, thereby allowing their function to adapt to changing physiological needs (1, 2). Mitochondria are highly abundant and widely distributed throughout the cytoplasm of cardiomyocytes. In fact, more than 40% of the cytoplasmic space of adult cardiac cardiomyocytes is occupied by densely packed mitochondria (3), which are primarily located between the sarcomeres of cardiomyocytes, around the nucleus, and under the serosa (3), allowing them to continuously provide energy for myocardial contraction. Therefore, the morphology of mitochondria is essential to maintain the health of cardiomyocytes. Cardiac mitochondria can be divided into two types based on their location, namely, subserosa mitochondria and interfiber mitochondria. The cristae morphology of these two mitochondrion types differs; that is, the subserosa mitochondria are flaky, whereas interfiber mitochondria are primarily tubular. However, cristae morphology can change in response to the pathophysiological state of heart disease, suggesting that mitochondrial morphology also has an important role in cardiomyocyte homeostasis (4).

Mitochondrial fission is mediated by dynamin-related protein 1 (DRP1), a GTPase-dependent enzyme that is recruited to the outer mitochondrial membrane through a series of receptor proteins (MFF, FIS1, MID49, and MID50) (5). Together, DRP1 and FIS1 mediate fission and participate in apoptosis activation, necrosis, and autophagy (6), after which DRP1 divides the mitochondria into two in a GTP-dependent manner (See in Figure 1). In mammals, mitochondrial fusion is generally regulated by three GTPase-dependent proteins in the dynamin superfamily, namely, mitofusin-1 (MFN1), mitofusin-2 (MFN2), and optic atrophy 1 (OPA1), all of which participate in the processes of energy metabolism, mitochondrial permeability transition, and calcium homeostasis (6, 7). Generally, mitochondrial fusion requires three steps. First, MFN1 or MFN2 reversibly approach the outer mitochondrial membranes. Second, the outer membranes of the two mitochondria fuse via MFN1 and MFN2 under GTPase mediation. Third, the inner mitochondrial membranes fuse via OPA1 in a GTPase-dependent manner (Figure 2).


[image: Figure 1]
FIGURE 1. Procedures of mitochondrial fission.
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FIGURE 2. Procedures of mitochondrial fusion.


In most organs, mitochondrial dynamics are highly active, with mitochondria continually undergoing fusion, fission, transportation, and degradation. These dynamic processes are necessary to maintain the normal shape, health, and number of mitochondria, thus, maintaining cellular physiological functioning. Yet, the description of mitochondria in a hyperdynamic state may not be suitable to adult cardiomyocytes, where the mitochondria appear as independent, lowly dynamic organelles. Meanwhile, under stress or pathological conditions, morphological changes have been observed in myocardial mitochondria. Moreover, the delicate balance between fission and fusion is critical to ensure a steady energy supply and cardiomyocyte hemostasis (8). To date, many studies have confirmed that the fusion and fission dynamins of cardiac mitochondria, in particular the GTPase dependent dynamins (DRP1, MFN1, MFN2, OPA1) are associated with the occurrence and development of various heart diseases. As such, this article provides a review of current literature related to the effects of these specific GTPase-dependent dynamins that mediate mitochondrial fusion and fission in myocardial tissue.



ROLE OF GTPASE-DEPENDENT DRP1 IN HEART DISEASES


DRP1 Structure and Modification

Along with mitochondrial fusion, fission is essential to maintain normal cell and tissue physiological functions (9, 10). Mitochondrial fission is mediated by the GTPase-dependent dynamin DRP1, which is composed of four fragments: the N-terminal GTPase active fragment, middle fragment, variable fragment, and C-terminal GTPase effector fragment. Before Drp1 participates in the fission of mitochondria, a series of proteins are needed to transport it to the outer mitochondrial membrane. These proteins are called Drp1 Adaptors. The adaptors include fission 1 (Fis1), mitochondrial fission factor (Mff) and mitochondrial dynamics proteins of 49 and 51 kDa (MiD49, MiD51) (5). And MiD49 and MiD51 can act independently of Mff and Fis1 in Drp1 recruitment and suggest that they provide specificity to the division of mitochondria (11). A number of reports have shown that Fis1 is not required for Drp1 recruitment, but Mff is an essential factor for mitochondrial recruitment of Drp1 during mitochondrial fission in mammalian cells (12).

Through the action of various kinases and phosphatases, the C-terminal GTPase effector fragment is reversibly phosphorylated to achieve DRP1 aggregation on the surface of mitochondria (13, 14). This DRP1 aggregation allows for mitochondria reshaping in response to intracellular or extracellular signals. Phosphorylation of the commonly confirmed DRP1 sites, Ser616 and Ser637, represents important regulatory mechanisms following DRP1 translation, whereby Ser616 phosphorylation induces DRP1 activity, while Ser637 phosphorylation reduces DRP1 activity (15). For example, during cell mitosis, CDK1 enhances mitochondrial division through Ser616 phosphorylation (16). Meanwhile, phosphorylation of Ser637 on the DRP1 C-terminal GTPase effector fragment by cAMP-dependent protein kinase, reduces the GTPase activity of DRP1 and inhibits mitochondrial fission (17). In contrast, dephosphorylation of Ser637 mediated by calcium-dependent phosphatase and calcineurin increases DRP1 recruitment from the cytoplasm to the mitochondria (18). Additionally, the sumoylation status of DRP1 can also affect its intracellular localization; that is, when DRP1 is modified by SUMO-1, localization of DRP1 to mitochondria increases (19, 20), while DRP1 modification by SUMO-2/3 inhibits its localization to mitochondria (21) (Figure 3).


[image: Figure 3]
FIGURE 3. The mechanism of mitochondrial fission caused by Drp1 modification. The increased dephosphorylation of Ser637 on the drp1 protein or the increased phosphorylation of Ser616, and the change of the sumoylation state of DRP1 will effect the activity of DRP1, thereby increasing the fission of mitochondria.




The Role of DRP1 in Embryogenesis and Heart Development

Endogenous DRP1 plays an important role in mitochondrial quality control and cardiomyocyte survival. For example, Drp1 knock out in mice leads to embryonic lethality, where the embryos generally die within 9.5–11.5 embryonic days, a phenotype accompanied by elongated mitochondria, decreased cell differentiation, and decreased developmental regulatory apoptosis (22). Moreover, targeted knock out of Drp1 in murine heart tissue after birth caused dilated cardiomyopathy and death. Meanwhile, the cardiomyocyte mitochondria exhibited internally aggregated ubiquitin proteins accompanied by weakened cell respiration (23–25). The effects associated with DRP1 were also demonstrated with a mutation scan of N-ethyl-N-nitrosourea, in which mice with Drp1 mutations developed dilated cardiomyopathy related to reduced levels of respiratory complexes and loss of ATP (26). Additionally, three studies that specifically knocked out Drp1 in murine cardiac tissues reported that lack of DRP1 led to enlarged mitochondria, while DRP1 loss was fatal during the perinatal period or in the mature heart. Moreover, mitochondrial quality and abundance were found to be related to mitochondrial autophagy (24, 27, 28). The specific deletion of myocardial Drp1 not only increases the mitochondrial size, but also causes their abundance to progressively decrease (23).

In mice with muscle-specific Drp1 knockout, all pups died between 7 and 10 days after delivery, however, the death was not accompanied by neonatal defects or weight changes. Meanwhile, the hearts of Drp1 knockout mice were enlarged 7 days after delivery, accompanied by a thinning of the heart walls, however, the heart weight remained normal. Ultrasonography revealed clear cardiac dysfunction, including an increase in the end-systolic diameter (0.85 mm in the control compared to 1.64 mm in the Drp1 knockout) and a decrease in the shortening rate of the left ventricular short axis (46.5% in the control compared to 21.4% in the Drp1 knockout). Furthermore, heart-specific knockout of Drp1 via gene recombination after birth caused cardiomyopathy and death in young mice (28). Collectively, these results indicate that DRP1 is necessary for the maintenance of neonatal heart function.

DRP1 clearly plays an important role in embryogenesis and heart development in newborn mice. During these developmental stages, Drp1 inhibition or knock out causes enlargement and excessive fusion of mitochondria, both of which are lethal to mice. Hence, DRP1 has important roles in different stages of ontogeny. Under normal physiological conditions, inhibiting or silencing Drp1 reduces mitochondrial fission, increases fusion, and causes loss of heart function and even death. Under pathological conditions, the DRP1 expression becomes increased; its subsequent excessive phosphorylation or acetylation cause apoptosis and autophagy resulting in excessive mitochondrial fission and reduced fusion, thus further inducing cardiac dysfunction.



The Role of DRP1 in Pathological Cardiac Conditions

One study found that within 60 min of ischemia reperfusion, DRP1 expression increased with excessive mitochondrial fission following localization of DRP1 and BAX (apoptosis-related protein) to the mitochondria (29). During this process, MFN1 and MFN2 activity was inhibited, which may have led to induced activation of the mitochondrial permeability transition pore (MPTP) (30), causing subsequent mitochondrial fragmentation and permeation of the outer membrane (31, 32). Increased mitochondrial outer membrane permeability or opening of the MPTP leads to cytochrome C release, thus, further activating the caspase apoptosis pathway (33, 34). In the case of ischemia-reperfusion injury, inhibition of DRP1 activity elicits a protective effect on the heart. Thus, in different stages of the life cycle and development, as well as during physiological and pathological states, the degree of change in DRP1 activity differs, leading to different effects on cardiomyocytes and the heart.

As detailed above, the excessive mitochondrial fission observed within 60 min of reperfusion after transient ischemia, led to mitochondrial dysfunction and a decrease in myocardial contractility. However, P110, an inhibitor of DRP1, can reverse the decrease in myocardial contractility, thereby improving heart function (35). During reperfusion, dephosphorylation of Ser637 on DRP1 induces the transfer of DRP1 to the mitochondrial membrane and enhances mitochondrial fission (36). This dephosphorylation event in ischemia-reperfusion injury can be mediated by calcineurin (36, 37). Thus, because FK506 is an inhibitor of calcineurin, it can inhibit Ser637 dephosphorylation and ultimately preserve cardiac function during ischemia-reperfusion injury (36). In addition, AKT (protein kinase B) can activate DRP1 (38). For instance, in diabetes, the level of SIRT1 (sirtuin 1) in cardiomyocytes decreases, causing increased phosphorylation of Ser473 on AKT, leading to increased dephosphorylation of Ser637 on DRP1, thereby enhancing DRP1 activity, which subsequently increases mitochondrial fission and aggravates cardiac ischemia-reperfusion injury (39). Meanwhile, mammalian STE20-like kinase 1 (MST1) is upregulated after myocardial infarction and increases mitochondrial fission through the JNK-DRP1 (DJ-1) cell signal transduction pathway, leading to cardiomyocyte fibrosis and aggravating myocardial damage (40). Moreover, DJ-1 activation can alter the sumoylation state of DRP1, thereby inhibiting mitochondrial division, and playing a protective role in ischemia-reperfusion injury. A potential mechanism underlying this process may involve the interaction of DJ-1 with SENP5 to enhance DRP1 sumoylation mediated by SUMO-2/3, which is modified to inhibit mitochondrial division (41).

By inhibiting the DRP1 expression mitochondrial fission is also inhibited, which can alleviate cardiac ischemia-reperfusion injury. At the same time, increased mitochondrial fusion occurs in these DRP1-inhibited cardiomyocytes (36, 42, 43). These studies assessed the effect of mitochondrial fission in cultured cardiomyocytes by RNA interference and via expression of the main negative form of DRP1. That is, adenovirus-transfected cells overexpress the negative regulator of DRP1, K38A in vivo and in vitro, which subsequently protects myocardial cells from the damage associated with ischemia-reperfusion (43). In cardiac ischemia, endogenous levels of the microRNA miR-499 are downregulated, while calcineurin is activated, and Ser637 on DRP1 is dephosphorylated, thus, further increasing mitochondrial fragmentation, and in turn leading to increased apoptosis of cardiomyocytes. Thus, miR-499 overexpression inhibits calcineurin-mediated DRP1 dephosphorylation, thereby reducing cardiomyocyte apoptosis (44). miR-499 can also inhibit DRP1 through the cAMP-PKA cell signal transduction pathway, thereby prolonging the mitochondrial lifespan (17). SIRT3 can further reduce the phosphorylation level of DRP1 by normalizing AMPK cell signal transduction pathways, thus, inhibiting mitochondrial fission and ultimately reducing myocardial damage following myocardial infarction (45). Similarly, treatment of mice with the DRP1 inhibitor Mdivi-1 leads to decreased mitochondrial fission, thus imparting a protective effect against hypoxia and ischemia reperfusion (36, 42). Moreover, in vitro, a simulated ischemia-reperfusion model with cultured HL-1 cells pretreated with Mdivi-1 improved cell survival and delayed the opening of MPTP (42). In Mdivi-1 pretreated mice, reperfusion in the occluded artery and the area of myocardial infarction were found to decrease (42). In fact, emergency inhibition of mitochondrial division after acute myocardial infarction can improve long-term cardiac function (35, 36). Meanwhile, in a mouse cardiac arrest model, inhibition of myocardial mitochondria fission improves the survival rate of mice (46). In pressure load-induced heart failure, Mdivi-1 can also improve left ventricular function and reduce myocardial fibrosis (47). Furthermore, as an inhibitor of DRP1, P110 can inhibit the upregulation of the autophagy marker LC3-II whether it is applied before or after cardiac reperfusion, however, it also inhibits the increase in phosphorylation of cleaved caspase 3 and JNK when applied after reperfusion, both of which are associated with cell apoptosis and death (35, 48, 49). Indeed, treatment of the heart with Mdivi-1 and P110 elicited a protective effect against ischemia-reperfusion injury (35, 42, 50), as DRP1 inhibitors not only maintain mitochondrial morphology but also reduce calcium ions in the cytoplasm, inhibit the opening of MPTP, and inhibit cardiomyocyte apoptosis, thereby reducing myocardial damage. In fact, a recent study showed that injecting Mdivi-1 prior to myocardial infarction in ischemic mice can increase the length of mitochondria in myocardial cells (51). However, other studies that injected Mdivi-1 into the coronary arteries of larger animals, including pigs, as models for cardiac reperfusion after acute myocardial infarction, reported no significant changes in mitochondrial morphology between the blank control and experimental animals. Moreover, a protective cardiac effect was not detected, which may be related to the dose of Mdivi-1, timing of application, method of administration, etc. (52). Further studies are required to resolve these discrepancies in in vivo findings; hence, much work is still required before inhibitors of DRP1 can be recommended for the clinical treatment of heart diseases.

Diabetic cardiomyopathy refers to the abnormal structure and function of the heart caused by diabetes after excluding dangerous factors, including hypertension, coronary heart disease, and valvular disease, which may cause cardiac insufficiency. Mitochondrial dysfunction plays an important role in diabetic cardiomyopathy (53). Within minutes, acute hyperglycemia conditions can induce formation of shortened mitochondria mediated by the fission protein DRP1 (54). The acute response depends on the post-translational modification mechanism, which may involve glucose-induced intracellular calcium transients and ERK1/2 activation, causing phosphorylation of Ser616 on DRP1 (55). Specifically, PKCδ, CDK1, and CDK5 phosphorylate Ser616 to increase the fission activity of DLP1 (16, 56, 57). Melatonin regulates the expression of DRP1 through the SIRT1-PGC1α cell signal transduction pathway to reduce mitochondrial fission and ultimately alleviate diabetes-induced cardiac insufficiency (58). The rapid formation of small mitochondria under acute metabolic stress leads to an increase in mitochondrial reactive oxygen species (ROS). When the blood sugar continues to rise, the pathological fragmentation of mitochondria is related to the chronic increase in ROS levels, apoptosis, and necrosis (54, 59).

In the hearts of rats with chronic hypertension and hypertrophy, the level of cardiac DRP1 is reduced (60); however, myocardial DRP1 levels are elevated in the hypertrophic heart induced by neurohormone-norepinephrine (61). Studies have confirmed that mitochondria play an important role in cardiac hypertrophy (26, 62). For example, disorganized and fragmented mitochondria have been shown to cause cardiac hypertrophy (61, 63). Meanwhile, in vitro, within the NE (Norepinephrine)-induced cardiomyocyte hypertrophy model, an increase in accumulated DRP1 on the surface of mitochondria, as well as an increase in mitochondrial fragmentation, and a decrease in mitochondrial capacity are observed. However, if adenovirus-transfected cells are used to inhibit the expression of DRP1, mitochondrial fission is reduced, alleviating cardiomyocyte hypertrophy (61). Angiotensin-(1–9) can regulated mitochondria morphology through the AT2R/miR-129-3p/PKA cell signal transduction pathway, thereby inhibiting mitochondria fission and further reducing the occurrence of cardiomyocyte hypertrophy (64). Moreover, leptin can induce cardiac hypertrophy and activate calcineurin (65). The dephosphorylation of Ser637 on DRP1 mediated by calcineurin increases the recruitment of DRP1 from the cytoplasm to the mitochondria (18). It is, therefore, thought that leptin-induced cardiomyocyte hypertrophy is related to enhanced mitochondrial fission. In the cardiac hypertrophy cell model, fission of mitochondria has also been shown to participate in the calcium-dependent calcineurin cell signal transduction pathway (61). Mitochondrial fission is also crucial for the maintenance of heart function. Targeted Drp1 knock out in the adult mouse heart induced development of cardiomyopathy after 6–13 weeks (27, 28). Moreover, mitochondrial fission was significantly inhibited; however, this failed to inhibit the occurrence of heart failure. Meanwhile, in a murine model of pressure overload, Mdivi-1 reduced myocardial hypertrophy and fibrosis without affecting blood pressure (66). Similarly, in an aortic constriction model in which Drp1 was specifically knocked out of cardiac tissue cells via persistent heterozygous, excessive hypertrophy of cardiomyocytes and decreased heart function were observed. At the same time, it was confirmed that DRP1-dependent mitochondrial autophagy plays a role in resisting pressure load. With this important role, DRP1-dependent mitochondrial autophagy can ensure normal abundance of mitochondria and ultimately, contribute to amelioration of decreased heart function (67). Moreover, during heart failure, IGF-IIR can enhance the phosphorylation of Ser616 of DRP1 through extracellular signal-regulated kinase (ERK), thereby enhancing mitochondrial fission and causing mitochondrial dysfunction (68).

To make a summary of the whole section, DRP1 plays an important role in both the embryonic development period and the development of the newborn heart. DRP1 is elevated in ischemia-reperfusion injury causing excessive mitochondrial fission, thereby, further aggravating ischemia-reperfusion injury. DRP1 also plays an important role in the occurrence and development of heart failure, hence, inhibiting DRP1 can reduce ischemia-reperfusion injury and heart failure (Table 1). Specifically, DRP1 can affect mitochondrial morphology and function through phosphorylation, acetylation, sumoylation, and other modifications (Figure 4). Thus, DRP1 affects the occurrence and development of heart disease, which may be related to the imbalance of mitochondrial fission and fusion; however, further research is required to understand the specific mechanisms involved.


Table 1. Drp1 the role of Drp1 in heart development and heart disease.
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FIGURE 4. Cell signal transduction pathway acting on DRP1 and its role in heart disease.





ROLE OF GTPASE-DEPENDENT FUSION PROTEINS IN HEART DISEASES

Mitochondrial fusion is regulated by GTPase-dependent proteins, including MFN1, MFN2, and OPA1. Mitochondrial fusion plays an important role in the maintenance of mitochondrial DNA homeostasis. In cultured cells and skeletal muscle cells lacking mitochondrial fusion factors, mtDNA decreased and mtDNA accumulation mutation increased (69).


Role of GTPase-Dependent Mitofusins in Heart Diseases
 
Role of Mitofusins (MFN1 and MFN2) in Heart Diseases

Mammalian mitochondrial fusion protein has been identified as a human homolog of the Drosophila fuzzy onion protein (Fzo) (70). MFN1 is composed of 741 amino acids, whereas MFN2 is composed of 757 amino acids. Both are transmembrane GTPases located on the outer mitochondrial membrane, with functional domains that share 63% homology. The conserved domain of mitofusins consists of an amino-terminal GTP binding domain, a coiled-coil domain (heptapeptide repeat HR1), a carboxy-terminal with a two-part transmembrane domain and a second coiled-coil domain (heptapeptide repeat sequence HR2). Both the GTPase and coiled-coil domains are exposed to the cytoplasm. In addition, MFN2 possesses an N-terminal Ras binding domain that does not exist in MFN1, implying that MFN2 has unique functions that are not shared with MFN1 (71). Although both MFN1 and MFN2 support mitochondrial fusion, MFN2 also mediates the coupling of the endoplasmic reticulum and mitochondria (72). Therefore, MFN2 plays a critical role in maintaining intercellular calcium regulation, which is of great significance to the excitation-contraction-metabolic coupling of cardiomyocytes. Unsurprisingly, MFN2 is highly abundant in the heart compared to other tissues (73).

Cardiac-specific Mfn1 and Mfn2 knockout mice exhibit death due to heart failure, respiratory dysfunction, and mitochondrial fragmentation and swelling. In dual Mfn1 and Mfn2 cardiac knockout mice, no births were observed with embryos dying on embryonic days 9.5 and 10.5. However, the expression of Mfn1 or Mfn2 alone is sufficient for murine survival, thus only the simultaneous absence of both is incompatible with life (74). In single Mfn1 or Mfn2 knockout mice, mitochondrial outer membrane fusion and aggregation proceed normally, while double knockout result in loss of fusion induced by mitofusins (75). In 8-week-old mice, when Mfn1 and Mfn2 were specifically and simultaneously knocked out in cardiac tissue, the cardiomyocytes showed mitochondrial fragmentation and respiratory dysfunction, rapidly developing into lethal dilated cardiomyopathy (76). Additionally, MFN1 levels have been found to decrease in myocardial hypertrophy (77), while MFN2 levels increase under oxidative stress (78), however, MFN2 levels in the late stage after myocardial infarction and diabetis late stageare significantly reduced (79, 80). A recent study showed that microRNA-20b can downregulate Mfn2 and promote cytoplasmic Ca2+ overload, thus, weakening the buffering capacity of mitochondria and increasing cardiac hypertrophy (81).

In mice with Mfn1 only knockout, cardiac function, mitochondrial respiratory function, and respiratory function are maintained; however, an increase in spherical mitochondria can still be observed (82, 83). In contrast, cardiac Mfn2 ablation causes early-dilated cardiomyopathy in mice. Indeed, MFN1 loss is better tolerated than MFN2 loss in cardiomyocytes (30, 84), which may account for why single Mfn1 knockout elicit minimal effects on heart function. These data imply that when either MFN1 or MFN2 are missing, the other protein may compensate for the lost function, however, this requires further verification.

In ischemia-reperfusion injury, DRP1 and BAX are transferred to mitochondria (29). In this process, the activities of MFN1 and MFN2 are inhibited, resulting in mitochondrial fragmentation and outer membrane permeability (31, 32). MFN inhibition can induce the activation of MTPT (30). When either mitochondrial outer membrane permeability is increased or the mitochondrial permeability transition pore opens, cytochrome C is released, further activating the caspase cell apoptosis pathway (33, 34). In the simulated ischemia-reperfusion injury model, the overexpression of MFN1 or MFN2 in the HL-1 cardiomyocyte cell line reduces cell death (42). Meanwhile, following siRNA silencing of Mfn2 expression in a rat neonatal cardiomyocyte ischemia-reperfusion injury model, the cell survival rate was significantly decreased (77). Acute knockout of Mfn1 and Mfn2 in the heart showed a short-term protective effect against acute myocardial infarction, related to the decreased contact between mitochondria and endoplasmic reticulum, thereby reducing the calcium overload in the mitochondria (76). In response to ischemia-reperfusion injury, mitochondria transport calcium ions from the endoplasmic reticulum to the mitochondria through a calcium ion unidirectional transport pump. Upregulation of calcium ions in the mitochondria can induce the opening of the MPTP, which is a determinant of cardiomyocyte death (85). In ischemia-reperfusion injury, inhibiting calcium overload in mitochondria can reduce myocardial cell death and the myocardial infarction area (86–88). Moreover, MFN2 reportedly has an important role in the connection between mitochondria and the endoplasmic reticulum, ensuring sufficient calcium transfer for the production of bioenergy (72). After its activation, βII protein kinase C can phosphorylate Ser86 on MFN1, effectively inhibiting its GTPase activity and leading to fragmentation and dysfunctional mitochondrial accumulation, which in turn causes deterioration of heart function (89).



Role of OPA1 in Heart Diseases

OPA1 is a GTPase-dependent protein that mediates the fusion of mitochondria, while organizing the morphological regeneration of mitochondrial cristae, and resisting apoptosis for physiological needs (7, 90, 91). Evidencing the important role of OPA1 in the maintenance of mitochondrial morphology, knocking out Opa1 during embryogenesis is fatal (92). In fact, Opa1 or Mfn2 knockout, via gene trapping, prevents embryonic stem cells (ESCs) from differentiating into cardiomyocytes (93). Mitochondrial fusion disrupts and increases the entry of capacitive calcium, thereby enhancing Notch1 signaling through calcium-induced calcineurin activation. Meanwhile, inhibition of calcium and calcineurin signals is sufficient to reverse the non-differentiated phenotype of gene-trapped ESCs without affecting mitochondrial morphology. This places mitochondrial dynamics upstream of Notch signaling ESC differentiation in cardiomyocytes, thereby supporting the regulation of mitochondrial dynamics in heart development.

Wai et al. (94) observed morphological changes in the mitochondria of hearts from Yme1l knockout mice, finding that the smaller mitochondria aggregated, while their cristae structure was normal. This indicates that mitochondrial dynamics were damaged due to YME1L loss. Furthermore, in cardiomyocytes lacking YME1L, the D form of s-OPA1 disappears, while the C and E forms of s-OPA1 aggregate as a result of OMA1 activation. Fragmentation of the mitochondrial network was also found in fibroblasts with Yme1l knocked out in vitro, and cell damage caused by s-OPA1 aggravation was also observed. The absence of YME1L in cardiomyocytes activates OMA1, which further increases the processing level of OPA1, increases the fragmentation of mitochondria, and ultimately leads to dilated cardiomyopathy and heart failure. In ischemia-induced heart failure, OPA1 expression decreases, indicating that OPA1 plays an important role in ischemic cardiomyopathy (95). In Drosophila and mice, inhibiting Opa1 expression may cause abnormal mitochondrial morphology and cardiac hypertrophy (96, 97). Therefore, the inhibition of mitochondrial fusion-related proteins can increase mitochondrial fragmentation, which further affects the arrangement of cardiomyocytes and sarcoplasmic reticulum, thus, impacting cardiac function.

The change in OPA1 form represents a key step in mitochondrial cooperative fusion and fission regulation (98, 99). The balance between long and short forms of OPA1 maintains the normal shape of mitochondria: fusion depends on long OPA1, while short OPA1 is related to mitochondrial fission (100, 101). Cell pressure, mitochondrial dysfunction, or genetic intervention (such as Yme1l deletion) can activate OMA1, thereby increasing the conversion of long OPA1 to short OPA1, and increasing the fragmentation of mitochondria (100, 102–104). Thus, GTPase OPA1 located on the inner mitochondrial membrane is a key enzyme that regulates mitochondrial fission-fusion. Mitochondrial protease OMA1 and AAA protease (AAA proteases comprise a conserved family of membrane bound ATP-dependent proteases that ensures the quality control of mitochondrial inner-membrane proteins) YME1L can cleave OPA1 from its long to short form and, while short OPA1 does not play a role in mitochondrial fusion, the aggregation of short OPA1 may cause accelerated fission. In cultured mammalian cells, OMA1 is activated under pressure, which leads to increased mitochondrial fission (94, 105, 106). Sadhana et al. (107) confirmed that SIRT3 can regulate the enzymatic activity of OPA1 through lysine deacetylation. Mitochondrial respiration depends on the acetylation state of the C-terminal K926 and K931 lysine fragments in the GED region of the OPA1 protein. Cardiac stress causes hyperacetylation of OPA1, thereby reducing its GTPase activity, however, SIRT3 can directly bind to OPA1, thereby enhancing mitochondrial function and networking (107). Studies have found that OPA1 is acetylated in the states of cardiac hypertrophy and SIRT3 deficiency. Overexpression of SIRT3 can play a protective role in the process of adriamycin-mediated mitochondrial fragmentation and cell death. These mechanisms are all related to the acetylation status of OPA1. SIRT3 exerts its activity by directly binding to OPA1 on the inner mitochondrial membrane and modifying it by deacetylation. SIRT3 maintains or strengthens the mitochondrial respiratory complex by activating OPA1. SIRT3 can inhibit mitochondria-mediated apoptosis by mediating OPA1. Meanwhile, hyperacetylation reduces the GTPase activity of OPA1, indicating that the decreased activity of OPA1 may partially account for mitochondrial defects in hypertrophy of the heart.

Normal expression of OPA1 is necessary for the maintenance of mitochondrial autophagy. The expression of OPA1 is decreased in infarcted hearts in vivo or in cardiomyocytes cultured in vitro. Meanwhile, within cardiomyocytes, irisin can activate OPA1-induced mitochondrial autophagy (108). In myocardial ischemia-reperfusion injury, decreased expression of OPA1 leads to increased mitochondrial fragmentation, and thus mitochondrial dysfunction and increased mitochondrial apoptosis, further aggravating ischemia-reperfusion injury (109). The increase or overexpression of OPA1 maintains mitochondrial function and cardiac function during myocardial ischemia and reperfusion (110). In contrast, in H9C2 cells cultured in vitro, overexpression of OPA1 leads to mitochondrial lengthening with no detectable reduction in apoptosis under ischemic stimulation (95). OPA1 levels decrease in failing hearts and in late stages after myocardial infarction (80, 95), while increasing in hypertensive hypertrophic hearts and cardiomyocytes treated with insulin (60, 111). MFN1, MFN2, and OPA1 levels showed a consistent decrease in the genetically induced lipid-overloaded heart (112). The stability of OPA1 in cardiomyocytes is regulated by ERK, AMPK, and YAP cell signal transduction pathways (113).

Melatonin can activate OPA1-mediated mitochondrial autophagy and fusion in an AMPK-dependent manner, thereby reducing cardiac ischemia-reperfusion injury (110). Coenzyme Q10 can induce the AMPK-YAP-OPA1 cell signal transduction pathway, thus, improving mitochondrial function and reducing the degree of arteriosclerosis (114). Calenduloside E can reduce cardiac ischemia-reperfusion injury by regulating OPA1-related mitochondrial fusion mediated by AMPK activation (115). In the cardiomyocyte model of ischemia-reperfusion injury, increased expression of OPA1 can reduce the oxidative stress of cells through the Ca+2/calmodulin-dependent protein kinase II (CaMKII signaling) pathway (116).

Studies in murine diabetes models have shown that O-GlcNAc of OPA1 and DLP1 increase mitochondrial fragmentation (117, 118). O-GlcNAc modification of OPA1 can inhibit its function, leading to fragmentation of mitochondria, reduction of mitochondrial membrane potential, and reduction of complex IV activity (118). It is reported that enhanced O-GlcNAc modification of diabetic cardiomyopathy (DCM) is associated with disease progression in type 2 diabetes models, and reversal of this modification can restore cardiac function (119). Studies have shown that the occurrence of heart failure may be related to the fragmentation and dysfunction of mitochondria caused by the short-form aggregation of OPA1. The dysfunction of mitochondrial function causes the energy utilization mode of cardiomyocytes to change from lipid to sugar intake (94), which further causes cardiac function insufficiency (See in Figure 5).


[image: Figure 5]
FIGURE 5. Cell signal transduction pathway acting on OPA1 and its role in heart disease.


The GTPase-dependent mitochondrial fusion proteins MFN1, MFN2, and OPA1 play important roles in maintaining cell homeostasis, cell pressure, calcium regulation, apoptosis, and autophagy. Downregulation or post-translational modification of these fusion proteins have been confirmed as related to a variety of heart diseases (Table 2), however, the specific mechanisms through which MFN1, MFN2, and OPA1 function in cardiomyocytes require further research.


Table 2. The role of GTPase-dependent fusion proteins in heart development and heart disease.
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DISCUSSION

The morphology of mitochondria in cardiomyocytes is a highly connected network structure that regulates the key functions of mitochondria through the balance of fission and fusion. Under normal physiological conditions, the fission and fusion of mitochondria are balanced to meet the normal physiological cell functions. In response to cellular stress, mitochondrial fragmentation and excessive fusion have been observed in various diseases, including ischemia-reperfusion injury and heart failure. Under normal physiological conditions, mitochondrial dynamin-related proteins maintain the shape and function of mitochondria to meet the organ needs through their own expression and post-translational modifications. However, under pathological conditions, these fission or fusion proteins can cause mitochondria morphological changes and dysfunction. Post-translational modifications of these proteins, such as acetylation and phosphorylation, can cause excessive fusion or fission of mitochondria; however, this process can be reversed by inhibiting the related proteins.

Therefore, GTP-ase-dependent mitochondrial dynamic-related proteins may represent target protein for the treatment of heart diseases. However, it remains unclear whether it is more beneficial to inhibit mitochondrial fission or promote its fusion to improve heart disease pathology. For instance, although there is a significant body of evidence suggesting that inhibition of DRP1 activity can inhibit mitochondrial fission, while improving heart function and inhibiting the progression of heart disease, a recent study reported that inhibiting mitochondrial fission by enhancing fusion leads to different cardiac outcomes. Meanwhile, up-regulation of MFN2 in the heart can correct excessive mitochondrial fragmentation compared to down-regulation of DRP1. Additionally, the safest strategies will maintain cardiac mitochondrial function (120). Maneechote's team used M1 (2 mg/kg) to enhance mitochondrial fusion to interfere with ischemia-reperfusion in rats and found that the application of M1 before ischemia can reduce infarct size and cardiac apoptosis, exerting the greatest cardioprotective effect. This indicates that myocardial ischemia-reperfusion injury can be reduced by increasing mitochondrial fusion (121). Similarly, the mitochondrial fusion enhancing substance M1 can effectively restore mitochondrial balance and improve diabetic cardiomyopathy in an OPA1-dependent manner (122).

Meanwhile, in different animals and different administration methods, the same type of DRP1 inhibition elicited differing effects. For instance, a recent study showed that injection of Mdivi-1 in advance of myocardial infarction can increase the length of mitochondria in myocardial cells and reduce the area of myocardial infarction in ischemic mice (51). However, another study using pigs as a model for cardiac reperfusion after acute myocardial infarction, reported that injection of Mdivi-1 directly into the coronary artery did not impact mitochondrial morphology nor elicit a protective effect on the heart, which may be related to the dose of Mdivi-1, timing of application, method of administration, etc. (52).Therefore, the timing and methods of intervention in mitochondrial dynamics still need further research.

Collectively, the relevant data has indicated that regulating the fission and fusion balance in mitochondria represents an important strategy for maintaining heart health and function. However, prior to clinical applications for the treatment of heart disease, long-term studies are needed to further investigate the effect of inhibiting mitochondrial motility-related proteins, as well as the appropriate timing and doses for administration.

This review demonstrates that the balance of mitochondrial fission and fusion plays a critical role in maintaining cell and heart function. Meanwhile, the imbalance in these processes likely contributes to the pathophysiological process of heart diseases, thereby providing potential new drug targets for heart diseases. Therefore, mitochondrial fission and fusion balance related proteins warrant further research.
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Almost all nucleated cells secrete extracellular vesicles (EVs) that are heterogeneous spheroid patterned or round shape particles ranging from 30 to 200 nm in size. Recent preclinical and clinical studies have shown that endothelial progenitor cell-derived EVs (EPC-EVs) have a beneficial therapeutic effect in various diseases, including cardiovascular diseases and kidney, and lung disorders. Moreover, some animal studies have shown that EPC-EVs selectively accumulate at the injury site with a specific mechanism of binding along with angiogenic and restorative effects that are superior to those of their ancestors. This review article highlights current advances in the biogenesis, delivery route, and long-term storage methods of EPC-EVs and their favorable effects such as anti-inflammatory, angiogenic, and tissue protection in various diseases. Finally, we review the possibility of therapeutic application of EPC-EVs in the clinic.

Keywords: extracellular vesicles, endothelial progenitor cells, exosomes, miR (microRNA), clinical application of EPC exosomes


INTRODUCTION

Endothelial progenitor cells (EPCs) have been widely used to treat cardiovascular ischemic diseases since their discovery in 1997 (1). Initial clinical trials, in parallel with preclinical studies, raised hopes of cures for life-threatening ischemic diseases (2). In subsequent studies, EPC biology was further investigated and it was found that after long-term culture of between 15 and 21 days, cobblestone-shaped colonies emerged, called blood endothelial outgrowth cells (3). The phenotypes of these cells are similar to those of the adult endothelial cells and have a greater proliferative rate (3); Yoder‘s group (4) found similar cells from umbilical cord blood cells (4). Clinical studies have demonstrated that the origin of EPC is bone marrow, and considering pathological triggers, these cells migrate to damaged tissues and physically contribute to facilitating vasculature (3, 5–7). However, several groups are concerned about the existence of EPCs based on mouse data (8). In addition, the culture of EPCs in diverse systems, different methodologies, and various “misleading terms” has led to confusion in EPC biology and application. To this end, a recent consensus attempted to standardize EPC nomenclature based on cellular phenotypes and biological functions (9). A consensus statement on EPC nomenclature and culture standardization may facilitate progress toward the use of EPC-derived extracellular vesicle (EPC-EV) therapy. Depending on the sequence of appearance in culture, Hur et al. (10) reported two types of EPCs. The first were termed early EPCs or myeloid angiogenic cells that were positive for CD45, CD14, and CD31 markers, and mainly worked via paracrine mechanisms, such as growth factors and EVs (10, 11). The second cell population, named late-EPC or endothelial colony-forming cells (ECFCs), usually appeared in culture at 2 to 3 weeks after cell culturing, and had similar phenotypes as endothelial cells, and enhanced neovascularization in ischemic tissues (10, 12). Recent studies have demonstrated that ECFCs secrete EVs that are crucial for organ restoration (13–15).

Almost all nucleated cells secrete extracellular vesicles cargo which deliveries nucleic acid and proteins to the recipient cells. The International Society for Extracellular Vesicles consensus recommendation on nomenclature endorses to use “extracellular vesicles” as a generic term for a lipid bilayer particle released from the cell and cannot replicate. Moreover, it has a broader meaning which can cover subtypes like exosomes and microvesicles as well. Depending on the physical size range, EVs divide small (<100 nm), medium (<200 nm), or large (>200 nm), and usually express CD63+, CD81+, Annexin A5, etc., surface markers (16). The small EVs are generated within endosomes as intraluminal vesicles and this complex EVs biogenesis occurs by endosomal sorting complex required for transport (ESCRT) sorting machineries involvement (17). Whereas, medium or large EVs originate by an outward budding at the plasma membrane (Figure 1) (18). There are several methods to isolate secreted EVs such as classical differential centrifugation, density gradient centrifugation, size-exclusion chromatography, ultrafiltration, immunocapture, precipitation, and tangential flow filtration, etc. (Figure 1) (16). Each EV isolation strategy or its working principle along with their advantages and disadvantages was reviewed previously (19).


[image: Figure 1]
FIGURE 1. Graphical abstract.


A seminal study showed that EPCs secrete microvesicles, and the latter activate an angiogenic program in endothelial cells via horizontal transfer of mRNA (20). Subsequently, preclinical studies showed that EPC-EVs have superior therapeutic effects on various ischemic diseases (Figure 2) (21–23). In the last decade, numerous studies on EPC-EVs have shed light on EV biogenesis, uptake, and mechanism of action (24–27). This review highlights recent advances in the biogenesis, biological functions, route of delivery, and long-term storage of EPC-EVs. Finally, we describe potential translation to the clinic and regions of application in the context of various ischemic and inflammatory diseases.


[image: Figure 2]
FIGURE 2. Extracellular vesicles biogenesis and isolation methods. UCF, ultracentrifuge; dUCF, density gradient centrifugation, size-exclusion chromatography.




EPCS VS. EPC-EVS

Recently, it has been reported that therapeutic cell transplantation-related effects for cardiovascular diseases are a result of paracrine mechanisms and not from direct cell contribution to damaged organs (28). Regardless of the target delivery technique, the long-term engraftment of cells is limited; hence, the striking short-term improvement in ischemic organ function after cell transplantation is mainly associated with paracrine trophic factors such as EVs (29). It has been shown that early EPC populations are contaminated with hematopoietic cell subsets, such as monocytes (30), and the latter secrete various nanoparticles. In contrast, late EPCs have specific phenotypes and biological functions similar to endothelial cells, and secrete angiomiRs-shuttled EVs, which are a key genetic material for neovascularization of ischemic tissues (14, 31, 32). Dozens of preclinical studies have demonstrated EPC-EV effects that are superior to those of the ancestor (33). EVs possess numerous advantages over cell-based therapies in the context of regenerative medicine in terms of (1) cargo delivery of various favorable miRs responsible for angiogenesis, fibrosis, and cell proliferation; (2) potential for “off the shelf” availability and respective for repetitive transplantation; (3) cell-free biological products that may be utilized as drug carrier systems in the pharmaceutical industry, and finally (4) generally reduced immunogenicity owing to which allogenic transplantation is an additional benefit. The abovementioned benefits are crucial for treating either acute or chronic diseases. The latter listed major advantages of the EVs are linked to less immunogenic than their parental cells because of the lower abundance of transmembrane proteins such as MHC complexes on their surface (34). Unlike live cells, EVs have a long shelf life and may be transported and stored for long periods (see the section on long-term preservation and storage of EVs). In the representative Venn diagram (Figure 3) (transcriptome data from previous publication PMID: 28631889), we summarize the similarities and differences between ECFC-derived microRNAs (miRs) and ECFC-EV-derived miRs (35). It can be clearly seen that the majority of parent cell-derived miRs (ECFC-miRs) can be found in ECFC-EV-derived miRs, suggesting a similar transcriptome profile along with the mechanism of action (Figure 3). A previous study showed that the therapeutic potential of EPC-EVs is superior in terms of enhancing neovascularization and recovery in a murine hind limb ischemia model (12). The mechanism of activation of the angiogenic program in quiescent endothelial cells is linked by horizontal transfer of genetic materials such as angiomiR, RNA, and proteins (12, 13). Of note, ischemia itself is a trigger for angiogenesis. However, angiogenesis-qualified angiomiRs accelerate not only angiogenesis but also proliferative and anti-apoptotic effects (Figure 4). Collectively, well-packed EPC-EVs have a great advantage in preserving ischemic tissue from injury, and future studies are warranted to define the beneficial effects of EPC-EVs.


[image: Figure 3]
FIGURE 3. Endothelial colony forming cell (ECFC)-derived microRNAs (miRs) vs. ECFC-extracellular vesicle (EV)-derived miRs. As shown in the Venn diagram, the majority of the top upregulated human miRs of both ECFC-derived and ECFC-EVs-derived miRs comprise similar miRs. This provides evidence that EPCs work via paracrine factors in organ regeneration. This miR sequence data was generated from PMID: 28631889.
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FIGURE 4. As shown in the flow chart that highly expressed ECFC-EC-derived miRs biological targets were predicted in silico. The most significantly enriched functional annotation were Angiogenesis, vasculogenesis, and lymphangiogenesis. This miR sequence data was generated from PMID: 28631889. MicroRNA target genes were predicted using IPA with information from TargetScan, miRecords, and TarBase databases.




EPC-EVS IN CARDIOVASCULAR DISEASES

Cardiovascular diseases are the leading cause of mortality and morbidity in the globe (36). It has been shown that therapeutic neoangiogenesis with EPCs is a promising strategy for treating advanced cardiovascular diseases and preventing major adverse events (37). Similar transcriptome profiles of EPC-derived EVs to the EPCs facilitate therapeutic application EPC-EVs in CVD. Yue et al. (38) demonstrated that EPC-derived exosome treatment enhanced left ventricle cardiac function, reduced cell apoptosis, diminished myocardial scar size, and promoted post-myocardial infarction neovascularization. Previous studies have shown that sonic hedgehog modified progenitor cells (CD34+) actively secrete exosome cargo and carry various reparative molecules to cure the ischemic myocardium (39, 40). EPC-EVs regulate cardioprotection by orchestrating cell angiogenesis, migration and adhesion, cell proliferation, and cell differentiation processes (Figure 5). Target gene expression analysis of EPC-EV-derived miR revealed that heart regeneration and protection enriched functional gene upregulation (Figure 5). Cardioprotective properties of EPC-derived EV is associated with miR-218-5p and miR-363-3p overexpression. The latter facilitated cardiac function via enhanced neoangiogenesis and inhibited myocardial fibrosis (41). Moreover, EPC-EVs treatment promoted mesenchymal-endothelial transition and along with protective effect to myocardial infarcted tissues (42). Recently, Chen et al. (33) showed that using EPC-EVs and encapsulation with a hydrogel could increase biological activity for up to 3 weeks through sustained release. Furthermore, the injected hydrogel system for sustained EPC-EV delivery into the ischemic myocardium augmented hemodynamics via increased vessel density in the peri-infarcted area along with reduction in myocardial scar formation. Interestingly, the regenerative efficacy of hydrogen-encapsulated EPC-EVs is not inferior to that of the parent cells or EPCs (33). Repetitive systemic transplantation of EVs is a simple delivery option. We have recently shown that systemic repetitive transplantation of EVs derived from regeneration-associated cells in a rat model of myocardial IR injury significantly enhanced cardiac functions, such as ejection fraction, and preserved mitral regurgitation. In addition, we could not observe anti-donor immune responses even when EV transplantation was performed in allogeneic settings.


[image: Figure 5]
FIGURE 5. Flow chart depicts highly expressed ECFC-EC-derived miRs biological targets that were predicted in silico. The significantly enriched functional annotation was associated with heart tissue repair. This miR sequence data was generated from PMID: 28631889. MicroRNA target genes were predicted using IPA with information from TargetScan, miRecords, and TarBase databases.


Taken together, EPC-EVs have anti-inflammatory and anti-fibrotic properties and may enhance angiogenesis in the ischemic myocardium.



EPC-EVS IN ACUTE LUNG INJURY AND ACUTE RESPIRATORY DISTRESS SYNDROME (ALI/ARDS) PATHOLOGY

Systematic reviews have demonstrated that the mortality rate in ALI/ARDS is between 36 and 44% and is usually induced by various etiologies such as sepsis, pneumonia, and severe traumas (43). The high mortality rate in ALI/ARDS facilitates various “cell-free” therapeutic EVs, including EPC-EVs. Emerging data shows that EPC-EV administration markedly reduced lipopolysaccharide-induced lung inflammation compared to that in the control groups, indicating a strong anti-inflammatory effect of EVs. Histological examination of the EPC-EV-administered group showed limited alveolar edema and lung neutrophil infiltration, and reduced cytokine/chemokine levels in the bronchoalveolar lavage fluid (44). Mechanistically, EPC-EV contains abundant miRNA-126, and overexpression of miRNA-126-3p can target phosphoinositide-3-kinase regulatory subunit 2, whereas overexpression of miRNA-126-5p inhibits the inflammatory alarmin high mobility group box 1 (HMGB1) and the permeability factor vascular endothelial growth factor (VEGF) α (44). Wu et al. (45) reported different mechanistic insights into EPC exosome-mediated transfer of miR-126 to endothelial cells such as the selective expression of SPRED1 and the enhancement of RAF/ERK signaling pathways that were primarily responsible for restoring the acute-injured lung. In summary, EPC-EVs have a beneficial effect in improving ALI/ARDS outcomes, and further studies are necessary to define optimal and targeted EV delivery methods to the site of injury.



EPC-EVS IN SEPSIS

Sepsis is a systemic inflammation induced mainly by microorganisms, leading to organ dysfunction. Recent studies have highlighted that EPC transplantation has a beneficial effect on animal models of sepsis (46, 47). Mechanistically, various pro-inflammatory cytokines induced by pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) in peripheral blood cause vascular injury and increase permeability (47). Consequently, in response to vascular injury, EPCs mobilize in an SDF1a-dependent manner and directly recruit to the injury site and differentiate into mature endothelial cells (47, 48). Fan et al. (46) demonstrated that EPCs and SDF1a administration synergistically improves survival in septic animals via enhanced miR-126 and miR-125b expression, which is believed to play key roles in the maintenance of endothelial cell function and inflammation. Later, they demonstrated that the protective effect of EPCs on the microvasculature after sepsis occurs via exosome-mediated transfer of miRs such as miR-126-3p and 5p (49). EPC-EVs miR-126-5p and 3p suppressed DAMP-induced HMGB1 and vascular cell adhesion molecule 1 (VCAM1) levels, whereas inhibition of miR-126-5p and 3p through transfection with miR-126-5p and 3p inhibitors disrupted the beneficial effect of EPC exosomes. Thus, EPC-EVs prevent adverse septic complications via miR-126 delivery (49).



EPC-EVS IN ACUTE KIDNEY DISEASES

Ischemia/reperfusion is a major cause of acute kidney injury (AKI) in humans, and is associated with tubular cell necrosis and endothelial cell dysfunction or loss. Growing evidence has shown that the therapeutic potential of EPC-EVs is superior in terms of acute kidney disease. Vinas et al. (15) used ECFC-derived EVs in an acute kidney injury mouse model and showed that miR-486-5p enriched ECFC exosomes significantly reduced ischemia-induced kidney injury. Histologically, exosome treatment decreased the infiltration of neutrophils along with diminished apoptosis and caspase-3 activation. Moreover, administration of exosomes to acute kidney injury-induced animals caused potent protection against kidney injury after 24 h, as evidenced by normalization of plasma creatinine and blood urea nitrogen to the same level as that in the healthy control. Mechanistically, miR-486-5p enriched ECFC exosomes target to reduce the phosphatase and tensin homolog, and stimulate the Akt phosphorylation pathway for ischemic tissue preservation (15). Cantaluppi et al. (13) demonstrated that EPC-EVs carrying miR-126 and miR-296 protect against experimental acute renal IRI, as evidenced by a significant decrease in serum creatinine and blood urea nitrogen levels and improvement in histological signs of microvascular and tubular injury. It is well-known that EPC-EVs exert miR-126 and have strong angiogenic and anti-apoptotic potential (23). In another study, EPC-EV transplantation rescued an experimental model of anti-Thy1.1-induced glomerulonephritis via inhibition of antibody- and complement-mediated injury of mesangial cells (50). In a review article, Sun et al. (51) summarized that stem/progenitor cell-derived EVs, including EPC-EVs, have beneficial effects such as anti-inflammatory, anti-apoptotic, anti-fibrotic, and may also promote renal cancer progression. In summary, EPC-EVs were shown to have a strong renoprotective effect in an acute kidney injury model, and future studies are warranted to extend their application to chronic kidney diseases.



EPC-EVS IN BONE AND CONNECTIVE TISSUE REPAIR

Accumulating evidence demonstrates that EPCs have beneficial effects on bone regeneration by secreting trophic and paracrine factors (52, 53). Pang et al. (54) showed that EPCs modulate the survival, migration, and differentiation potential of osteoclast precursors through the VEGFR-2, CXCR4, Smad2/3, Akt, ERK1, and p38 MAPK pathways (Figure 6). Interestingly, target genes of highly expressed EPC-EV miRs yielded several significant bone and osteoblast differentiation-enriched functional categories (Figure 7). Through in silico experiments, Qin et al. (55) showed that EPC-EVs regulate the osteoblastic differentiation of bone marrow-derived mesenchymal stromal cells by inhibiting the expression of osteogenic genes and increasing proliferation. This suggests that EPC-EVs are able to control osteogenesis and have beneficial effects on connective tissue development, such as fibroblasts and chondrocytes (Figure 7). A preclinical study showed that EPC-EVs have a strong therapeutic effect on distraction osteogenesis by stimulating angiogenesis and osteogenesis (56). The aforementioned therapeutic advantage of EPC-EVs in bone and connective tissue regeneration expands its application to cure various skeletal muscle diseases.
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FIGURE 6. Highly expressed ECFC-EC-derived miRs biological targets were predicted, and the most significantly enriched functional annotations were cell migration and cell cycle. This miR sequence data was generated from PMID: 28631889. MicroRNA target genes were predicted using IPA with information from TargetScan, miRecords, and TarBase databases.
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FIGURE 7. Bioinformatics analysis showed that significantly enriched functional annotation related to bone and connective tissue regeneration. This miR sequence data was generated from PMID: 28631889. MicroRNA target genes were predicted using IPA with information from TargetScan, miRecords, and TarBase databases.




ANGIOGENIC PROPERTIES OF EPC-EVS

Recent studies have shed light on the biological activity and function of EPC-Ev-derived miRs in various in vitro and in vivo models. Dellet et al. (35) demonstrated the high expression levels of 15 miRs identified in ECFC and ECFC-derived EVs such as miR-10a/b, miR-21-5p, miR-30a-5p, miR-126-5p, let-7 families, and miR151a-3p (Figure 3 and Table 1). We further investigated the angiogenic/vasculogenic properties of EPC-EV-derived miRs in silico. As shown in Figure 4, the EPC-EVs-derived miR targets are expressed on angiogenesis- and vasculogenesis-related genes. The majority of the neovasculogenesis phenomenon is coupled with cardiovascular system development and function (Figure 4). Plummder et al. (59) reported that EPC-derived miR-10b and miR-196b overexpression activates VEGF, and the latter enhances breast tumor vasculature. Interestingly, downregulation of miR-10b and miR-196b significantly inhibited tumor angiogenesis in mice, indicating a strong angiogenic potential. miR-126-5p and miR-126-3p overexpression promoted EPC migration and tube-like structure formation in ischemic cardiomyopathy patients in vitro (57). Moreover, transplantation of miR-126-3p-overexpressing EPCs into a rat model of MI showed left ventricular hemodynamic functions along with histological improvements (57). Mathiyalagan et al. (23) also demonstrated that silencing miR-126-3p from CD34 cell-derived exosomes abolished their angiogenic activity and beneficial function both in vitro and in vivo. Furthermore, injection of CD34 cell-derived exosomes increased miR-126-3p levels in mouse ischemic limbs but did not affect the endogenous synthesis of miR-126-3p, indicating a direct transfer of functional miR-126-3p to the ischemic tissue (23).


Table 1. EPC-derived angio-miR.
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DELIVERY ROUTES OF EPC-EVS


Systemic Infusion vs. Local Injection

Previous cell therapy trials have reported that the efficacy of cell therapy is limited by poor engraftment of cells or that engrafted cells disappear several months after transplantation, suggesting a paracrine-based effect on the tissues. Depending on the disease state and location, EV transplantation routes may differ. Classical intravenous transplantation of EPC-EVs has been widely used in preclinical and clinical studies (12, 67) (Table 2). Several beneficial functions of systemic transplantation are listed, including (i) no requirement for special sophisticated delivery techniques, (ii) the immunomodulatory effect of EPC-EVs, and (iii) option for repetitive transplantation that is advantageous for local delivery. Sometimes, the desired results cannot be obtained after one injection of EVs; consequently, repetitive systemic transplantation via the vein is needed, whereas in several diseases, local transplantation is not allowed for this technique. Recently, Yi et al. (27) reviewed 29 publications on the route of administration in preclinical studies and showed that the intravenous route was selected in ~80% of exosome injections, and the remaining exosome delivery routes were intraperitoneal, oral, or local. For instance, an ongoing phase one clinical trial (NCT04327635) on safety evaluation of intracoronary infusion of EV in patients with acute myocardial infarction performs within 20 min after stent placement or post-dilation (whichever is last) (Table 2). This kind of delivery methodology is widely used in previous/also current cell transplantation trials into stent placement or post-dilation vessels to enhance the treatment of damaged organs. Another completed clinical trial (NCT04134676) primary outcome revealed that stem cell-conditioned media-derived EVs therapeutic potential is promising in terms of chronic ulcer size reduction, edema decrease, and presence of granulation signs (Table 2). These macroscopic findings were reported 2 weeks after local delivery of EVs via gel.


Table 2. Clinical trials on therapeutic applications of extracellular vehicles (EVs).
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In most cases, intravenously transplanted EVs accumulate in the liver, lung, spleen, and kidney (27). For target organ delivery, it has been shown that the local tissue inflammatory environment and activation of receptors and ligands (adhesion molecules) play essential roles in EV uptake. This information is valuable for in vivo biodistribution of exosomes and the control of dose and potential side effects.




LOCAL SUSTAINED DELIVERY SYSTEM

To achieve better results, a targeted delivery system with sustained release to damaged organs may be required. Chen et al. (33) demonstrated that the injection of EPC-EVs incorporated with shear-thinning gel into the border zone of myocardial infarction improved the hemodynamic function of the heart. The average steady EPC-EV release from the gel continued for over 21 days. This EV delivery strategy may enhance EV retention by damaged tissue owing to the sustained release and has potential for active use in trophic ulcer treatment.



MECHANISM OF UPTAKE AND ACTION OF EPC-EVS

The mechanism of EV internalization into recipient or acceptor cells is crucial in terms of intercellular communication. Several EV internalization mechanisms have been presented previously in the scientific literature, such as direct uptake followed by fusion, phagocytosis, and macropinocytosis by the recipient cell membrane (25). Indirect EV uptake mechanisms are sophisticated and work through other pathways, such as the clathrin-dependent and clathrin-independent pathways and lipid raft-mediated, caveolin-mediated, and cell surface protein-mediated endocytosis (24, 25, 68). In addition, recent reports revealed that tissue microenvironment pH is a crucial factor for EV uptake and secretion (69); for instance, in a rodent myocardial ischemia injury model, MSC-EVs internalization into ischemic cardiomyocytes was enhanced compared to that in the non-ischemic counterparts, indicating a low pH condition as the likely mechanism (69, 70). Another factor that is common for the preferential accumulation of EPCs and hematopoietic cells in ischemic tissue is the SDF-1/CXCR4 system (71–73). Recently, Viñas et al. (14) showed that CXCR4/SDF-1α interaction plays an essential role in EPC-derived exosome uptake in a mouse acute kidney ischemia-reperfusion injury model. Interestingly, EPC-EVs selectively targeted the ischemic kidney tissues. Hence, transplanted EPC-EVs were detected 30 min to 4 h after reperfusion only within the proximal tubules, glomeruli, and endothelial cells. However, this preferential internalization into the ischemic kidney was interrupted when exosomes were pre-incubated with the CXCR4 inhibitor plerixafor, suggesting CXCR4/SDF-1 α-dependent EPC-EV uptake in ischemic tissues. Taken together, EPC-EVs internalize to the target cells of the CXCR4/SDF-1α system under ischemic conditions, similar to EPCs, although other EPC-EV internalization mechanisms are essential for non-ischemic diseases.



LONG-TERM PRESERVATION AND STORAGE OF EVS

One of the major challenges for the prolonged clinical applicability of EVs is the establishment of proper and reproducible preservation and storage conditions without compromising their therapeutic potential. Several studies have shown that different methods of storage, chemical compounds, and temperature range optimization are crucial before translation to the clinic (74–76). Recently, Wu et al. (77) evaluated the effect of storage temperature by storing EVs at 4 °C, −20 °C, and −80 °C for up to 28 days and comparing them to fresh EVs. In comparison to fresh EVs, 1 month of storage at 4 °C and −20 °C changed the size distribution, decreased the quantity and content, and affected cellular uptake and biodistribution of EVs; however, storage at −80 °C did not show such effects. The authors concluded that storage at 4 °C or −20 °C is suitable for short-term preservation, whereas −80 °C would be preferable for long-term preservation of EVs for therapeutic applications (77). Jin et al. (78) reported that EVs are stable under the conditions of 4 °C (for 24, 72, and 168 h), at room temperature (for 6, 12, 24, and 48 h), and repeated freeze-thaw (from one to five times).

Moreover, the assessment of DNA content and functionality in EVs was stable in a changing environment over repeated freeze-thaw cycles (78). Freeze-drying or lyophilization seems to be the most reliable method for preserving EVs (76). The common stabilizers used in lyophilization are disaccharides such as glucose, lactose, sucrose, and trehalose. A comparative study of EV storage at 4 °C or −80 °C and freeze-drying showed that lyophilization preserves size and enzyme activity which are indicators of EV stability (79). In summary, for long-term EV storage, preferable conditions are deep freezing, such as at −80 °C or below, whereas 4 °C may be acceptable for short-term use. For advanced EV applications, it is preferable to store EV using lyophilization methods to optimize the biological function and therapeutic potential of EVs.



FUTURE PERSPECTIVES AND CONCLUSION

Intensive research on endothelial progenitor cells and translation to the clinic for various cardiovascular ischemia diseases has increased our understanding of their therapeutic mechanisms (e.g., paracrine mechanism-based action) and biological function (80–82). EPC-EVs may be considered as a primary candidate for use against certain ischemic diseases, owing to their strong angiogenic, anti-fibrosis, and immunomodulatory properties (12, 20, 21, 23, 33, 57, 59, 80, 82–86) and safety in clinical settings (Table 2). However, there are hurdles to overcome before EPC-EVs can be applied as therapies such as standardization of classification and nomenclature of EPCs and focusing on the question of which EPCs should be used (9, 87). In addition, depending on the origin, such as tissue-derived or circulating EPCs, EPC-EVs cargo may contain/comprise various genetic materials that could influence the clinical outcome and should be carefully considered before therapy. Another aspect that needs to be addressed is EPC culturing conditions, including the effect of culture media, ischemia preconditioning, and composition of EVs, all of which must be investigated precisely using large animal disease models. The development of optimized and scalable isolation of pure, clinical-grade EPC-EVs for off-the-shelf therapy use will increase their significance. To date, most EV-based studies have used intravenous bolus injection methods, although the choice of the EV delivery route depends on the location of the disease.

Nevertheless, completed and ongoing clinical trials (Table 2), as well as numerous preclinical studies (38, 42, 44, 45, 86, 88), indicate that EPC-EV therapy is feasible and that EVs are safe and well-tolerated.
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Mesenchymal stem cells (MSCs) have been proven capable of differentiating into endothelial cells (ECs) and increasing vascular density in mouse ischemia models. However, the therapeutic potential of MSCs in neointimal hyperplasia after vascular injury is still not fully understood. In this study, we proposed that sustained release of miR-217 inhibitor encapsulated by nanoparticles in MSCs can enhance the therapeutic effects of MSCs on alleviating neointimal hyperplasia in a standard mouse wire injury model. We intravenously administered MSCs to mice with injured arteries and examined neointimal proliferation, endothelial differentiation and senescence. We demonstrated that MSCs localized to the luminal surface of the injured artery within 24 h after injection and subsequently differentiated into endothelial cells, inhibited neointimal proliferation and migration of vascular smooth muscle cells. Transfection of MSCs with poly lactic-co-glycolic acid nanoparticles (PLGA-NP) encapsulating an miR-217 agomir abolished endothelial differentiation as well as the therapeutic effect of MSCs. On the contrary, silencing of endogenous miR-217 improved the therapeutic efficacy of MSCs. Our study provides a new strategy of augmenting the therapeutic potency of MSCs in treatment of vascular injury.
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INTRODUCTION

Percutaneous transluminal angioplasty (PTA) and hypertension, are characterized by blood vessel wall thickening and stenosis due to endothelium injury, vascular smooth muscle cell (VSMC) proliferation, and extracellular matrix deposition in the blood vessels. Intimal hyperplasia (IH) manifested by thickening of the tunica intima of a blood vessel is closely related to vascular remodeling diseases. IH after vascular injury is the main cause of postoperative stenosis/occlusion after endovascular treatment and has long been the focus of vascular research. Whether a damage of the vascular surface reforms the endothelium depends on the extent and the duration of the vascular damage (1, 2). Damage to the integrity of vascular endothelial cells (ECs) induces thrombosis and proliferation of VSMCs within the vessels. EC injury induces platelet adhesion, T-lymphocyte, monocyte and macrophage infiltration as well as release of extracellular matrix-degrading enzymes (3, 4). Platelets, ECs and VSMCs generate growth factors, such as platelet derived growth factor (PDGF), fibroblast growth factor (FGF) and epidermal growth factor (EGF), chemotactic substances and mitogens, and stimulate migration of VSMCs to the intima, where the VSMCs and fibroblasts secrete large amounts of extracellular matrix (ECM) at the vascular injury site (5–7). The secreted ECM is continuously deposited at the injury site, resulting in gradual thickening of the intima and eventually stenosis.

Many studies have been performed using different cell types as therapeutics to treat vascular injury-induced IH (8–12). Mesenchymal stem cells (MSCs) have been considered as an effective treatment option for vascular injury owing to their self-renewal and multilineage differentiation capabilities as well as paracrine property (13). Besides, MSCs have important advantages including their easy isolation (from different sources) and preservation without raising any ethical concerns as well as a limited risk of tumorigenesis (14, 15). MSCs can differentiate into ECs and SMCs in vitro in the presence of various growth factors (16, 17) and can enhance angiogenesis in a mouse hindlimb ischemia model (18, 19). However, the therapeutic effect of those cells is limited due to their low engraftment rate and their therapeutic potential in neointimal hyperplasia after vascular injury is still not fully understood.

MicroRNAs modulate gene expression on post-transcriptional level and are important regulators of angiogenesis and vascular repair. MiR-217 is one of the microRNAs that play a critical role in regulating angiogenesis. MiR-217 regulates endothelial cell aging through silent information regulator 1 (Sirt-1), which is highly expressed in pluripotent stem cells and plays a vital role in controlling the homeostasis of vascular endothelial cells and angiogenesis (20). However, the half-life of miRNAs is relatively short, and can be quickly degraded by nucleases in vivo, thereby limiting its blood stability (19). Promisingly, polylactic acid-glycolic acid (PLGA) is a polymer that has been approved by the U.S. Food and Drug Administration (FDA) for medical applications. A large number of experiments have proved that PLGA-based nanoparticles (NPs) can be used as a delivery system for many therapeutic agents, such as anti-inflammatory drugs, antioxidants, growth factors, antibiotics and therapeutic transgenes (21). In our study, we will use PLGA nanoparticles to encapsulate and control a sustained release of miR-217 inhibitor from MSCs in order to enhance the therapeutic potentials of MSCs in vascular injury of a mouse model.



MATERIALS AND METHODS


Animals

C57BL/6J (8–10 weeks old) mice were purchased from Shanghai Experimental Animal Center (Chinese Academy of Sciences, China). All procedures were performed in accordance with the institutional guidelines and were approved by the Ethics Committee of Wuhan Union Hospital.



Culturing of MSCs

MSCs were isolated from the bone marrow of C57BL/6J mice and cultured in standard medium with 500 mL a-MEM media (Invitrogen), 50 mL FBS, 5 mL Pen/Strep solution (100X), 5 mL L-glutamine (100X) at 37°C in a humidified 5% CO2 atmosphere. The culture medium was replaced every 3 days to remove non-adherent cells. MSCs were analyzed for the expression of the cell surface markers by a flow cytometry assay.



Identification of Implanted MSCs

GFP-labeled MSCs were transplanted by the tail vein injection. The mice were anesthetized 24 h after cell transplantation and received an ice-cold PBS perfusion. The femoral arteries were immediately harvested and fixed with 4% paraformaldehyde for 10 min. The vessel was split open and put on a slide with the endothelial surface facing upwards and covered with a cover slip following addition of a drop of antifade mounting medium (Beyotime, China). The implanted cells were identified by laser scanning confocal microscope (Leica, Germany).



Differentiation of MSCs Into ECs

EC differentiation was performed as previously described (19). Briefly, MSCs were cultured in the EC medium containing ascorbic acid, heparin, 2% FBS and some growth factors including 50 ng/mL VEGF, 10 ng/mL bFGF, 20 ng/mL IGF and 5 ng/mL EGF (PeproTech, USA). The inducing medium was changed every 2 days. The differentiation process was closely monitored with cell morphology. Immunofluorescence and flow cytometry were performed to confirm the endothelial phenotype after 10 days of culture.



PLGA-Based NPs Preparation

PLGA-NPs were generated by an emulsification-solvent evaporation technique under constant magnetic stirring at room temperature using 1.2 mL of agomir aqueous solution (0.84 mg/mL) added to 3 mL of PLGA solution (2 mg/mL, the molar ratio of PLGA to agomir was 6:1) to achieve spontaneous formation of nanoparticles followed by incubation at room temperature for 30 min. The nanoparticles were collected by centrifugation at 13,000 rpm for 10 min, after which the supernatant was discarded, the nanoparticles were resuspended in distilled water, and the packaging efficiency of nanoparticle-agomir miRNA complexes was determined. In order to fully combine PLGA with agomir (nanoparticles/agomir), 3 uL of agomir (19.95 ug/ul) were first added to the sodium tripolyphosphate (TPP) solution (1.2 mL, 0.84 mg/mL) with or without 3 uL of Lipofectamine 2000 and then the mixture was added dropwise to the PLGA solution (3 mL, 2 mg/mL) under constant stirring at room temperature.



Transfection of MSCs With miRNA or Small Interfering RNA

After 3 days of culture MSCs were re-plated in six-well plates (Corning, USA) at a density of 2.5 × 105 cells/well in the presence of 100 nM of microRNA or siRNA and incubated overnight. For gene knockdown or overexpression miR-217 agomir or miR-217 antagomir, Sirt-1 siRNA or 100 nM of control siRNA (conR) (Ribobio Co., China) were transfected into MSCs, respectively. All siRNAs and miRNAs were transfected into MSCs with Lipofectamine 2000 (Invitrogen, USA) according to the manufacturer's protocol, and the cells were harvested for further analysis 48 h post transfection.



miRNA Isolation and Quantitative RT-PCR

Total RNA was extracted using a Trizol reagent (Invitrogen, USA) according to the manufacturer's instructions. Reverse transcription was performed by using a SuperScript Reverse Transcriptase (Fermentas, Glen Burnie, MD) and a miR-217 stem loop primer (Sunny Biotechnology Co., China). Real-time PCR quantification of miR-217 was carried out by using SYBR Green PCR master mix (BIO-RAD, CA). All samples were analyzed by a Bio-Rad real-time analyzer (Bio-Rad Laboratories, Hercules, CA). The U6 small nucleolar RNA was used as a housekeeping/small RNA reference gene. The relative gene expression values were obtained after normalization to U6 small nucleolar RNA expression levels.



Surgical Procedures

C57BL/6 male mice (8–10 weeks old) were anesthetized by intraperitoneal injection of ketamine (1.5 mg/kg) and xylazine (0.3 mg/kg). The groin skin on the right side was depilated and sterilized with 75% alcohol. A groin incision was made under a surgical microscope (Yihua, China). The femoral artery was temporarily tightened with a line at the level of the inguinal ligament, and an arteriotomy was made distal to the epigastric branch. A 0.38-mm flexible angioplasty guidewire (COOK, USA) was then inserted under the help of a micro probe (F.S.T, Germany), the line removed, and the wire advanced to the level of the aortic bifurcation and pulled back with 3 passes. After removal of the wire, the arteriotomy site was sutured. After wounding, mice were divided randomly into 6 groups, and underwent intravenous tail injection with PBS containing 2 × 105 MSCs, MSCs transfected with control siRNA (MSCCoR), miR-217 agomir (MSCmiR−217), miR-217 antagomir (MSCmiR−217I), Sirt1 siRNA (MSCSirt1−I), respectively. Injured arteries were harvested at 3 weeks with 9 mice in each group.



Western Blot Analysis

Western blot was performed as described previously (22). Antibodies to Sirt-1 (1:1,000, Proteintech, USA), β-actin (1:1,000, Cell Signaling, USA), HRP conjugated Donkey Anti-Rabbit IgG (1:2,000, Jackson ImmunoResearch, USA) were used for the corresponding protein detection. Protein band densities were assessed by using ImageJ 1.45S digital analysis software (National Institute of Health, USA).



Senescence-Associated β-Galactosidase Staining

The MSCs were cultured for 3 days in 500 mL a-MEM media (Invitrogen), 50 mL FBS, 5 mL Pen/Strep solution (100X), 5 mL L-glutamine (100X) at 37°C in a humidified 5% CO2 atmosphere. Senescence-associated β-galactosidase (SA-β-Gal) staining was performed by using an SA-β-Gal staining kit (BioVision, Milpitas, CA), as described previously (23). Each experiment was repeated 3 times.



Embryoid Body Generation and Culture

The cells (5 × 104 cells/well) were dispensed in embryoid body (EB) medium onto ultra-low attachment 6-well plates (JET BIOFIL, China) and cultured for 72 h. The EB medium included 100 mL DMEM with 2 mM L-glutamine and without ribonucleosides and ribonucleotides (GIBCO, cat. no. 12800-116), 100 mg/mL penicillin and streptomycin, 3.7 g/L NaHCO3 and 15% of FBS.



Immunofluorescence

Fixation of tissues was performed with 4% paraformaldehyde in PBS for 20 min and the vessels were processed for OCT (Tissue-Tek, USA) embedding. Five μm-frozen sections were cut with a cryostat, blocked with donkey serum (BD Pharmingen, USA), and incubated in rabbit anti-mouse CD31 (1:50, Abcam, UK) and mouse anti-mouse GFP (1:50, Santa Cruz, USA) overnight at 4°C. Incubation with Cy3-conjugated donkey anti-rabbit and FITC-conjugated donkey anti-mouse secondary antibodies was carried out for 1 h (1:200, Jackson ImmunoResearch, USA) at 37°C. The slides were then treated with DAPI for 10 min at room temperature. The slides were cover-slipped and imaged with a Leica immunofluorescence microscope.



Immunohistochemistry

Immunocytochemistry was performed according to standard protocols. Slides were pre-incubated with 5% normal donkey serum (Jackson, USA) for 40 min each. The anti-mouse CD31 (1:50, Abcam, USA) antibody was applied at 4°C overnight, followed by the appropriate HRP-conjugated IgG (1:200, Jackson). Sections were counterstained with hematoxylin.



Cell Adhesion Assay

An MSCs adhesion assay with an endothelial monolayer was carried out according to the procedures described previously with some modifications (24). Mouse brain microvascular endothelial cells (bEnd.3) were seeded onto a 96-well plate to form confluent monolayers. Then bEnd.3 cells were preincubated with 10 U/mL of monocyte chemotactic protein 1 (MCP1, R&D systems, USA) for 4 h. Subsequently, 1 × 105 MSCs labeled with PKH26 (Sigma, USA) were added to the endothelial cell monolayer at 37°C for 1 h. Then non-adherent cells were removed by a gentle wash with PBS for three times. Adherent MSCs were fixed, visualized by fluorescence microscopy and counted in five randomly chosen fields-of-view (FOV) for each well. Each experiment was repeated 3 times.



Flow Cytometry

The cells were harvested by 0.05% trypsin treatment for 3 min, then the cells were washed once with FACS buffer (0.5% BSA/PBS) and fixed with 1% PFA at 37°C for 10 min followed by washing 3 times. The CD31-PE (1:100, BD), CD144-FITC (1:100, Bioss, China) antibodies were diluted in FACS buffer and incubated with the cells at 4°C for 30 min. After 3 times washing with FACS buffer, the cells were analyzed on the Cytoflex LX flow cytometer (Beckman, USA).



Analysis of Intracellular ROS Level

Intracellular ROS levels were determined by the fluorescence analysis of cells stained with 5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate acetyl ester (CM-H2DCFDA) (Invitrogen). After treatment with PBS of different miRNAs for 48 hr, MSC were incubated with CM-H2DCFDA for 30 min at 37°C followed by three washes with PBS. Then the cells were fixed with 4% paraformaldehyde for 10 min and all images were captured under the fluorescent microscope, and the fluorescence was quantified by Image J Software (National Institute of Health, USA).



MSC-EC Tube Formation Assay

MSC-EC were firstly transfected with different miRNAs for 48 hr, then tube formation was performed by seeding MSC-EC (2.5 × 104 cells/well) on Matrigel (65 μL/well) into a 96-well plate for 24 h in the incubator. Afterwards, five pictures per well were taken using an Olympus IX83 microscope. The tube length was quantified by Image J Software (NIH).



Statistical Analyses

Data are expressed as mean ± SD. For experiments including multiple comparisons, P-values refer to one-way ANOVA followed by Tukey's honestly significant difference (HSD) test. For experiments including only one comparison, P-values refer to unpaired 2-tailed Student's t-test. P ≤ 0.05 was considered statistically significant. Analyses were performed using Prism 7 software (GraphPad).




RESULTS


Nanoparticle-Encapsulated MiR-217 Is Slowly Released

PLGA nanoparticles (NP) with a mean diameter of 120 nm (Figure 1A) were generated by a double emulsion technique. When 1 mg of nanoparticles loaded with miR-217 agomir was incubated in 1 mL of PBS at 37°C, 20% of the encapsulated miR was released during the first 3 days and 80% was continuously released until day 12 (Figure 1B). Green fluorescence dye FAM-labeled control siRNAs were encapsulated into NPs (Figure 1C green panel), and a large amount of green fluorescent NPs was taken into MSCs from the culture medium within 12 h (Figure 1C).


[image: Figure 1]
FIGURE 1. Characterization of PLGA-NP and evaluation of miR-217 effect on endothelial cells (EC) differentiation from MSC. (A) PLGA-NP image under a scanning electron microscopy. (B) The cumulative amount of miR-217 released from the PLGA-NP was determined via qPCR. (C) Representative image of MSC after 12 h of incubation with nanoparticles containing green fluorescence dye FAM-labeled control siRNAs. Scale bars = 50 μm. (D) Fluorescent imaging of differentiated endothelial cells (EC) from MSC after transfection with or without PLGA-NP. Scale bars = 50 μm. (E) Quantification of CD31+ and CD144+ ECs differentiated from MSC and MSC transfected with NP. (F) Flow cytometric analysis of CD31 and CD144 expression on MSC and EC derived from MSC, MSC transfected with agomiR-217 (MSCmiR−217) or MSC transfected with antagomiR-217 (MSCmiR−217I).




MiR-217 Can Modulate the Differentiation MSCs Toward ECs

Internalizaiton of empty NPs did not affect the EC differentiation efficiency as shown by the percentages of differentiated CD31+ and CD144+ cells from MSCs (Figures 1D,E). However, when miR-217 agomir loaded NPs were internalized by MSCs (MSCmiR−217), the differentiation efficiency was reduced; on the contrary, miR-217 inhibition (MSCmiR−217I) improved EC differentiation efficiency (Figure 1F).



Intravenously Administered MSCs Home to Femoral Artery Injury Sites

In order to study the therapeutic effect of MSCs on vascular endothelium injury, we first established the standard wire-induced femoral artery injury model using 8–10-weeks-old C57BL/6J mice as previously described (20) (Figure 2A). The cell injection time points were determined at 1 h, day 1, day 3, and day 7 after surgery (Figure 2B). As shown in Figure 2C, the femoral artery of the standard wire-operated C57BL/6J mice showed significant intimal hyperplasia (n = 3), as compared to the uninjured femoral artery. To evaluate the therapeutic effects of MSCs on arterial injury, we next injected MSCs (2 × 105 cells) in 200 uL via the tail vein. Injecting the same amount of PBS alone served as negative controls. To track the injected MSCs in the recipient mice with femoral artery injury, we used an MSC line stably expressing GFP (GFP-MSCs) and examined the cells using confocal microscopy 24 h after injection. The injured femoral arteries were dissected, and the luminal surfaces were examined. GFP-MSCs were identified on the luminal surface of injured femoral arteries, indicating that MSCs could home to the injury sites (Figure 2D). Three weeks after cell injection, mice were sacrificed, and the femoral arteries were harvested for further analysis. We found that only MSCs treated with NPs encapsulating miR-217 antagomir retained in the injured artery and differentiated into ECs (Figure 2E).


[image: Figure 2]
FIGURE 2. A femoral artery injury model in mice. (A) A schematic representation of the surgical procedure. (B) A schematic representation about the cell treatment procedure after the femoral artery injury. (C) A representative image of uninjured femoral artery and neointima formation 21 days after endothelial cell damage. Scale bars = 100 μm. (D) MSCs home to the vascular injury site at 24 h after injection; 2 × 105 GFP-labeled MSCs were intravenously infused directly in the mouse tail vein following the femoral artery injury, and 24 h later the presence of GFP-labeled cells was analyzed by fluorescence microscopy. Representative confocal microscopy images show that the injected MSCs localized exclusively to the site of injury. Scale bars = 20 μm. (E) Immunofluorescent analysis revealed differentiation of engrafted GFP-labeled MSCmiR−217I into endothelial cells at day 21 after cells injection.




Intravenously-Administered MSCs Is Sufficient to Exert a Protective Effect on Injured Arteries, Which Is Enhanced by MiR-217 Inhibition

To evaluate the protective effect of MSCs on IH, the tunica neointima-to-tunica media area thickness ratio was examined using Hematoxylin & Eosin (HE) staining across the sections. Compared to the PBS group, injection of MSCs transfected with control siRNA (CoR)-loaded NP (MSCCoR) significantly decreased the neointima-to-media thickness ratio (Figures 3A,B), indicating that MSCs successfully inhibited neointimal proliferation in the injured vascular endothelium. MiR-217 overexpression in MSCs abolished the therapeutic effect of the MSCs treatment on IH (Figure 3B), whereas MSCs transfected with miR-217 antagomir-loaded NPs (MSCmiR−217I) significantly improved the therapeutic effect (Figure 3B), suggesting that miR-217 negatively regulates MSC-mediated recovery in neointimal hyperplasia. To evaluate efficiency of re-endothelialization of the injured artery, we stained the vessels with an endothelial cell marker CD31. Although each treatment group showed some degree of re-endothelialization, MSCmiR−217I treatment group exhibited the greatest number of CD31 positive cells surrounding the luminal surface of the repaired intima (Figure 3C).
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FIGURE 3. Evaluation of the therapeutic effect of MSC injection on re-endothelialization of the injured vasculature and the role of miRNA-217 in the injured artery repairment process. (A) Representative images of injured femoral arteries at 3 weeks after treatment with PBS, MSCCoR (MSCs transfected with control siRNA), MSCmiR−217, MSCmiR−217I. Scale bars = 100 μm. (B) Analysis of the intima-to-media thickness ratio to reveal the cell treatment effect for neointima formation. *P < 0.05 vs. PBS, #P < 0.05 vs. MSCCoR, ¥P < 0.05 vs. MSCmiR−217. n = 9 each. (C) Immunohistochemistry analysis of injured vessels for CD31 endothelial marker expression at day 21 after the surgery and cell treatment.




MiR-217 Inhibits Sirt-1 Expression, Causes EBs Malformation and Senescence in MSCs

Nicotinamide adenosine dinucleotide (NAD)-dependent deacetylase Sirt-1, also known as Sirtuin-1, is a critical factor that promotes angiogenesis and is one of the downstream targets of miR-217 (20). We hypothesized that the adverse effect of miR-217 on the MSC-mediated therapeutic activity on IH could result from downregulation of the Sirt-1 expression in MSCs. Indeed, transfection of miR-217 agomir into MSCs (miR-217 overexpression) significantly inhibited Sirt-1 expression, similar to the effect of Sirt-1 silencing achieved by the siRNA transfection of MSCs (Figures 4A,B). These results were consistent with previous reports on the inhibitory effect of miR-217 on Sirt-1 expression in tumor cells, liver cells and endothelial cells (20, 25, 26). In addition, miR-217 overexpression caused malformation of EBs (Figures 4C,F), which is an indicator of MSC malfunction and possibly impaired differentiation. Similar to the effect of Sirt-1 siRNA, inhibition of Sirt-1 expression by miR-217 overexpression caused a significant senescence in MSCs (Figures 4D,G). Furthermore, miR-217 overexpression could also increase reactive oxygen species (ROS) expression in MSCs (Figures 4E,H). These data suggested that the negative effect of miR-217 on the therapeutic role of MSCs resulted from increased senescence and impaired function of MSCs.


[image: Figure 4]
FIGURE 4. MiR-217 overexpression in MSCs reduces Sirt-1 expression, induces malformation of EBs, increased senescence and ROS activity. (A) A comparative analysis of the Sirt-1 expression in intact MSCs and MSCCoR, MSCmiR−217, MSCmiR−217I, MSCSirt1−I by Western blot. (B) Protein quantification by band densitometry in gels shown in panel (A), *P < 0.05 vs. PBS, #P < 0.05 vs. MSCCoR, ¥P < 0.05 vs. MSCmiR−217, &P < 0.05 vs. MSCmiR−217I, n = 3. (C) Representative images of EB formation assay in each group. Scale bars = 500 μm. (D) Representative images of β-galactosidase (SA-β-gal) cell staining in each experimental group. Scale bars = 100 μm. (E) Fluorescence microscopic images of intracellular ROS production by DCF staining (green) in MSC cells. Scale bars = 100 μm. (F–H) Statistical analysis of EB quantification, SA-β-gal positive cells and DCF positive cells. *P < 0.05 vs. PBS, #P < 0.05 vs. MSCCoR, ¥P < 0.05 vs. MSCmiR−217, &P < 0.05 vs. MSCmiR−217I, n = 3.




Inhibition of MiR-217 Promotes MSC Adhesion and Re-endothelialization

Previous studies suggested that the adhesion of MSCs to injured endothelial cells is required for MSCs to contribute to angiogenesis (27). We therefore performed a cell adhesion assay to determine if miR-217 inhibition can promote adhesion of MSCs to endothelial cells. As shown in Figures 5A,C, the basal adhesion activity did not differ significantly between MSCs and MSCCoR, while the adhesion activities of MSCmiR−217I increased dramatically. We next investigated the function of MSCs in a tube formation assay. As shown in Figures 5B,D, the tube length of MSCmiR−217I group enhanced dramatically, as compared to MSCCoR.
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FIGURE 5. miR-217 inhibition can improve MSC treatment efficiency for IH by increasing the differentiation potential into endothelial cells at the injury site. (A) The adhesion properties of MSCs to the endothelial monolayer after treatment with PBS, MSCCoR, MSCmiR−217, MSCmiR−217I or MSCSirt1−I. (B) Assessment of MSC-EC tube formation properties in each treatment group. Scale bars = 200 μm. (C) Quantification of the adherent MSCs visualized for each sample in five randomly chosen fields (FOV) of duplicate chambers, *P < 0.05 vs. PBS, #P < 0.05 vs. MSCCoR, ¥P < 0.05 vs. MSCmiR−217, &P < 0.05 vs. MSCmiR−217I, n = 3. (D) Quantification of tube formation experiment. *P < 0.05 vs. PBS, #P < 0.05 vs. MSCCoR, ¥P < 0.05 vs. MSCmiR−217, &P < 0.05 vs. MSCmiR−217I, n = 3. (E) Immunofluorescent analysis revealed differentiation of engrafted GFP-labeled MSCs into endothelial cells. Paraffin sections of wound biopsies in each group were immunostained with anti-CD31 antibody and anti-GFP antibody. Fluorescence images reveal that MSCs expressing GFP (green) were incorporated into the vascular structures of the MSC-treated wounds and expressed CD31 endothelial marker (red). Nuclei were counterstained with DAPI (blue). The merged images evidence that the implanted GFP-labeled MSCs differentiated into CD31+ endothelial cells.


To evaluate the therapeutic effect of MSCs on neointima recovery in vivo, we analyzed vascular re-endothelialization at day 21 on the luminal surface of the injured arteries and assessed their integrity. As expected, more CD31+ cells were detected in the arterial lumens in cell treatment group as compared to PBS group (Figure 5E). However, re-endothelialization was significantly suppressed when applying MSCs with miR-217 overexpression. To track the injected cells, we also detected GFP fluorescence in the luminal surface. We assessed the ratio of GFP/CD31-double positive cells in injuried femoral artery at week 3 after surgery, double positive cells could be found in MSCmiR−217I group and could rarely be found in other cell treatment groups (Figure 5E). These results indicated that inhibition of miR-217 in MSCs accelerated re-endothelialization.




DISCUSSION

Intimal hyperplasia resulting from vascular injury is the main cause of vascular surgical reconstruction and endovascular treatment, which often leads to postoperative artery stenosis or occlusion. Current clinical approaches to reduce luminal stenosis induced by vascular injury include radiation, drug therapy, cell therapy and other strategies. However, the resulting therapeutic benefits are not satisfactory, while the cell therapy approach is hampered by limited cell sources.

MSCs hold promise for IH therapy owing to their self-renewal, vascular differentiation capabilities and paracrine properties (13) with some advantages lying in the straightforward cell isolation (from different sources) technique and ease of preservation. In addition, utilization of human MSCs raises no ethical concerns and harbors a limited risk of tumor (teratoma) development (14, 15). In this study, we demonstrated that intravenous administration of MSCs results in a significant therapeutic benefit for vascular injury repairment that occurs through re-endothelialization. GFP fluorescence of the transplanted MSCs allowed us to determine that MSCs could home to the vascular luminal surface of the injury site within 24 h, some of which survive for an extended time (3 weeks post MSC treatment). Co-localization of CD31 staining and GFP immunofluorescence indicated that at least some MSCs transdifferentiated into the vascular endothelial cells at the luminal surface of the injury site. Furthermore, the vascular intima-to-media thickness ratio was significantly reduced 3 weeks after MSCs administration. On the other hand, no obvious localization to the injury site was observed for the MSCmiR−217, suggesting that miR-217 interfered with homing and/or differentiation of MSCs into endothelial lineage. The therapeutic effect of the MSCmiR−217 was therefore significantly impaired by this inhibition. Our in vitro data showed that, miR-217 expression leads to knockdown of Sirt-1 protein expression, and increases senescence, ROS expression and malformation of EBs in the transfected MSCs. MiR-217 expression also inhibited the adhesion of MSCs and tube formation of MSC-ECs. These data suggested that miR-217 downregulates the expression of endogenous Sirt-1 in MSCs thereby hindering their natural process of homing to the vascular injury sites and basal function.

When MSCs were transfected with miR-217 inhibitor-loaded PLGA-NPs, they exhibited higher injury repairing capabilities. MSCmiR−217I showed a statistically significant difference in the ability to repair blood vessel damage relative to those of PBS and MSCCoR. Although MSC treatment could reduce intimal hyperplasia and promote re-endothelialization of the injured artery, almost no CD31+GFP+ ECs could be located at the luminal surfaces at week 3 after surgery. However, a large number of CD31+GFP+ ECs were found in the artery after MSCmiR−217I treatment, and the protective effect were significantly improved than the MSCCoR-treated mice, implying that miR-217 might affect MSC differentiation ability and have additional important biological roles in MSCs that warrant further studies.

Our data also suggested that miR-217 downregulates the expression of endogenous Sirt-1, thereby inducing cell aging and diminishing MSC differentiation capability. MiR-217 inhibition mediated by the miR-217 antagomir-loaded PLGA-NPs can significantly improve the efficacy of MSC-mediated IH treatment. In conclusion, our findings demonstrate a profound therapeutic benefit of MSCs on the endothelium recovery post vascular injury, which is negatively regulated by miR-217, offering a new potential IH treatment strategy.
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We evaluated the metabolic profile in pig hearts at postnatal day 1, 3, 7, and 28 (P1, P3, P7, and P28, respectively) using a targeted liquid chromatography tandem mass spectrometry assay. Our data showed that there is a clear separation of the detected metabolites in P1 vs. P28 hearts. Active anabolisms of nucleotide and proteins were observed in P1 hearts when cardiomyocytes retain high cell cycle activity. However, the active posttranslational protein modification, metabolic switch from glucose to fatty acids, and the reduced ratio of collagen to total protein were observed in P28 hearts when cardiomyocytes withdraw from cell cycle.
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INTRODUCTION

Cardiomyocytes in adult mammals possess very limited regenerative potential as a result of cell cycle exit. Myocardium loss after injuries is typically replaced by fibrotic scar. Several lines of evidence have shown that cardiomyocytes in neonatal mice (1) and pigs (2) retain regenerative capacity. We have recently shown that hearts of postnatal day 1 and day 2 pigs can regenerate lost myocardium in response to injury (2). This regeneration is mediated by proliferation of preexisting cardiomyocytes, which does not occur when cardiomyocytes permanently exit cell cycle. However, mechanisms underlying injury-mounted regenerative response especially in large mammals have not been fully understood.

Cardiomyocytes in postnatal mice undergo hypertrophic growth to adapt to increased blood pressure and volume. The process of cardiomyocyte maturation is associated with a cessation from cell cycle and proliferation activities, along with changes of energy metabolism switching from glycolysis to fatty acid oxidative metabolism to allow more efficient ATP production. Prior research has illustrated metabolic state in developing mouse hearts, and showed that metabolism switch is associated with cell cycle cessation (3, 4). However, metabolic changes and signaling pathways mediating cardiomyocyte maturation and cell cycle withdrawal in postnatal pig hearts have not been reported. Therefore, we performed a targeted metabolomic analysis to evaluate the metabolic profile in pig hearts from postnatal day 1 to day 28.



MATERIALS AND METHODS


Animal Protocol

All animal protocols were approved by the Institutional Animal Care and Use Committee of the Mayo Clinic and were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Postnatal day 1 (P1), day 3, (P3), day 7 (P7), and day 28 (P28) pigs (Yorkshire-Landrace Cross background) were obtained from certified vendor S&S Farms.



Tissue Preparation

A small block of heart tissue (~20 mg) was dissected from apex of each heart (n = 6 per age, both male and female were included), and was homogenized in 200 μL MeOH:PBS (4:1, v:v). After adding 800 μL MeOH:PBS, lysates were vortexed for 10 s, and stored at −20°C for 30 min. Samples were sonicated in an ice bath for 30 min, followed by a spin-down at 14,000 rpm for 10 min (4°C). A total of 800 μL supernatant was transferred to a new Eppendorf tube and vacuum dried. The pellets were reconstituted with 150 μL solution containing 40% PBS and 60% acetonitrile prior to mass spectrometry (MS) analysis. A quality control (QC) sample was generated by pooling all the study samples.



Targeted Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS)

Targeted LC-MS/MS assay was performed as we described before (5). We implemented a pathway-specific LC-MS/MS method that can cover more than 300 metabolites from >35 metabolic pathways. Each sample was injected twice, one injection of 10 μL was for analysis with negative ionization mode and the other injection of 4 μL was used for analysis with positive ionization mode. Both chromatographic separations were performed in hydrophilic interaction chromatography mode on a Waters XBridge BEH Amide column (150 × 2.1 mm, 2.5 μm particle size). The flow rate was set as 0.3 mL/min, auto-sampler temperature was set at 4°C, and the column compartment was kept at 40°C. The mobile phase was composed of Solvents A (10 mM ammonium acetate, 10 mM ammonium hydroxide in a mixed solution containing 95% H2O and 5% acetonitrile) and Solvents B (10 mM ammonium acetate, 10 mM ammonium hydroxide in a mixed solution containing 5% H2O and 95% acetonitrile). After the initial isocratic elution for 1 min, the percentage of Solvent B was reduced to 40% (t = 11 min), and it was maintained at 40% for 4 min (t = 15 min). The mass spectrometer is equipped with an electrospray ionization source. Targeted data acquisition was performed in multiple-reaction-monitoring (MRM) mode. The extracted MRM peaks were integrated using Agilent MassHunter Quantitative Data Analysis.



Western Blot

A small piece (~100 mg) of left ventricular tissue from each pig heart was isolated. Whole cell lysate was generated using the protocol we reported before (6). Protein concentration was measured with a BCA kit (Thermo Fisher Scientific, cat# 89900). Samples were solubilized in sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) loading buffer for 5 min at 95°C and resolved on 10% SDS–PAGE gels. After the electro-transferred from the gel to nitrocellulose (Amersham) membrane, the equal loading was confirmed by Ponceau S staining (Fisher Scientific, Cat# AAJ6074430). Immunoblotting was performed using antibodies recognizing LDHA (Thermo Fisher Scientific, Cat# PA5-27406), LDHB (Thermo Fisher Scientific, Cat# 14824-1-AP). Signal was visualized by Odyssey CLx Infrared Imaging System (LI-COR Biosciences). Western signal was digitized and quantitated using Image Studio Lite Quantification Software.



Statistical Analysis

All data were log10 transformed, mean-centered, and divided by the square root of standard deviation (SD) for each metabolite (Pareto-scaled) to approximate normal distribution. Data in Figure 1C were processed for univariate statistical testing using one-way ANOVA with Fisher's Least Significance Difference Test. Data in Figures 1E,G,I were processed for univariate statistical testing using Student's t-test in the Metaboanalyst 5.0 package to compare the relative concentrations of metabolites between cohorts. Data in Figures 2A–C, 3A–C, 4B were presented as box plot showing the minimum, 25th percentile, median, 75th percentile, and maximum. Statistics were analyzed using Graphpad Prism 8.4.3. Differences between these groups were evaluated by one-way ANOVA with Tukey's Honestly Significant Difference Test. P < 0.05 was considered statistically significant. Data in Figure 5C were presented as Mean ± SEM. Statistics were analyzed using Graphpad Prism 8.4.3. Differences between these groups were evaluated by one-way ANOVA with Tukey's Honestly Significant Difference Test. P < 0.05 was considered statistically significant.


[image: Figure 1]
FIGURE 1. Metabolic state in neonatal pig hearts. Four sets of left ventricular tissue samples were collected on P1, P3, P7, and P28 pigs for LC-MS/MS analysis. (A) Heat map of linear mixed effect model estimates for metabolites. (B) Principal component analysis (PCA) of metabolites from cardiomyocytes in P1, P3, P7, and P28 hearts. (C) Volcano plot of metabolites from P1, P3, P7, and P28 hearts (p < 0.05; one-way ANOVA with Fisher's Least Significance Difference Test). The purple and gray dots represented the significant changed and unsignificant changed metabolites. (D) PCA of metabolites from cardiomyocytes in P1 and P3 hearts. (E) Volcano plot of metabolites from P1 and P3 hearts (p < 0.05; Student's t-test). (F) PCA of metabolites from cardiomyocytes in P1 and P7 hearts. (G) Volcano plot of metabolites from P1 and P7 hearts (p < 0.05; Student's t-test). (H) PCA of metabolites from cardiomyocytes in P1 and P28 hearts. (I) Volcano plot of metabolites from P1 and P28 hearts (p < 0.05, Student's t-test). The red, blue, and gray dots represented the up-regulated, down-regulated, and unchanged metabolites, respectively.
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FIGURE 2. Nucleotide and carbohydrate metabolism in neonatal pig hearts. (A,B) Metabolites in the pathway of nucleotide synthesis (A) and break down (B) in the four sets of heart samples (P1, P3, P7, and P28 hearts). (C) Metabolic profile of glucose, other sugars, and fatty acids. *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA with Tukey's Honestly Significant Difference Test. n = 6 hearts per age.
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FIGURE 3. Amino acid and collagen metabolism in neonatal pig hearts. (A–D) Metabolic profile of glucogenic amino acids (A), ketogenic amino acids (B), glucogenic/ ketogenic amino acids (C), and glucosamine 6-phosphate (D). (E) Metabolites in the collagen synthesis pathway. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, one-way ANOVA with Tukey's Honestly Significant Difference Test. n = 6 hearts per age.
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FIGURE 4. Metabolic pathway analysis and cardiac attributes in neonatal pig hearts. (A) Metabolite set enrichment analysis on metabolites in the P1 and P28 hearts. (B) Body weight and Heart weight in the P1–P28 animals. **p < 0.01, ***p < 0.001, ****p < 0.0001, one-way ANOVA with Tukey's Honestly Significant Difference Test. n = 6 hearts per age.
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FIGURE 5. Expression of LDHA and LDHB in neonatal pig hearts. (A) Western blot analysis of expression of LDHA and LDHB in in the four sets of heart samples (P1, P3, P7, and P28 hearts, n = 3 hearts per age). (B) Ponceau S staining of the blot to confirm equal protein loading. (C) Quantification of band intensity by western blot via densitometric analysis. *p < 0.05; one-way ANOVA with Tukey's Honestly Significant Difference Test.





RESULTS

Heat map of abundance of metabolites from P1, P3, P7, and P28 samples showed the differently regulated metabolites in these samples (Figure 1A, Table 1). Principal component analysis (PCA) revealed that metabolomic profile of P28 animals was clearly separated from the P1, P3 and P7 hearts (Figure 1B). A total of 79 metabolic features changed significantly (p < 0.05) in at least one of the group comparisons (P1 vs. P3, P1 vs. P7, and P1 vs. P28) for analyses with LC-MS/MS (Figure 1C). Individual comparison between P1 and P3 hearts didn't reveal a clear separation of metabolomic profiles (Figure 1D), and 14 metabolites were identified with differential expression (Figure 1E). A comparison between P1 and P7 hearts revealed a clear separation of metabolomic profiles (Figure 1F), and 25 metabolites were identified with differential expression (Figure 1G). Finally, a comparison between P1 and P28 hearts revealed a clear separation of metabolomic profiles (Figure 1H), a total of 135 metabolites were detected and 74 metabolites were identified with differential expression. Of the 74 differentially expressed metabolites, abundance of 40 metabolites were increased, and the abundance of 34 metabolites was decreased (Figure 1I).


Table 1. List of metabolic features changed in the group comparisons.
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Nucleotide biosynthesis requires ribose, glycine, aspartate, and glutamine (7). Our data indicated a decreased abundance of glycine and aspartate (Figure 2A) and an increased abundance of several intermediate metabolites (guanosine, adenosine, inosine, hypoxanthine, and ADP) in purine degradation pathways (Figure 2B) in P28 comparing to P1 hearts. This data is consistent with our previous observation that cardiomyocyte cell cycle is significantly reduced in P28 comparing to P1 hearts. Interestingly, abundance of ribose and ribose-5-phosphate was significantly increased in P28 comparing to P1 hearts (Figure 2A). Ribose as its 5-phosphate ester (ribose-5-phosphate) is typically produced from glucose by pentose phosphate pathway. Our data from the pathway analysis of glucose metabolism suggested that, while the intracellular glucose level remained unchanged among P1, P3, P7, and P28 hearts, abundance of the intermediate metabolites in the pathways of glycolysis [glucose-6-phosphate, Phosphoenolpyruvate (PEP), and 3-phosphoglyceric acid] were decreased in P28 comparing to P1 hearts (Figure 2C), which implicates an overall reduced level of glycolysis. The decreased abundance of oxaloacetic acid and increased abundance of lactic acid in P28 hearts suggested that glycolysis rather than glucose oxidation is the main form of glucose metabolism in mature pig hearts (Figure 2C). Reduced level of the metabolism of lactose, sorbitol, and dulcitol (galactitol) was also observed, which implicates a reduced availability of the storage form of glucose when pig heart matures. Abundance of fructose remained stable during the postnatal heart development, and abundance of raffinose showed a tendency of reduction though it didn't reach the significant level (Figure 2C).

The abundance of glucogenic amino acids (alanine, asparagine, valine, and serine) significantly reduced in P28 comparing to P1 hearts, while no change was found for abundance of glutamic acids and histidine (Figure 3A). The biological implication of these changes to heart development is not clear since gluconeogenesis occurs mainly in liver and rarely in heart muscles. Abundance of leucine, a ketogenic amino acid, increased in P3 hearts followed by a tendency of reduction in P7 and P28 hearts (Figure 3B), implicating increased keto metabolism in early postnatal pig hearts. Abundance of ketogenic and glucogenic amino acids (phenylalanine, tyrosine, and tryptophan) were constantly reduced from P1 to P28 hearts. Abundance of isoleucine was increased in P3 hearts but gradually decreased in P7 and P28 hearts. In addition, abundance of threonine was increased in P7 followed by a reduction in P28 hearts (Figure 3C).

The abundance of glucosamine 6-phosphate (GLCN6P) was reduced in P28 hearts comparing to P1 hearts (Figure 3D). Fructose 6-phosphate and glutamine are catalyzed by glutamine-fructose 6-phosphate amidotransferase to form GLCN6P, which is then converted to UDP-N-acetylglucosamine (UDP-GlcNAC) through a series of enzyme-driven reactions (8). UDP-GlcNAc is an important posttranslational protein modification on Ser/Thr sites driven by O-GlcNAc transferase (OGT) and this modification has been shown to contribute to cardiomyocyte cell cycle regulation in mouse hearts (9). However, the role of this posttranslational modification (O-glycosylation) in pig hearts has not been reported.

Collagen triple helix is one of the few proteins that contain the amino acid hydroxyproline, therefore, hydroxyproline has been used to estimate total collagen content and concentration in mouse and human tissues (10, 11). It was reported that collagen content increases constantly in developing pig hearts during the first 8 weeks (12). In human hearts, the total amount of collagen increases with age (10). However, the ratio of total collagen to total protein is high after birth and it gradually declines during development, with the total collagen/total protein ratio reaching normal levels around 5 months after birth (10). In the current study, abundance of all metabolites was normalized by total protein content. The abundance of hydroxyproline was high in P1, P3, and P7 hearts comparing to the P28 heart (Figure 3E). This data suggests a high ratio of collagen to total protein in the young pig hearts which is consistent with the observations from human hearts.

Functional batch annotation and ontology enrichment analysis identified important representative metabolite ontology categories based on KEGG pathway. The highly enriched metabolites were found in the amino acid and protein metabolism pathways (Figure 4A). Along with the increased body weight (Figure 4B), the average heart weight of the neonatal pigs was 17.82 ± 1.94 (for P1), 19.63 ± 4.41 (for P3), 20.61 ± 2.44 (for P7), and 48.39 ± 5.32 (for P28) grams, indicating an rapidly increased mass between postnatal day 7 and 28 (Figure 4B). We have previously reported that cardiomyocyte cell cycle activity in neonatal pig hearts declines abruptly (i.e., by ~70%) in the first 7 days after birth. Taken together, these data implicate a massive hypertrophic growth between P7 and P28 when cardiomyocytes withdrawal from cell cycle. The proliferating cells typically require massive anabolic program to generate biological macromolecules such as proteins and nucleotides. Therefore, the overall reduced abundance of different amino acids in P28 comparing to P1 hearts (Figures 3A–E) likely reflects an increased biosynthesis of proteins to accommodate the needs for cell proliferation in P1 hearts, while protein synthesis declines in P28 when proliferation stops.



DISCUSSION

Our data suggested an active anabolism of nucleotide and proteins in the neonatal pig hearts when cardiomyocytes retain some cell cycle activities. Reduced ratio of total collagen to total protein, active posttranslational protein modification, and a metabolic switch from glucose to fatty acids were also observed when cardiomyocytes become mature. To our knowledge, this is the first study to determine metabolic profile in developing pig hearts.

An important finding of current study is the discovery of the transition from carbohydrate to fatty acid metabolism during postnatal heart development (Figure 2C). The metabolic switch from glycolysis to phosphorylated oxidation of fatty acids in the postanal hearts has been reported in other mammals (13, 14). The gradually increased abundance of acetylcarnitine in P3 and P7 hearts comparing to P1 hearts likely reflects an increased level of fatty acid β-oxidation when cardiomyocytes become mature. Another interesting finding is that the abundance of several metabolites in extracellular matrix (ECM) remodeling was changed from P1 to P28. For example, a reduced abundance of GLCN6P was observed in P28 hearts compared to P1 hearts (Figure 3D). GLCN6P is converted to UDP-GlcNAC through a series of enzyme-driven reactions (8). UDP-GlcNAc is an important substrate for the synthesis of proteoglycans, hyaluronan, glycolipid, et al. (15). We also observed an increased abundance of hydroxyproline in P1, P3, and P7 hearts compared to the P28 heart (Figure 3E). Hydroxyproline has been used as a marker for estimating total collagen content and concentration in mouse and human tissues (10, 11). Taken together, our data suggest an active ECM remodeling in the postnatal pig heart.

Despite the reduced abundance of intermediates in glycolysis pathway, the abundance of lactic acid was increased in P28 pig hearts compared to P1 pig hearts (Figure 2C). This data are consistent with the observation that lactic acid is gradually increased in postnatal mouse hearts (4). Intracellular lactic acid can be produced from pyruvate during the last step of glycolysis which is a reversible conversion catalyzed by lactate dehydrogenases (LDHs) (16), or be obtained from peripheral circulation by monocarboxylic acid cotransporters (MCTs) (17, 18). LDHs are homo- or hetero-tetramers assembled from two different subunits (M and H), which are encoded by two separate genes, LDHA (M) and LDHB (H), respectively (19). LDH1 is composed of four LDHB subunits and favors the conversion from lactate to pyruvate, and LDH5 is composed of four LDHA subunits and favors the conversion from pyruvate to lactate (20). Expression of LDHA is induced during physiological (e.g., running and swimming) and pathological (e.g., pressure overload induced by thoracic aortic constriction) cardiac hypertrophy (21, 22). We performed western blot experiments to check the expression of LDHs in the postnatal pig hearts. Our data showed that expression of LDHA was decreased and LDHB was increased in P28 hearts comparing to P1, P3, and P7 hearts (Figures 5A–C). During cardiac maturation, lactic acid oxidation and glycolysis were reduced, and fatty acid oxidation became the main energy supply (14). However, the ratio of LDH to LDHA continued to rise during the first month after birth in guinea pigs (23), which is consistent with our observations in postnatal pig hearts. Detailed mechanisms underlying the changes of LDHA and LDHB in postnatal hearts were not clear. Considering that glycolysis is reduced in P28 hearts in the current study, we speculate that the increased lactic acid is likely due to increased uptake from peripheral blood.

It is worthy to note that time window for these metabolic switch matches the window that neonatal pig hearts lose their regeneration capacity post injury (2). Recent data showed that simulating the postnatal switch in metabolic substrates from carbohydrates to fatty acids promotes cell cycle arrest in human cardiomyocytes (24). However, it was also reported that stimulation of glycolysis promotes cardiomyocyte proliferation in zebrafish (25). Thus, far, it is not clear if the metabolic switches we observed in postnatal pig hearts contribute to cardiomyocyte cell cycle arrest. Future studies are warranted to explore whether manipulating metabolic pathways enhances myocardial regeneration and repair capacities in neonatal and adult pigs.

The current study has several limitations. First, the whole heart samples were used for this study. Although the mass or volume of cardiomyocytes dominates in the heart, non-myocytes are more abundant than cardiomyocytes. The challenges of cultivating the freshly isolated pig cardiomyocytes precludes the uses of highly purified cardiomyocytes for LC-MS/MS analysis. Second, this is a descriptive study investigating the abundances of different metabolites at different stages of postnatal heart development (P1, P3, P7, and P28) in pigs. The evaluation of activity of certain metabolic pathways was based on the abundances of different metabolites in these pathways. Further studies, e.g., metabolic flux measurements, enzyme activity assays, and uptake of metabolites, are warranted to confirm the data from the metabolomic analysis.
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Under vasculogenic conditioning, pro-inflammatory cell subsets of peripheral blood mononuclear cells (PBMCs) shift their phenotype to pro-regenerative cells such as vasculogenic endothelial progenitor cells, M2 macrophages, and regulatory T cells, collectively designated as regeneration-associated cells (RACs). In this study, we evaluated the therapeutic efficacy of RAC-derived extracellular vesicles (RACev) compared to mesenchymal stem cell-derived EVs (MSCev) in the context of myocardial ischemia reperfusion injury (M-IRI). Human PBMCs were cultured with defined growth factors for seven days to harvest RACs. RACev and MSCev were isolated via serial centrifugation and ultracentrifugation. EV quantity and size were characterized by nanoparticle tracking analysis. In vitro, RACev markedly enhanced the viability, and proliferation of human umbilical vein endothelial cells in a dose-dependent manner compared to MSCev. Notably, systemic injection of RACev improved cardiac functions at 4 weeks, such as fractional shortening, and protection from mitral regurgitation than the MSCev-treated group. Histologically, the RACev-transplanted group showed less interstitial fibrosis and enhanced capillary densities compared to the MSCev group. These beneficial effects were coupled with significant expression of angiogenesis, anti-fibrosis, anti-inflammatory, and cardiomyogenesis-related miRs in RACev, while modestly in MSCev. In vivo bioluminescence analysis showed preferential accumulation of RACev in the IR-injured myocardium, while MSCev accumulation was limited. Immune phenotyping analysis confirmed the immunomodulatory effect of MSCev and RACev. Overall, repetitive systemic transplantation of RACev is superior to MSCev in terms of cardiac function enhancements via crucial angiogenesis, anti-fibrosis, anti-inflammation miR delivery to the ischemic tissue.

Keywords: extracellular vesicles, regeneration-associated cells, myocardial ischemia-reperfusion injury, miR, angiogenesis


INTRODUCTION

Extracellular vesicles (EVs), as messengers, maintain intercellular communication by delivering various types of proteins, lipids, and genetic materials such as DNA, mRNA, and microRNAs (miRs) to recipient cells (1). EVs are highly heterogeneous in terms of their size, origin, morphology, function, and genetic material carried (1). As EV composition/contents are different under physiological and pathological conditions, EVs are widely used as disease biomarkers or treatment agents based on their unique features (2–4).

Preclinical studies have demonstrated that EVs isolated from endothelial progenitor cells (EPCs), cardiac progenitor cells, and mesenchymal stem cells (MSCs) have strong therapeutic potential compared to their parental cells (5–8). In previous study by Lai et al. showed that MSC-derived exosomes or extracellular vesicles (MSCexo/ev) reduced the infarct size in a mouse model of myocardial ischemia/reperfusion injury (M-IRI) (9). MSCev are also known to exert cardioprotective effects by delivering anti-inflammatory and anti-apoptosis miRs and proteins, resulting in preserved cardiac function after ischemic injury (10, 11).

Previously, we have shown that under vasculogenic conditioning, pro-inflammatory cell subsets of peripheral blood mononuclear cells (PBMCs) such as type 1 macrophages (M1Φ), T cells, and EPCs beneficially shifted their phenotype to pro-regenerative cells such as vasculogenic EPCs, M2 macrophages, and regulatory T cells, which are collectively designated as regeneration-associated cells (RACs) (12, 13). Furthermore, systemic transplantation of a small number of RACs (1 * 105) significantly improved cardiac function by increasing microvascular density (CD31), strong anti-inflammatory action (type 2 macrophage (M2Φ) and regulatory T cells (Treg) infiltration), and initiation of cardiomyogenesis in a rat myocardial infarction model (12).

In this study, we attempted to elucidate the therapeutic efficacy of RAC-derived EVs (RACev) in the context of myocardial ischemia reperfusion injury (M-IRI).



MATERIALS AND METHODS


RAC and MSC Culture

As indicated by the Tokai University School of Medicine Institutional Review Board, human PBMCs were isolated from healthy human volunteers after obtaining written informed consent. Peripheral blood (30–50 mL) was drawn using a heparinized syringe. Briefly, cells were cultured with five growth factor-supplemented culture medium, Stem Line II (Sigma-Aldrich, St. Louis, MO), with 100 ng/mL recombinant human (rh) stem cell factor (SCF), 100 ng/mL Flt-3 ligand (FL3L), 20 ng/mL thrombopoietin (TPO), 50 ng/mL VEGF, and 20 ng/mL interleukin-6 (IL-6) (all from Peprotech, Inc. (Rocky Hill, NJ, USA), and penicillin/streptomycin (100 U/100 μg/mL) (Gibco). PBMCs at a density of 10 * 107 cells were cultured for seven days on a 10-cm dish (Sumitomo Bakelite Co. Tokyo. Japan) in a 37°C incubator with a humidified atmosphere of 5% CO2, as described earlier (12, 14). Bone marrow-derived MSCs (Lonza, Japan) passage 3–5 were used for all in vitro and in vivo studies.



Extracellular Vesicles Isolation and Quantification Labeling

Immediately after harvesting RACs and MSCs, the cells were seeded in X-vivo 15 (Lonza, for RACs) supplemented with 5% exosome-depleted FBS (Gibco) and in DMEM supplemented with 5% FBS (Gibco, for MSCs) for 48 h. Conditioned culture medium (CCM) was carefully collected, and the cells were removed by centrifugation at 300 × g at 4°C for 10 min. Then, larger apoptotic bodies and microvesicles were removed by centrifugation at 2,000 × g for 20 min at 12°C, followed by filtration through a 0.2 μm filter (Millipore, Merck) to remove particles larger than 200 nm. The filtered CCM was transferred to new ultracentrifuge tubes (Ultra clear Beckman cat# 344059, rotor type is Ti40SW, Beckman Coulter), which were then sealed and ultracentrifuged at 174 000 × g for 110 min at 4°C to pellet the EVs. Then, EVs number and size was measured using nanoparticle tracking analysis with NanoSight NS500® (Malvern Panalytical, UK) according to manufacturer manual. Morphological characteristics of extracellular vesicles was verified common transmission electron microscopy method (JEM-1400, Jeol. Co.Ltd, Japan).



Flow Cytometry Analysis of EVs and Immune Cells

All EV flow cytometry analysis experiments were performed using a 13-color, 3-laser DxFlex Flow Cytometer, equipped with 405 nm, 488 nm, and 638 nm lasers (Beckman Coulter, Brea, CA). For analyzing small EVs, the configuration was modified for violet side scatter (VSSC) detection. Briefly, the 405/10 VSSC filter was moved to the V450 channel in the wavelength-division multiplexing (WDM), and the detector configuration was updated using CytExpert software to assign the VSSC channel within the WDM. Before data acquisition, cleaning was performed using with FlowClean and water passed through a 10 μm filter to reduce the debris and background noise. For EV characterization, fluorophore-conjugated antibodies against CD9 (PE, #312106), CD63 (PE, #353004), Alix (Alexa 594, #634504), and Hsp-70 (Alexa 488, #648003) were used (all from BioLegend) according to the manufacturer's instructions. Latex beads of different sizes (100 nm and 200 nm, Beckman Coulter) were used for comparison with EVs and to adjust the flow cytometry acquisition voltages.

The weight of spleen was evaluated before cell isolation. Peripheral blood and spleen-derived mononuclear cells were isolated by density gradient centrifugation using Lymphocyte Separation Solution (d = 1.077; Nakalai Tesque, Kyoto, Japan), as previously reported (12–14). Isolated PBMC and spleen MNCs incubated with FcR blocking (Miltenyi Biotec, Germany) to reduce non-specific antibody bindings. Briefly, cell surface markers staining was carried out using CD3-FITC (cat#401606), CD4-PE/Cy7 (cat#400126), CD8a-AlexaFlour 647 (cat#400130, CD11b/c-PerCP/Cy5.5 (cat#400258), CD161-PE (cat# 205604) (all antibodies from Biolegend CA, USA) at room temperature for 20 min, following which cells were washed twice with 2 mmol/L EDTA/0.2% BSA/PBS buffer. The data were acquired on a FACS Verse (BD Biosciences) and analyzed with FlowJo software, version 10.7.



Cell Proliferation and EV Internalization Assays

For the cell proliferation assay, human umbilical vein endothelial cells (HUVECs) (Lonza, Japan) at passage 3–4 were used. Briefly, HUVECs were harvested and incubated with Cytopainter dye (Cat# ab176735) at 37°C for 10–30 min. The working dye solution was removed by two rounds of centrifugation and the labeled cells were seeded with the control group (HUVEC only). After filtration of CCM through a 0.22μm filter (Millipore Merck), 2 μM CM-DiI dye (C7000, Thermo Fisher) was added to the CCM and left in incubator for 30 min prior to ultracentrifugation at 174 000 × g for 110 min at 4 °C. The labeled EVs were enriched at the bottom of the tube and were washed twice by ultracentrifugation in 1X phosphate-buffered saline (PBS) (15). Then, RACev and MSCev added to labeled HUVEC in a dose-dependent manner (EVs-derived from 2.5 or 5 * 105 either RACs or MSCs). After 2 days, the cells were isolated and analyzed using flow cytometry (BD Biosciences, FACS Verse).

For the invasion assay, HUVECs were stained with Hoechst (Cat #33342) dye according to the manufacturer's instructions. Finally, pure labeled EVs were mixed with 3 × 105 HUVECs and analyzed under a confocal microscope (Zeiss LSM 880, Germany).



Myocardial Ischemia-Reperfusion Injury

All animal experiments were performed in accordance with the Tokai University School of Medicine Animal Care and Use Committee (approval # I-20056) and were based on the Guide for the Care and Use of Laboratory Animals (National Research Council, Japan). Male Lewis rats (6–10 weeks of age) weighing 150–250 g, were purchased from Charles River Laboratories (Yokohama, Japan) through Oriental Yeast Co. Ltd. (Tokyo, Japan). Animals were maintained under standard conditions (20 ± 2°C, relative humidity 50–60%, 12 h/12 h light/dark cycles), and were monitored daily by the Animal Support Center for Medical Research and Education at Tokai University School of Medicine. The animals had ad libitum access to water and food.

For the M-IRI model, the animals were anesthetized with 3–4% sevoflurane (Maruishi Pharmaceutical Co., Ltd. Japan), orally intubated, and respired using a rodent ventilator at 15 mL/kg, 65–70 times/min (Harvard Apparatus, USA) (16). After left-sided thoracotomy, myocardial ischemia reperfusion injury was induced by temporary occlusion of the left anterior descending artery for 30 min and subsequent reperfusion. Immediately after thorax closure, animals underwent transplantation of PBS-diluted RACev and MSCev (EVs derived from 5 * 105 either RACs or MSCs) via the tail vein using a 24G angiocatheter (Terumo, Japan) as described previously (12). After the completion of each experiment, the animals were sacrificed by an overdose of sevoflurane 5%; after confirming euthanasia, vital organs such as the lung and aorta were harvested.



Echocardiography Assessment

Echocardiography (Aloka Co., Ltd., Tokyo, Japan) with a 3.5-MHz probe was used to determine the left ventricular end-diastolic dimension (LVDD), end-systolic dimension (LVDS), severity of mitral regurgitation (MR), the height of the E-wave and A-wave, and the size of the left atrium and ascending aorta. These measurements were repeated before M-IRI induction (baseline) and then weekly following M-IRI injury for 4 weeks. The severity of mitral regurgitation was defined by the size of the regurgitation flow reaching the left atrial wall (severe, score 3), 2/3 of the left atrium (moderate, score 2), and 1/3 of the left atrium (mild or trace, score 1). Fractional shortening (%FS) was defined as (LVDD-LVDS)/LVDD × 100 (12, 16).



Immunohistochemistry Analysis

The heart was perfused with heparinized PBS (1,000 U/500 mL) and fixed overnight with 4% paraformaldehyde (PFA, #163-20145, Fujifilm. Co. Ltd.), embedded in paraffin, and cut into 3- to 4-mm-thick sections. The sections were stained with picrosirius red (Muto Co., Ltd. Japan) to determine the size of interstitial fibrosis, as described previously (11). The immunohistochemistry data were evaluated from 3 to 5 high-power fields per section in a blinded manner using Image J (version 1.51, National Institutes of Health). The sections were blocked in an avidin and streptavidin complex and incubated with isolectin B4-FITC (1:100) (Invitrogen, CA, USA) to evaluate the infarcted tissue microvascular density (MVD) (12). To discriminate auto-fluorescence, spectral analysis of stained tissue sections was performed using a Carl Zeiss LSM880 meta confocal microscope (Oberkochen, Germany).



EV Tracking

The CCM was stained with DiI, as mentioned above (in section Cell Proliferation and EV Internalization Assays). Briefly, labeled MSCev and RACev, and the control solution (saline) were injected via the tail vein using a 24G angiocatheter (Terumo) immediately after releasing the ligated left anterior descending artery. After 3.5 h of injection, the animals were sacrificed and the heart was excised for further EV tracking analysis as described elsewhere (15, 17). Briefly, in vivo imaging system (IVIS) Lumina III (Perkin Elmer, USA) was used to analyze EV entrapment at the site of injury. DiI dye excitation and emission wavelength filters were set at 520 nm and 570 nm, respectively (15). Frozen heart sections of 6 μm thickness were then analyzed under a LSM 880 confocal microscope (Carl Zeiss, Germany).



EV-Derived Total RNA Isolation, Library Preparation, and Sequencing

According to the manufacturer's protocol, CCM-derived small and large RNAs were fractionated using the miRNeasy mini kit (Qiagen, USA) and the RNeasy MinElute Cleanup Kit (Qiagen). Sequencing libraries were constructed according to the manufacturer' s protocols using the QIAseq™ miRNA Library Kit (Cat#331505, Qiagen, Hilden, Germany). Library quality was assessed with an Agilent Bioanalyzer using a High Sensitivity DNA chip (Agilent Technologies, Santa Clara, CA, USA). The pooled libraries were sequenced using NextSeq 500 (Illumina, Inc., San Diego, CA, USA) in 76-base-pair (bp) single-end reads.



Bioinformatics Analysis of Differentially Expressed miRs

The QIAseq miRNA library kit adopts a unique molecular index (UMI) system, enabling unbiased and accurate quantification of mature miRs. Original FASTQ files generated using NextSeq were uploaded to the Qiagen GeneGlobe Data Analysis Center (https://geneglobe.qiagen.com) and aligned to miRBase v21 (http://www.mirbase.org). All reads assigned to particular miRs were counted, and the associated UMIs were aggregated to count unique molecules. A matrix of the miR UMI counts was subjected to downstream analyses using StrandNGS 3.4, software (Agilent Technologies, Santa Clara, CA). The UMI counts were quantified using the trimmed mean M-value (TMM) method (18). To determine the target genes of differentially expressed miRs, we integrated all the information on PITA miRBase version 18, microRNA.org miRBase version 18, and TargetScan version 6.0. Next, to determine the biological function of the target genes, Gene Ontology (GO) analysis and pathway statistical analysis were performed. Pathway statistical analysis to determine the pathways considering the number of genes in the pathway and the number of target genes was performed on the pathway collection of the Wiki Pathways database (19) using the PathVisio tool (20).



Statistical Analysis

All values are shown as mean ± SEM. Mann-Whitney U and Kruskal Wallis tests were utilized for two and three non-parametric groups, followed by Dunn's multiple comparison tests. Also, one-way-ANNOVA was used for three or more parametric groups, followed by Dunn's or Tukey's multiple comparison tests. For multiple comparisons between groups at different time points, 2-way ANOVA was applied, followed by Tukey's post-hoc test. Differentially expressed miRs were determined using a threshold of absolute values of fold change ≥2 and FDR <0.05 (moderated t-test followed by Benjamini-Hochberg multiple testing correction). All statistical analyses were performed using GraphPad Prism 9.1 (GraphPad Prism Software Inc., San Diego, CA, USA). Statistical significance was set at P < 0.05.




RESULTS


Characterization of EVs

The number and size of EVs derived from RACs and MSCs measured by nanoparticle analyzing machine (Figures 1A–C). RACs secrete more EVs (1.62 x 109 vs. 4.18 x 108, P < 0.015) compared to MSCs per 5*105 cells (Figure 1B). The average diameter of RACev was slightly larger (155 ± 1.7 nm) than MSCev (153.3 ± 2 nm) (Figure 1C). Protein content evaluation assay demonstrated that RACev protein level is 6-fold higher than MSCev (11 ± 1 vs. 64 ± 10, P < 0.01). Transmission electron microscopy revealed a bi-layered membrane structure (Figure 1D), and flow cytometry confirmed the presence of EV-specific markers (CD9, CD63, and Alix) (Figures 1E,F). Interestingly, not all classical EV markers are expressed equally; for example, RACev highly expressed CD9, whereas MSCev showed modest expression (Figure 1G). Here, we showed that flow cytometry analysis could be utilized as a size evaluation and EV quantification tool using beads of different sizes and appropriate dilutions of EVs (Figure 1Fa).


[image: Figure 1]
FIGURE 1. Characterization of extracellular vesicles. (A–C) Nano tracking particle analysis of EV characteristics such as size and quantity. (D) Representative transmission-electron microscopy figures showing the lipid bilayer structure of EVs. Distinct EV biomarkers expression profiles such as CD9, CD63, and Alix of (E,F) RACev and (G) MSCev. Statistical significance was determined using Mann-Whitney U test. The results are presented as mean ± SEM (n = 4–7 per group).


Together, the isolated RACev and MSCev expressed EV-specific markers, and their size range and TEM findings complied with the MISEV 2018 guidelines (21).



RACev Showed Enhanced Proliferative and Anti-apoptotic Effects on HUVECs in a Dose-Dependent Manner

When HUVECs were co-cultured with different concentrations of RAC-derived EV and MSC-derived EV (2.5 * 105 and 5 * 105), we observed a highly proliferative effect of RACev in a dose-dependent manner compared to MSCev (MSCev-250K vs. RACev-250K, P < 0.001 and MSCev-500K vs. RACev-500K, P < 0.0001) (Figures 2A,B). Of note, MSCev increased proliferation effect and growth area of HUVECs compared to control groups (Figures 2A–C). However, growth area of HUVECs was significantly enhanced in the RACev co-culture group compared to that in the MSCev co-culture group (Control vs. RACev-500K, P < 0.0001 and MSCev-500K vs. RACev-500K, P < 0.0001) (Figures 2B,C). Cell cycle analysis confirmed that most of the HUVECs co-cultured with RACev at 250 K and 500 K concentrations entered the S phase and showed increased cell division by up to seven-cell generations (Supplementary Figure 1). We then analyzed cell cycle/proliferation-related miR expressional profiles in the RACev vs. MSCev and found that a key miR responsible for anti-apoptotic effects, cell division, and migration was significantly upregulated in RACev (Figure 2D). Our in vitro results showed that RACev increased the cell division cycle by delivering crucial anti-apoptotic and cell division miRs compared to MSCev.


[image: Figure 2]
FIGURE 2. RACev enhanced endothelial cell proliferation in a dose-dependent manner. (A,B) 5 *105 RACs-derived EVs (500K) increased the cell numbers and (B,C) growth area in culture dishes. (D) The miRs responsible for proliferation and anti-apoptosis were markedly upregulated in RACev vs. MSCev. * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001 for RACev-500K vs. other groups. Statistical significance was determined using one way ANOVA followed by Tukey's multiple comparison test. The results are presented as mean ± SEM (n = 7–10 per group).




RACev Transplantation Preserved Heart Function

Based on the previous preclinical data (12) and in vitro data, we adjusted the treatment dose to 5 * 105 cells derived EVs either RAC or MSC, and injected them repetitively (30 min, day 1, and day 3 after IRI) via tail vein (Figure 3A). Echocardiography analysis at 4 weeks showed that the ejection fraction was significantly improved in the RACev transplanted group compared to the MSCev and control groups at 4 weeks (P < 0.006, RACev vs. MSCev; P < 0.0001, RACev vs. Control) (Figures 3B–E). The fractional shortening parameter was similarly improved in the RACev group compared to the MSCev and control groups (P < 0.005, RACev vs. MSCev; P < 0.0002, RACev vs. Control at 4 weeks) (Figure 3F). After myocardial IRI, mitral valve insufficiency was observed in most animals in the D-flow mode, and this tendency continued in the MSCev- and saline-treated groups; in contrast, RACev transplantation protected the rats from mitral regurgitation at 4 weeks (P < 0.03, RACev vs. MSCev; P < 0.01, RACev vs. Control) (Figures 4A,C). Consequently, MR caused an end-systolic left ventricle volume increase in the MSCev-treated and Control groups but not in the RACev-treated group (Figure 4B). Then, we evaluated the interstitial fibrosis composition at 4 weeks using picrosirius red staining. As shown in Figures 4D,E, the highest interstitial fibrotic structure content was detected in the control group. RACev and MSCev-treated groups significantly reduced interstitial myocardial fibrosis compared to control group (P < 0.006, RACev vs. Control; P < 0.03, MSCev vs. Control). This anti-fibrotic effect of RACev may be coupled with anti-inflammation and anti-fibrotic miR delivery to the ischemic tissue which was beneficially preserved from excessive inflammation and scar formation (Figures 4F,G). Interestingly, cardiomyogenesis-related miRs were significantly upregulated in RACev vs. MSCev (Figure 4H), suggesting cardiomyogenic properties of RACev. Taken together, repetitive RACev transplantation significantly augmented heart function parameters via reduced interstitial fibrosis accumulation, anti-inflammation, and cardiomyogenesis-related miR delivery.


[image: Figure 3]
FIGURE 3. RACev transplantation improved cardiac function. (A) Schematic of in vivo experiment design. (B–D) Representative echocardiographic images of the Control, MSCev, and RACev groups. (E,F) The RACev transplanted group showed preserved ejection fraction and fractional shortening at 4 weeks. *P < 0.05; ***P < 0.001; ****P < 0.0001 vs. the Control group; ##P < 0.01; ###P < 0.001 vs. the MSCev group. Scale bar = 100 μm Statistical significance was determined using 2-way ANOVA followed by Tukey's multiple comparison post-hoc test. The results are presented as mean ± SEM. (n = 8–10 per group). EchoCG, echocardiography; EV, extracellular vesicles; M-IRI, myocardial ischemic reperfusion injury; Tx, transplantation; 500K is 5 x 105 either RACs or MSCs-derived EVs.



[image: Figure 4]
FIGURE 4. RACev transplantation preserved mitral regurgitation (MR) and interstitial fibrosis. (A) Representative mitral regurgitation echocardiographic 2D image. (B) At 4 weeks, mitral regurgitation incidences were higher in the Control and MSCev-treated groups than the RACev group. (C) Mitral regurgitation caused end-systolic volume increase in the control and MSCev-treated groups but not in the RACev group. (D, E) Interstitial fibrosis accumulation was greater in the control group than in the MSCev and RACev groups. (F) Anti-fibrosis miRs were significantly upregulated in RACev vs. MSCev. Furthermore, miR-133a-3p and miR-133b are expressed in RACev but not MSCev (G) Previously defined anti-inflammation related miRs such as miR10a-3p and miR-24-2-5p were expressed only in RACev group (RACev vs. MSCev). (H) Cardiomyogenesis-related miR significantly upregulated in RACev vs. MSCev, and miR-208a-3p and miR499a-5p detected in RACev group but not in MSCev. Scale bar = 100μm *P < 0.05; **P < 0.01; ***P < 0.001 vs. the MSCev group. Statistical significance was determined using 2-way ANOVA (for MR and ESV) or one-way ANNOVA (for interstitial fibrosis) followed by Dunn's or Tukey‘s multiple comparison post-hoc tests. The results are presented as mean ± SEM (n = 8–10 per group).




RACev Increased Capillary Densities

Early angiogenesis initiation is crucial for the regeneration of ischemic injured organs. Representative Figures 5A,B show that the microvascular densities of the infarcted myocardium were beneficially enhanced in the RACev transplanted group compared to the MSCev and control groups, indicating the strong angiogenic properties of RACev. Moreover, transcriptome analysis showed that the key pro-angiogenic miRs responsible for angiogenesis, called angiomiRs, were more highly upregulated in RACev than in MSCev (Figure 5C).


[image: Figure 5]
FIGURE 5. RACev derived angiomiRs enhanced angiogenesis in infarcted tissues. (A,B) Microvascular density was enhanced in myocardial infarcted tissue in RACev transplanted group. Cardiac capillaries were stained with FITC conjugated Isolectin B4 (green) (C) Mechanistically, enhanced capillary formation in injured myocardium may couple with well-known angiomiRs (miR-126-3p and 5p, miR-195-5p, etc.) delivery by RACev. Scale bar = 50μm. *P < 0.05; **P < 0.01; ***P < 0.001 vs. MSCev group; Statistical significance was determined using Kruskal-Wallis followed by Dunn's multiple comparisons post-hoc test. Results are presented as the mean ± SEM (n = 8–10 per group).




Evidence of Selective RACev Accumulation at the Site of Injury

We employed an in vitro assay to determine the EV internalization time in nucleus-stained (Hoechst) HUVECs. This assay result may indicate the EV internalization time in HUVECs and the in vivo experiment termination time for EV tracking in IVIS. According to the in vitro findings, the optimal time for the observation of EVs in IVIS was between 3–4 h (Supplementary Figure 2). In immunohistochemistry analysis, RACev beneficially accumulated into the infarcted myocardium, whereas a few MSCev were selectively infiltrated after systemic injection (Figures 6A–C). Furthermore, internalized the transplanted RACev into cardiomyocyte nuclei was higher than MSCev ((Figure 6C). IVIS measurement results demonstrated that the average radiance (p/s/cm2sr) was enhanced in the RACev transplanted group compared to the MSCev group (P < 0.01, RACev vs. MSCev) (Figures 6D,E), indicating the preferential accumulation of RACev to the site of injury (infarcted anterior left ventricle area) as well as confirming the immunohistology findings.


[image: Figure 6]
FIGURE 6. RACev preferentially accumulates to the ischemic myocardium. Representative histological findings of infarcted tissue (A) in control groups; (B) MSCev showed less infiltration in the ischemic myocardium, whereas (C) large amount of RACev accumulated into the infarcted tissue, and the labeled some RACev (red color) were internalized into the cardiomyocyte nuclei (yellow arrows; nuclei stained with Hoechst). (D,E) in vivo imaging system (IVIS) imaging showed large accumulation of labeled RACev into the infarcted left anterior ventricle. All experiments were repeated twice with the same results. Statistical significance was determined using the Mann-Whitney U test. The results are presented as mean ± SEM (n = 6 per group).


In summary, EV tracking analyses showed that RACev accumulate selectively in ischemia-induced myocardium.



Immunotolerance Effects of RACev

A low immunologic response to allogenic EV transplantation is one of the key factors leading to successful organ regeneration. MSCev have already demonstrated superior immunosuppressive effects even in allogeneic settings. Our previous preclinical experiment showed that RACs mainly comprise M2 macrophages, Bregs, and Tregs, and among these, Tregs have a strong immunotolerance effect (12). In this study we evaluated the critical clinical signs of host immunologic reactions for allogenic EV transplantation at day 4 and day 28. As shown in Figure 7A, bodyweight gain and spleen mass were similar in all groups (Figures 7A,B). Moreover, we did not observe any skin ulcer/lesion or alopecia, fur texture changes, or diarrhea in either the RACev-or MSCev-treated groups (data not shown). Further, we performed flow cytometry analysis of the peripheral blood (Figures 7C–F) and spleen (Figures 7G–K) derived CD3+, CD4+, CD8+, Treg, TNK, CD11b/c, and iNK cell numbers which were not elevated and were the same level in all groups. Perhaps transplanted EVs rapidly internalize the damaged tissues (as shown in internalization assay), and peripheral blood immune cells such as antigen-presenting cells may not properly present (or inhibited by miR-142-3p) to the T cells (Supplementary Figures 3A–D). This may indicate less immune reactions occurrence after (even xenogeneic) RACev transplantation at the cellular level.


[image: Figure 7]
FIGURE 7. Immunomodulatory effect of RACev. (A) The body weights of all three groups were similar across the study period. (B) Spleen weight mass at days 4 and 28 days after myocardial ischemia reperfusion injury was not different among the three groups. (C–F) Peripheral blood-derived CD4, CD8, Treg, and CD11b/c cells were not elevated, indicating immune tolerance effect of RACev. (G–K) Spleen-derived immune reaction or response biomarkers such as CD4, TNK, iNK, and antigen-presenting cells were evaluated and did not change among the three groups. Statistical significance was determined using the One-way ANNOVA followed by Dunn's multiple comparisons post-hoc test. The results are presented as mean ± SEM (n = 8–10 per group).





DISCUSSION

The therapeutic potential of MSCev for treating ischemic cardiovascular diseases has been well established over the past decade (9). Therefore, in this study, we investigated whether RACev improve the rat myocardial IRI similar to MSCev. In a previous study, Lai et al. transplanted 3.5–1000 μg of proteins derived from MSC exosomes in a mouse or swine model of myocardial ischemia injury, and showed a robust cardioprotective effect along with reduction in the infarct size (9). We first tested the influence of MSCev and RACev on HUVEC proliferation or the cell cycle at different concentrations to determine the optimal dose in an in vitro assay. As shown, a high proliferative effect was detected with 5 * 105 RACev but not with MSCev; this may be linked with MSCev quality and secretion as particle tracking analysis and protein assay indicated that the number of MSCev and protein level is lower (6-fold) than that of RACev. Our transcriptome results provide further insights into the molecular mechanisms underlying the proliferative and anti-apoptotic activities of RACev as they show that miR-181b-3p, miR-150-5p, and miR-302a-5p are significantly upregulated in RACev but not in MSCev. Regarding these, the miR-181 family is reported to promote the endothelial and cancer cell cycle by targeting CTDSPL (22, 23). Another study confirmed that miR-150 significantly promoted the migration and tube formation capability of EPCs (24), whereas miR-92a-2-5p acts as an anti-apoptotic miR in endothelial cell lines (24). Thus, the enhanced migration and proliferative effects of RACev may be coupled with these miRs (24, 25). Of these, miR-92a-2-5p enable preservation of ECs and further enhance cell cycle progression (25).

The therapeutic potential of RACs continues to receive widespread attention (12–14, 26, 27). Therefore, for the first time, we focused on the therapeutic implications of RACs derived EVs as a novel paracrine factor secreted by RACs for ischemic diseases. The current study demonstrated that RACev transplantation enhanced heart function significantly, whereas MSCev had a modest effect. The superior effects of RACs may be related to (1) neovascularization, (2) anti-fibrosis (interstitial) and anti-inflammation, (3) cardioprotection and cardiomyogenesis, and (4) preferential accumulation into the ischemic myocardium. The molecular underpinning of paracrine factor-induced neovascularization, anti-fibrosis, and cardiomyogenesis mainly contributes to the therapeutic benefits of myocardial ischemia. Here, we showed that well known regulators of angiogenesis, angiomiR transcripts such as miR-126-3p, miR-126-5p, miR-195-3p, miR-29c-3p, miR-15b-5p, miR-195-5p, miR-200b-5p, miR-146a-3p, and miR-146b-5p are significantly upregulated in RACev than in MSCev, indicating that RACev cargoes constitute key angiomiRs that promote ischemic tissue recovery as shown experimentally (5, 28–32). In a previous study, we demonstrated that vasculogenic EPC numbers are 30-fold higher among RACs than among peripheral blood mononuclear cells, implicating the origin of angiomiRs (12). Moreover, RACev-shuttled angiomiRs as well as anti-fibrosis miRs, which increased capillary density and reduced interstitial fibrosis in immunohistochemical analysis. The miR-133 family is known to control connective tissue growth factor (CTGF), which is a crucial molecule in the process of interstitial fibrosis regulation in rodents as well as in humans (33). Clinical data indicate that the decrease in miR-133 and miR-29c-3p leads to an increase in CTGF levels; miR-29c-3p further contributes to collagen synthesis (33). Interestingly, bioinformatics analysis of differentially expressed miRs showed that RACev highly expressed cardiomyogenesis-related miRs such as miR-195, miR-223, miR-208-3p, and miR-499a compared to MSCev. Dueñas et al. (34) showed that miR-195 and miR-223 selectively enhance cardiomyogenesis via Smurf1 and Foxp1 driven process. While miR-208 and miR-499 are involved in the late cardiogenic stages mediating differentiation of cardioblasts to cardiomyocytes (35). Furthermore, previous study findings revealed that systemic RACs transplantation increased cardiomyogenesis by upregulation of early cardiac transcriptional cofactors such as Nkx2-5 and Gata-4 (12).

Notably, along with their cardioprotective and immunomodulatory effects, MSCs or MSCev are broadly used in allogenic settings as a recommended therapeutic option for cardiovascular diseases due to their lack of HLA class II, such as HLA-DP, HLA-DM, HLA-DQ, and HLA-DR (36, 37). RACs vastly comprise M2Φ, Treg cells, and regulatory B cells (12); of these, Tregs are crucial in allogenic transplantation in terms of strong anti-inflammatory and immunosuppressive properties. Interestingly, RACev transplanted groups showed neither acute (day 4) nor chronic (day 28) host immune response based on clinical signs such as diarrhea, weight loss, and skin lesions (38). The immunomodulatory and immunosuppressive function of RACev may thus be associated with Treg-derived EV secretion, as Tregs modify the host antigen-presenting cell function via miR-142-3p (2285-fold upregulated in RACev), and EVs may escape T cell recognition as shown previously (Supplementary Figure 3E) (39). The miRs have broad functions in immune regulation, for example, miR-10a, miR-21, miR-24 are expressed in immune cells and function as “fine-tuners” for innate and adaptive immune responses (40, 41). In adaptive immunity, they are implicated in the biological processes including pathways involved in the T and B cells central and peripheral tolerance, as well as their function (40). Moreover, flow cytometry findings of PBMCs and spleen cell phenotypes revealed that classical markers of immune reaction such as APC, TNK, iNK, CD8, and CD4/Tregs were similar to the control groups in both the RACev and MSCev groups, indicating the strong immunomodulatory and anti-inflammatory effects of RACev and MSCev miRs.

Emerging evidence highlights that receptor-ligand CXCR4/SDF-1α interaction significantly contributes to the preferential accumulation of EPC-derived EVs into ischemic tissues (42, 43). Mechanistically, RACev may work similarly to the data mentioned above because of their highly selective targeting to the ischemic tissue, as confirmed by IVIS and immunohistology. Moreover, SDF-1α expression in ischemic cardiac tissue is known to be temporarily increased and peaked at 1 to 3 days after ischemic injury and decreased to the background level in the following few days (44–46). Based on this concept, our repetitive EV transplantation timings are suitable and enhance EV uptake by the ischemic myocardium. Moreover, neither RACev nor MSCev changed the concentration numbers when stored at 4°C for up to 1 week; however, when it exceeded 2 weeks, we observed a reduction in the number of EVs (data not shown). Future studies are thus required to determine the optimal storage temperature and biological activity when EVs are stored for longer period using in vitro assays.

The majority of previous MSCev based studies used a considerable number of extracellular vesicles for animal studies and obtained striking results. In this study, the limited quantity of MSCev transplantation may not induce similar results as RACev did. There is a limitation that needs to be acknowledged in this study such as allogenic transplantation setting and it‘s safety should be analyzed more precisely.

In conclusion, present findings clearly show that repetitive intravenous infusion of RACev is effective and superior compared to MSCev in terms of cardiac function improvement (ejection fraction, LVDS, and mitral regurgitation), strong neovascularization induction by angiomiRs, anti-fibrosis, anti-inflammatory, and selective accumulation in the ischemic myocardium.
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Supplementary Figure 1. RACev enhanced HUVECs proliferation activity in dose-dependently manner. Moreover, cell cycle analysis clearly showed that RACev 250 and 500K treated HUVECs turned into S phase.

Supplementary Figure 2. Internalization assay was performed to define optimal EVs uptaking time by HUVECs. As shown in representative figures that the highest internalization time of labeled EVs to HUVEC was defined at 3 h. Yellow arrows show the labeled EVs (red color) internalized to cell nuclei (blue color is Hoechst-stained nuclei).

Supplementary Figure 3. Host immunologic reactions to xenogeneic EV transplantation was evaluated using peripheral blood and spleen derived T cells subsets. Interestingly, miR-142-3p was significantly upregulated in RACev but not in MSCev. Previous study showed that miR-142-3p has immunotolerance effect by inhibiting antigen presenting cells. Statistical significance was determined using the One-way ANNOVA followed by Dunn's multiple comparisons post-hoc test. The results are presented as mean ± SEM (n = 6 per group).
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Ischemic heart disease patients with diabetes mellitus (IHD-DM) have a higher risk of cardiovascular events than those without DM. Rapid identification of IHD-DM can enable early access to medical treatment and reduce the occurrence of cardiovascular adverse events. In the present study, we identified and examined extracellular vesicle (EV)-carried microRNAs (miRNAs) as the possible diagnostic biomarkers of IHD-DM. Small RNA sequencing was performed to analyze the EV-carried miRNAs spectrum, and differentially expressed miRNAs were further confirmed by quantitative real-time polymerase chain reaction (qRT-PCR). Through small RNA sequencing, we identified 138 differentially expressed EV-carried miRNAs between IHD-DM patients and healthy controls. Furthermore, we identified that five EV-carried miRNAs (miR-15a-3p, miR-18a-5p, miR-133a-3p, miR-155-5p, and miR-210-3p) were significantly down-regulated and one (miR-19a-3p) was significantly up-regulated in the IHD-DM patients compared to healthy controls. The receiver–operating characteristic curve analysis showed that the above six EV-carried miRNAs have excellent diagnostic efficacy of IHD-DM. Our findings indicated that the circulating EV-miRNAs might be promising biomarkers for the convenient and rapid diagnosis of IHD-DM.

Keywords: diagnostic, predictive, extracellular vesicle, ischemic heart disease, type 2 diabetes mellitus


INTRODUCTION

Cardiovascular disease remains an important cause of death both globally and in China, as it accounts for about 40% of the causes of death in the Chinese population (1). Moreover, patients with ischemic heart disease (IHD) are often have diabetes mellitus (DM) as well, a condition referred to as IHD-DM (2). EUROASPIRE IV study (3) showed that about 27% of IHD patients had DM, and among remaining IHD patients with no reported history of DM, screening according to the WHO criteria for fasting plasma glucose (FPG) plus 2-h post-load plasma glucose (2hPG) identifies 45.7% as having a high risk for DM and 27.7% as having newly detected DM. Additionally, clinical data from China also showed that more than 50% of IHD patients suffer from DM (4). A large number of studies have shown that patients with DM are at higher risk of death than the non-diabetic population (5). Compared with IHD patients without diabetes, the risk of death in IHD patients with diabetes is also significantly increased (6). Furthermore, a recent study suggests that patients with minimal ischemia, once DM is established, have a comparable risk of major cardiovascular adverse events (MACEs) as patients with severe ischemia but not complicated with DM (7). The previous study has revealed that type 2 diabetes mellitus (T2DM) plays a vital role in accelerating the formation and rupture of atherosclerotic plaque, promoting myocardial fibrosis, and reducing cardiac function (8). Thus, establishing a method for the timely, convenient, and rapid diagnosis of IHD-DM and revealing the underlying molecular mechanism of DM promoting the pathological progression of cardiovascular disease will help to alleviate the cardiovascular damage caused by DM (9).

Secreted by a variety of cell types, extracellular vesicles (EVs) contain various proteins and RNA species. EVs play an important role in multiple physiological and pathological processes (10). As key components of EVs cargo, small non-coding RNA, especially microRNAs (miRNAs), are well-known to play a crucial role in the regulation of multiple biological effects including cell proliferation and apoptosis, fibrosis, inflammation, and angiogenesis (11). Moreover, the numbers and contents of EVs vary in different organs and pathological conditions. Thus, EV-carried miRNAs are considered to reflect the physiological and pathological alterations (12). Subsequent studies have also demonstrated that the dysregulation of EV-carried miRNAs could not only reflect the state of the disease but also participate in the pathological activities of the disease (13).

Although a large body of literature has explored the circulating miRNAs signatures in patients with T2DM or IHD (14), few studies have reported the unique expression profiles and signatures of EV-carried miRNAs in IHD-DM patients. Compared to circulating non-EV miRNAs, EV-carried miRNAs appear to be more stable and more sensitive to changes in the state of the disease (15, 16), so it is considered to be a better source for biomarker studies (17). Hence, in the present study, we focused on patients with IHD-DM and observed the changes of the EV-carried miRNAs spectrum to provide a novel biomarker for the diagnosis of IHD-DM.

In the current study, we analyzed the EV-carried miRNAs spectrum from plasma obtained from IHD-DM patients and healthy individuals and identified circulating EV-carried microRNAs (miRNAs) as novel diagnostic biomarkers of IHD-DM.



MATERIALS AND METHODS

The study was approved by the ethics committee of the First Affiliated Hospital of Zhengzhou University and all subjects gave informed consent before participation in the study.


Patients and Sample Collection

This study includes a discovery set (n = 12) and a validation set (n = 40), involved IHD-DM patients (n = 32), and age- and gender-matched healthy volunteers served as controls (n = 20). The diagnostic criteria of DM were based on hemoglobin A1c (HbA1c) or FPG or the oral glucose tolerance test (OGTT) (18). IHD was defined by the symptoms and invasive coronary angiography (19). The exclusion criteria included acute myocardial infarction, type 1 diabetes, rheumatic heart disease, severe heart failure, severe heart valve disease, recent (<3 months) major surgical procedures or trauma, serious dysfunction of the liver or kidney, malignant tumor, and infectious disease. Fasting blood samples were collected in ethylenediaminetetraacetic acid tubes from healthy controls and IHD-DM patients after signing informed consent, which was obtained following the declaration of Helsinki. The blood sample was centrifuged at 3,000 rpm for 15 min, and the supernatant containing plasma was collected and stored in a refrigerator at −80°C for further analyses. None of the clinical parameters other than the occurrence of T2DM and HbA1c concentration were significantly different between the two groups.



Isolation of Plasma-Derived EVs

ExoQuick Exosome Precipitation Solution (System Biosciences, Palo Alto, CA, United States) was used to extract EVs from the supernatant containing plasma according to the manufacturer's instructions. In brief, plasma samples were thawed in a water bath at 25°C, then the 1,600 μL supernatant was used to obtain EVs via adding 403.2 μL ExoQuick reagent and incubated for 1 h at 4°C. After centrifugation at 4,000 rpm for 30 min and 4,000 rpm for 5 min, the pelleted EVs were resuspended by phosphate buffer solution (PBS), and the EVs solution was stored at −80°C.



miRNA Extraction From EVs

microRNAs were isolated from EVs using the TRIzol method according to the manufacturer's instructions. In brief, we added 800 μL Trizol reagent (Invitrogen, Waltham, MA, United States) to the 1,600 μL buffer containing the purified EVs. After mixing and dissolving for 5 min, we centrifuged the tubes at 12,000 rpm for 10 min to obtain the supernatant and then placed it at 4°C for 10 min. We then added 200 μL chloroform to the supernatant, placed it at 4°C for 10 min, and centrifuged it at 12,000 rpm for 10 min to obtain the supernatant. Then, the same volume of isopropanol and glycogen was added to the supernatant, and the mixture was stored overnight at −20°C. The next day, the supernatant was discarded after centrifugation at 12,000 rpm for 10 min. Finally, we added 1,000 μL of 70% ethanol and the mixture was centrifuged at 12,000 rpm for 10 min. The quantity and quality of the EV-carried miRNA were further analyzed using Nanodrop (Thermo Fisher Scientific, United States). Purified EV-carried miRNAs were used for further RNA sequencing analysis.



Small RNA Library Construction and Sequencing

The EV-carried miRNA library was constructed using TruSeq Small RNA Sample Prep Kits (Illumina, San Diego, CA, United States) according to the manufacturer's instructions. After obtaining the raw data, the Cutadapt software was used to cut off the connectors at both ends of the reads and retain the reads whose length after pruning was longer than that of 17 nucleotides. The FANse3 ultra-high precision sequence alignment algorithm was used to compare the reads obtained from the sequencing of each sample with the reference sequence of the species (Human mature miRNA, miRBase 22.1).



Immunoblot Analysis of EVs Markers

Extracellular vesicle proteins were quantified using the bicinchoninic acid (BCA) assay. Then, 25 μg of protein was put on 10% gradient SDS-PAGE gels and transferred onto polyvinylidene fluoride. And then the polyvinylidene fluoride was blocked with 5% skimmed milk and subsequently incubated overnight at 4°C with specific primary antibodies such as anti-CD63 antibody (abcam, ab134045), and anti-CD81 antibody (abcam, ab109201). After being washed four times, the polyvinylidene fluoride was incubated with a specific secondary antibody for 1 h, and proteins were detected using the enhanced chemiluminescence method with horseradish peroxidase kit (Thermo Fisher Scientific, Waltham, MA, United States) and visualized by a gel imaging system (AI600, GE Healthcare, United States).



Transmission Electron Microscope

Extracellular vesicles were visualized using a JEOL-1230 transmission electron microscope. In brief, 5 μL of EVs were fixed in 4% paraformaldehyde and deposited onto formvar-carbon on microscopy grids. Then, the grids were washed with 100 μL PBS, followed by 50 μL 1% glutaraldehyde for 5 min, and then eight times with 100 μL ddH2O each for 2 min. Finally, the grids were stained with uranium oxalate at a pH of 7 for 5 min, and then with methylcellulose for 10 min. After drying the grids, the microscope images were captured at 80 kV.



Nanoparticle Tracking Analysis

We measured the particle size and concentration of EVs were measured using nanoparticle tracking analysis (NTA) with ZetaView PMX 110 (Particle Metrix, Munich, Germany) and corresponding software ZetaView 8.04.02. Isolated EV samples were appropriately diluted using PBS to measure the particle size and concentration. NTA measurement was recorded and analyzed at 11 distinct positions. The ZetaView system was calibrated using 110 nm polystyrene particles. The temperature was maintained around 23°C to 30°C.



Quantitative Real-Time PCR

To validate the data of small RNA sequencing, we performed quantitative real-time PCR (qRT-PCR) analysis of selected miRNAs. Plasma samples from 14 healthy controls and 26 patients with IHD-DM were collected. First, EV-carried miRNAs were reverse transcribed into cDNA by the PrimeScript RT reagent Kit (TaKaRa, Otsu, Shiga, Japan) according to the manufacturer's instructions. Then, synthesized cDNA was used as a template for all the qRT-PCR reactions performed with SYBR Premix Ex Taq (TaKaRa, Otsu, Shiga, Japan). Melting curve analysis was used to confirm the specificity of the amplification reactions. Relative miRNA quantification on the validation set was calculated by the 2−ΔΔCT method, that is, the normalized gene expression (2−ΔCT) in the sample A divided by the normalized gene expression (2−ΔCT) in sample B. The ΔCT was equal to the CT values of the target gene minus the CT values of the reference gene. The primers that were used to determine the expression levels of miRNAs are shown in Supplementary Table 1.



Data Analysis

After preprocessing and quality control of the RNA-seq files, the miRNA mapping results were normalized using transcripts per kilobase of exon model per million mapped reads (TPMs). MiRNAs with an average read count of more than five TPMs were considered for further analysis. The pairwise differences in miRNA expression levels between the healthy controls group and IHD-DM patients group were examined using the edgeR RNA-seq differential analysis method. To be considered to have a significant concentration change, miRNAs required a fold change >2 [or a log2 (fold change) > ±1)]with P < 0.05. Continuous variables were presented as the mean ± standard deviation, and an Unpaired two-tailed t-test (normally distributed data) or Mann–Whitney U test (non-normally distributed data) was performed for two-group comparisons. The receiver–operating characteristic (ROC) curve was used to assess the diagnostic efficacy of the EV-carried miRNAs selected for the validation set.




RESULTS


Characterization of Plasma-Derived EVs

Transmission electron microscope analysis revealed the cup-shape morphology of EVs from the healthy controls and IHD-DM patients, and the NTA analysis indicated that plasma-derived EVs from both groups ranged from 50 to 150 nm (Figures 1A,B). Immunoblotting exhibited EV markers such as CD63 and CD81 in the plasma-derived EVs (Figure 1C and Supplementary Figure 1).


[image: Figure 1]
FIGURE 1. Human sourced plasma-derived EVs were collected and characterized. (A) Representative transmission electron microscopy (TEM) images and the nanoparticle tracking analysis (NTA) of plasma-derived EVs from healthy controls. (B) Representative TEM and NTA of plasma-derived EVs from IHD-DM patients. (C) Representative immunoblot images show enrichment of EV/exosomal markers CD63 and CD81 in plasma-derived EVs. IHD-DM: ischemic heart disease patients with diabetes mellitus; CTR: healthy controls.




Identification of Differentially Expressed EV-Carried miRNAs in Healthy Controls and IHD-DM Patients

The average reads of EVs-miRNAs from healthy controls and IHD-DM patients were 12.58 ± 1.2 and 8.73 ± 1.29 million reads, respectively. Hierarchical clustering showed that the EV-carried miRNA signature distinguished IHD-DM from healthy controls (Figure 2A). We found that 138 (6 up-regulated and 132 down-regulated) miRNAs were significantly modulated greater than or equal to two-fold in IHD-DM compared with healthy controls (Figure 2B).


[image: Figure 2]
FIGURE 2. Cluster analysis of differentially expressed EV-carried miRNAs between IHD-DM and healthy controls. (A) Heatmap of differentially expressed EV-carried miRNAs between IHD-DM patients and healthy controls. (B) Volcano plots of EV-carried miRNAs expression levels in plasma of IHD-DM and healthy controls. x- and y-axes show estimated expression difference measured in log2 (fold change) and the significance of the expression difference measured in -log10 (P-value), respectively. Vertical lines referred to a two-fold difference in expression between the two groups.




Validation of EV-Carried miRNAs in Healthy Controls and IHD-DM Patients

We selected 13 circulating EV-miRNAs with which to further investigate the differential expression between the IHD-DM and healthy controls group via qRT-PCR. It could be found that the levels of miR-15a-3p, miR-18a-5p, miR-133a-3p, miR-155-5p, and miR-210-3p were significantly down-regulated in IHD-DM patients compared to healthy controls (Figure 3A). In contrast, the expression of miR-19a-3p was up-regulated in the IHD-DM patients when compared with those in the healthy individuals (Figure 3A). The other seven miRNAs, namely miR-20a-5p, miR-26a-5p, miR-30e-5p, miR-92a-2-5p, miR-181a-5p, miR-181b-5p, and miR-301a-3p, did not have statistically different expressions between the two groups (Figure 3B).


[image: Figure 3]
FIGURE 3. Validation of differentially expressed EV-carried miRNAs between healthy controls and IHD-DM patients. (A) EV-carried miRNAs including miR-15a-3p, miR-18a-5p, miR-19a-3p, miR-133a-3p, miR-155-5p, and miR-210-3p are differentially expressed between the IHD-DM patients and healthy controls. (B) miRNAs such as miR-20a-5p, miR-26a-5p, miR-30e-5p, miR-92a-2-5p, miR-181a-5p, miR-181b-5p, and miR-301a-3p were not statistically significant between the two groups. *P < 0.05, **P < 0.01, and ***P < 0.001 indicates significance compared with the control group.




EV-Carried miRNAs as Diagnostic Biomarkers for IHD-DM

To assess the specificity and sensitivity of EV-carried miRNAs for the diagnosis of IHD-DM, ROC curve analysis was performed on the validation set. The area under the curve (AUC) of miRNAs was used to quantify the diagnostic efficacy of these miRNAs. The ROC curve analysis results showed that miR-15a-3p (0.874, 95%CI: 0.765-0.982), miR-18a-5p (0.871, 95%CI: 0.760-0.982), miR-19a-3p (0.698, 95%CI: 0.530-0.866), miR-133a-3p (0.745, 95%CI: 0.567-0.922), miR-155-5p (0.901, 95%CI: 0.800-1.000), and miR-210-3p (0.786, 95%CI: 0.647-0.925) were able to discriminate IHD-DM from healthy controls (Figure 4).


[image: Figure 4]
FIGURE 4. EV-carried miRNAs as useful biomarkers to distinguish IHD-DM from healthy controls. ROC curve analyses displayed EV-carried miR-15a-3p, miR-18a-5p, miR-19a-3p, miR-133a-3p, miR-155-5p, and miR-210-3p as useful biomarkers to discriminate IHD-DM from healthy controls. P < 0.05 was considered statistically significant. AUC: area under the curve.





DISCUSSION

In the present study, we identified 138 differentially expressed EV-carried miRNAs between IHD-DM patients and healthy controls through small RNA sequencing. Selected EV-carried miRNAs (miR-15a-3p, miR-18a-5p, miR-19a-3p, miR-20a-5p, miR-26a-5p, miR-30e-5p, miR-92a-2-5p, miR-133a-3p, miR-155a-5p, miR-181a-5p, miR-181b-5p, miR-210-3p, and miR-301a-3p) were further verified in a larger population through qRT-PCR technology. In comparison to healthy controls, miR-15a-3p, miR-18a-5p, miR-133a-3p, miR-155-5p, and miR-210-3p were down-regulated in IHD-DM patients, whereas miR-19a-3p was up-regulated in the IHD-DM patients (Figure 3). Among the numerous differentially expressed EV-carried miRNAs, miR-155-5p, miR-15a-3p, and miR-18a-5p are excellent biomarkers for the diagnosis of IHD-DM with the AUC of 0.901, 0.874, and 0.871, respectively (Figure 4).

Previous studies have suggested that multiple mechanisms are involved in the pathological progression of diabetic angiopathy, including hyperglycemia, insulin resistance, hyperlipidemia, inflammation, reactive oxygen species, endothelial dysfunction, hypercoagulability, and vascular calcification (20, 21). Further studies showed that dysregulation of EV-carried miRNAs plays an important role in the process of diabetic heart disease (12). Stepień et al. demonstrated that circulating EVs-carried miRNAs are significantly different between patients with T2DM and healthy controls, suggesting that dysregulation of EV-carried miRNAs is associated with the occurrence of vascular complications in patients with T2DM (22). Thus, EV-carried miRNAs are considered to reflect the pathophysiological state of the disease (23). In the present study, we screened and identified the differences in EV-carried miRNA cargoes between healthy controls and IHD-DM patients (Figure 5).


[image: Figure 5]
FIGURE 5. Schematic summary for the identified EVs-derived miRNA biomarkers for IHD-DM patients.


Accumulating evidence has demonstrated that diabetes-mediated myocardial fibrosis is an important cause of myocardial stiffness and diastolic dysfunction in the diabetic heart (24). Rawal et al. demonstrated that the miR-15 family is involved in fibrotic remodeling of the diabetic heart (25). Furthermore, they found a significant down-regulation of miR-15a and miR-15b in myocardial tissue from diabetic patients complicated with cardiovascular disease (25). Additionally, Geng et al. investigated the expression of miR-18a-5p in human aortic valvular endothelial cells and found the overexpression of miR-18a-5p could down-regulate Notch2 expression and subsequently suppress endothelial–mesenchymal transition, to inhibit myocardial fibrosis (26). The results of the present study are in agreement with the above research, showing that EV-carried miR-15a-3p and miR-18a-5p in plasma are significantly down-regulated in IHD-DM patients compared to healthy controls. Interestingly, previous studies showed that miR-19a-3p could significantly improve myocardial fibrosis by inhibiting autophagy-mediated fibrogenesis through targeting TGF-β R II mRNA (27), while Zhu et al. suggested an up-regulation of circulating miR-19a-3p in patients with gestational diabetes mellitus (28). Our current study also found a significant up-regulation of EV-carried miR-19a-3p in IHD-DM patients compared to healthy controls. Therefore, the role of EV-carried miR-19a-3p in diabetic heart disease needs to be further studied.

Diabetes-related vascular inflammation plays an important role in accelerating atherosclerosis formation and plaque rupture, leading to severe acute cardiovascular events (29). Prior studies have demonstrated that a variety of circulating miRNAs such as miR-181b-5p, miR-210-3p, miR-19a, and miR-181a-5p, are involved in vascular inflammation (30–33). Chen et al. suggested that the level of miR-19a is elevated in atherosclerosis-prone ascending aortic wall tissues, which promoted vascular inflammation and foam cell formation by targeting HBP-1 in atherogenesis (32). Qiao et al. demonstrated that miR-210-3p can reduce lipid accumulation and inflammatory response in ox-LDL-induced macrophages by inhibiting the expression of CD36 and NF-κB (33). In the present study, we revealed that the expression of these pro-inflammatory and anti-inflammatory EVs-carried miRNAs were significantly dysregulated, which supports the idea that diabetic status could change the expression of specific inflammatory miRNAs in plasma EVs that is possible to promote systemic or vascular inflammation.

Poor angiogenesis or calcification is also a critical factor worsening the prognosis of diabetic angiopathy. MiR-155-5p is considered to suppress anti-inflammatory signaling in macrophages and participate in the regulation of neovascularization (34, 35). Previous studies on miR-155-5p demonstrated a significant down-regulation in peripheral blood mononuclear cells and whole blood from patients with diabetes (36). Additionally, the expression level of circulating miR-133a-3p is also shown to be significantly down-regulated in patients with diabetes compared with controls (37), which results in the inhibition of human vascular smooth muscle cell proliferation and the induction of cell apoptosis via matrix metalloprotein-9 (MMP-9) (38). In the present study, we found that EV-carried miR-155-5p and miR-133a-3p are significantly down-regulated in IHD-DM patients compared to healthy controls.

Moreover, our current work also indicated that there were no significant difference in EV-carried miR-20a-5p, miR-26a-5p, miR-30e-5p, miR-92a-2-5p, miR-181a-5p, miR-181b-5p, or miR-301a-3p in plasma between healthy controls and IHD-DM patients. Concerning miR-181a-5p, previous studies suggested that miR-181a-5p could cooperate with miRNA-181a-3p to restrict vascular inflammation and atherosclerosis, and showed that the level of miR-181a-5p level was significantly reduced in the aorta plaque and plasma (30). However, the expression level of miR-181a-5p in diabetic patients is still debated. Lozano-Bartolomé et al. showed that the expression of miR-181a-5p is reduced in adipose tissue from diabetic subjects (38), whereas other studies showed a significant up-regulation in serum or adipose tissue from diabetic patients (39). In our study, no significant difference in EV-carried miR-181a-5p in plasma was found between healthy controls and IHD-DM patients. Therefore, future research is necessary to further confirm the expression of these EV-carried miRNA in diabetic patients with cardiovascular disease.

There are several limitations to the present study. First, the plasma was collected from patients in a single clinical center, which weakens the external validity required to support widespread changes in practice (40). Hence, a multicenter large sample study should be conducted in the future. Furthermore, we extracted the circulating EVs only through the ExoQuick methods, but not the combination of the ultracentrifugation method and the ExoQuick method. In addition, the present study systematically explored the EV-carried miRNA expression profiles of IHD-DM patients. However, the detailed pathogenesis of these differentially expressed EV-carried miRNA should be explored in future research.



CONCLUSION

The present study systematically reveals the differential expression profile of plasma-derived EV-carried miRNAs through small RNA-sequencing analysis between IHD-DM patients and healthy controls. And these EV-carried miRNAs were further verified in a larger population. Our data suggest that a few of the EVs-carried miRNAs found to be differentially expressed between IHD-DM patients and healthy controls have the potential to be novel circulating EV-carried miRNA biomarkers.
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Thoracic radiotherapy patients have higher risks of developing radiation-induced heart disease (RIHD). Ionizing radiation generates excessive reactive oxygens species (ROS) causing oxidative stress, while Momordica. charantia and its extract have antioxidant activity. Plant-derived extracellular vesicles (EVs) is emerging as novel therapeutic agent. Therefore, we explored the protective effects of Momordica. charantia-derived EVs-like nanovesicles (MCELNs) against RIHD. Using density gradient centrifugation, we successfully isolated MCELNs with similar shape, size, and markers as EVs. Confocal imaging revealed that rat cardiomyocytes H9C2 cells internalized PKH67 labeled MCELNs time-dependently. In vitro assay identified that MCELNs promoted cell proliferation, suppressed cell apoptosis, and alleviated the DNA damage in irradiated (16 Gy, X-ray) H9C2 cells. Moreover, elevated mitochondria ROS in irradiated H9C2 cells were scavenged by MCELNs, protecting mitochondria function with re-balanced mitochondria membrane potential. Furthermore, the phosphorylation of ROS-related proteins was recovered with increased ratios of p-AKT/AKT and p-ERK/ERK in MCELNs treated irradiated H9C2 cells. Last, intraperitoneal administration of MCELNs mitigated myocardial injury and fibrosis in a thoracic radiation mice model. Our data demonstrated the potential protective effects of MCELNs against RIHD. The MCELNs shed light on preventive regime development for radiation-related toxicity.

Keywords: Momordica. charantia-derived extracellular vesicles-like nanovesicles, radiation-induced heart disease, DNA damage, mitochondria dysfunction, H9C2 cells


INTRODUCTION

With the advances in cancer management, clinicians have seen a remarkable improvement in cancer prognosis. The prolonged overall survival period has driven the recognition of cancer therapy-related adverse effects such as radiation-induced heart disease (RIHD) (1). As an essential modality for thoracic cancer therapy, radiotherapy (RT) eliminates the tumor, and injuries normal heart cells/tissues. The various heart cell types and structures have differential radiation sensitivity, leading to acute/chronic manifestations, including coronary artery atherosclerosis, valvular disease, pericarditis, conduction defects, and cardiomyopathy (2). Despite the recent development in RT strategy on the control of radiation doses and areas, the risks of RIHD are still unignorable (3). Of late, epidemiological studies have shown that atomic bomb survivors and Mayaka workers exhibited considerable RIHD risks years or decades after receiving low doses of radiation exposures (4, 5). Thus, the underlying mechanism that contributed to the occurrence of RIHD is urgent to comprehensive. Emerging experimental data has shown that radiation generates excessive reactive oxidative species (ROS), causing oxidative stress, epigenetic regulation, mitochondrial dysfunction, and telomere erosion in heart cells/tissues (6). These molecular effects further co-trigger endothelial dysfunction, inflammation, and fibrosis finally in the heart. However, the key determinants that result in the acute and chronic development of RIHD remain largely unidentified (6). Patients with acute RIHD have evident symptoms that are easy to diagnose and receive prompt medications. However, chronic RIHD is asymptomatic at the beginning and difficult to detect, which asks for harmless preventive regimes.

Various types of radioprotective agents, including synthetic chemicals, natural, and phytomedicine, have been discovered (7). Amifostine, the only Food and Drug Administration-approved chemical radioprotector has drawbacks of narrow administration routes and windows, high expenses, and inherent toxicities that minimize its efficacy (8). Recently, natural compounds have gained significant attention owing to their low expense, high accessibility, and less toxicity. It has proved that polyphenols, flavonoids, and various secondary metabolites extracted from different plant parts have radioprotective benefits via their anti-oxidation, DNA repair, anti-inflammation, signaling and apoptotic pathways modulation activities (7). Our group has been focusing on exploring the therapeutic effects of Momordica. charantia (M. charantia), a fruit of cucurbitaceae plant. We found that M. charantia extracts polysaccharides protected against cerebral ischemia/reperfusion injury via suppressing oxidative stress-mediated c-Jun N-terminal Kinase 3 signaling pathway (9). In addition, M. charantia polysaccharide promoted neural stem cells proliferation and differentiation via the SIRT1/Beta-catenin axis (10, 11). Considering the ROS scavenging activity of M. charantia polysaccharides, we wonder about its radioprotective capacity against RIHD.

Plant-derived extracts have disadvantages of large molecular mass, low solubility, difficulty in crossing physical barriers, and unknown complex composition limit their further applications (12). However, extracellular vesicles (EVs)-like nanovesicles innately derived from the plants could solve all these concerns and are novel candidates for their potential therapeutic benefits evaluation (13). Plant-derived EVs share similarities in size and content (proteins, lipids, DNAs, mRNAs, and microRNAs) of animal derived-EVs, mediating intercellular communications with mammalian cells (14). Chen et al. identified that exosome-like nanoparticles from Ginger Rhizomes inhibited NLRP3 inflammasome activation that holds premise for disease settings such as Alzheimer's disease and type 2 diabetes (15). Bruno et al. optimized a method to obtain Citrus Sinensis-EVs and found they modulated inflammatory genes and tight junctions in a human model of intestinal epithelium (16).

In this study, we first tried to isolate the Momordica. charantia-derived EVs-like nanovesicles (MCELNs) using density gradient centrifugation. We then identified MCELNs according to EVs' characterization criteria. Last, we investigated their protective effects against RIHD in vitro and in vivo.



MATERIALS AND METHODS


Isolation of MCELNs

Fresh M. charantia (Kino Mountain, Xishuangbanna, Yunnan Province, China.) were gently washed with deionized water three times and then milled with the juice extractor. The M. charantia juice underwent a series of centrifugations as below. (1) 1,000 × g for 10 min, 3,000 × g for 20 min, 10,000 × g for 40 min at 4°C, the supernatant was kept; (2) 150,000 × g for 90 min at 4°C (Optima XE-90, Beckman Coulter Life Sciences, Indianapolis, U.S.), the pellet was kept; (3) the pellet was suspended with gradient sucrose (8%, 30%, 45%, 60%) and then centrifuged at 150,000 × g for 90 min at 4°C; (4) the band layer around 30–45% was washed with PBS and then centrifuged at 150,000 × g for 90 min at 4°C; (5) the pellet was suspended with PBS and passed through with a 0.22 μm filter (#SLGV004SL, Millipore) for further experiments or stored at −80°C. The BCA assay kit (#23235, Thermo Scientific) was performed to obtain the protein concentration of MCELNs.



Transmission Electron Microscopy

MCELNs suspension (20 μl) was dropped onto Forvar carbon-coated grids (Electron Microscopy Sciences, Hatfield, PA, U.S.) for 3–5 min. Then stain with 2% phosphotungstic acid for 1–2 min at room temperature (RT) and take photos by transmission electron microscopy (FEI, Oregon, U.S.).



Nanoparticle Tracking Analysis (NTA)

We examined the size distribution of MCELNs using a nanoparticle tracking analyzer (ZetaView, Bavaria, Germany). As the manual described, the MCELNs were diluted with PBS and then added to the analytical cell. The data of size distribution was obtained.



Cell Culture and Radiation Exposure

The rat cardiomyocyte cell line (H9C2) was purchased from the National Collection of Authenticated Cell Cultures (Shanghai, China). H9C2 cells were cultured in Dulbecco's modified Eagle's High glucose (DMEM-H, C11995500BT, Gibco) supplemented with 10% fetal bovine serum (FBS, #10091-148, Gibco), 100 U/mL penicillin and 0.1 mg/mL streptomycin (#15140122, Gibco). Cells were maintained in a humidified incubator (37°C, 5% CO2, HeracellTM 150i, Thermo Scientific).

Before radiation exposure, the culture medium was changed with DMEM-H medium supplemented with 10% exosome-depleted FBS (#EXO-FBS-50A-1, System Biosciences) and MCELNs. The cells were then exposed to 16 Gy X-ray at a dose rate of 200 cGy/min using X-RAD 225XL Biological Irradiator (Rad Source Technologies, North Branford, CT) as previously reported (17).



Uptake of MCELNs by H9C2 Cells

MCELNs were labeled with the PKH67 Green Fluorescent Cell Linker Kit (#PKH67GL-1KT, Sigma-Aldrich) according to the manufacturer's protocol with minor modifications. In brief, MCELNs (10 μg/mL) diluted in PBS were added to 1 mL Diluent C. In parallel, 4 μl PKH67 dye was added to 1 mL Diluent C and incubated with the MCELNs solution for 4 min. Then, 2 mL 0.5% BSA/PBS was added to bind excess dye. PKH67-labeled MCELNs were washed with PBS and centrifugated at 150,000 × g for 90 min at 4°C. Finally, the pellet was diluted in PBS and went through with a 0.22 μm filter.

H9C2 cells (6.5 × 104 cells/well) were seeded on a confocal dish and incubated with PKH67 labeled MCELNs for 6, 12, and 24 h at 37°C. Then cells were fixed with 4% paraformaldehyde, and the nuclei were stained with DAPI (#2031179, Invitrogen). Then, the images were taken by a confocal microscopy (STELLARIS 5 Confocal Microscope, Leica Microsystems, Illinois, U.S.).



Cell Viability Assay

Cell viability was assessed by the Cell Proliferation Kit I (MTT assay, #11465007001, Roche Life Science). The H9C2 cells (5 × 103 cells/well) were seeded in a 96-well culture plate. Cells were exposed to 0 or 16 Gy X-ray the next day. MCELNs (0, 0.5, 5, 10, and 25 μg/mL) were added to the culture medium before radiation exposure. After 48 h of culture, 10 μl MTT labeling solution was added to each well and incubated at 37°C for 4 h. Then, 100 μl solubilization solution was added to stop the formazan formation. Cells were cultured overnight and the absorbance at 570 nm was measured by an automatic microplate reader (Infinite F50, Tecan, Switzerland). The absorbance value of cells exposed to 0 Gy X-ray was included as a normalization control (%).



Immunofluorescence Staining

The H9C2 cells (6.5 × 104 cells/well) were seeded on the confocal dish. Cells were exposed to 0 or 16 Gy X-ray the next day. MCELNs (0 or 10 μg/mL) were added to the culture medium before radiation exposure. After 48 h of culture, cells were fixed with 4% paraformaldehyde for 15 min at RT. The cells were washed with PBS three times and incubated with 0.5% Triton X-100 for 10 min. Cells were blocked with 5% BSA at RT for 60 min. Then, cells were incubated with rat Ki-67 (#14-5698-82, Invitrogen), rabbit γ-H2A.x (#ab2893, Abcam), and p-ATM (#NB100-306, NOVUS) primary antibody at 4°C overnight, respectively. After washing with PBS three times, cells were incubated with associated fluorescent secondary antibody (#ab150158, Abcam; #A-11001, #A-11008, Thermo scientific) for 60 min at RT. The cells were then washed with PBS three times and stained with DAPI for 10 min. Images were captured by confocal microscopy (STELLARIS 5 Confocal Microscope, Leica Microsystems, Illinois, U.S.). Four fields from each group were selected randomly to calculate the proportion of Ki-67 positive stained cells relative to total cells.



Western Blot Analysis

After indicated treatments, H9C2 cells were homogenized with ice-cold RIPA buffer (#89900, Thermo Scientific) containing 1% phosphatase and protease inhibitors (#78442, Thermo Scientific). Total protein concentration was measured by BCA assay kit (#23225, Thermo Scientific). The proteins were separated on SDS-PAGE gels (7.5%, #1610181, Bio-Rad; 12%, #1610185, Bio-Rad) and transferred to 0.22 μm PVDF membranes (#1620177, Bio-Rad) via Trans-Blot® TurboTM transfer system (Bio-Rad, California, U.S.). Membranes were blocked with 5% BSA in Tris Buffered Saline with Tween 20 (TBST) for 1 h at RT and then incubated with the primary antibody at 4°C overnight. The primary antibodies included TSG101 (#28283-1-AP, proteintech), CD63 (#25682-1-AP, proteintech), CD9 (#20597-1-AP, proteintech), PCNA (#A0264, ABclonal), Cyclin D1 (#2978, CST), Cyclin B1 (#55004-1-AP, proteintech), cleaved caspase3 (#9664, CST), cleaved PARP (#9548, CST), γ-H2A.x (#ab2893, Abcam), ATM (#NB100-309, NOVUS), p-ATM (#NB100-306, NOVUS), AKT (#60203-2-lg, proteintech), p-AKT (#4060, CST), ERK (#BF8004, affinity), p-ERK (#AF1015, affinity), β-actin (#66009-1-lg, proteintech), α-tubulin (#66031-1-lg, proteintech). After sufficient washing with TBST, membranes were incubated with HRP-conjugated secondary antibodies for 1 h at RT. Blots were visualized using an ECL detection kit (#RPN2135, GE Healthcare Life Sciences) using a ChemiDocTM Touch imaging system (Bio-Rad, California, U.S.). The density of the band was analyzed by the Image lab software (Bio-Rad, California, U.S.).



Apoptosis Assay

H9C2 cells apoptosis was assessed using PE Annexin V apoptosis detection kit (#559763, BD Biosciences). Cells were exposed to 0 or 16 Gy X-ray the next day. MCELNs (0 or 10 μg/mL) were added to the culture medium before radiation exposure. After 48 h of culture, the cells were harvested with 0.25% trypsin without EDTA (#15090046, Gibco) and washed with PBS three times. Cells (1 × 105 cells) were resuspended in 100 μl of Binding Buffer. Then, 5 μl of Annexin V-PE and 5 μl of 7-AAD were added to the cell suspensions at RT in the dark. After incubation for 15 min, the cells were added with 400 μl ice-cold binding buffer. Cell apoptosis rate was analyzed using a flow cytometer within 1 h (FACS Canto II, Becton Dickinson, New Jersey, U.S.). Q3 and Q2 area represnted the early and late cell apoptosis, respectively. The total cell apoptosis rate was the sum of Q3 and Q2 apoptosis rate.



Measurement of Mitochondria ROS Generation

Mitochondria ROS were detected by MitoSOX kit (#M36008, Invitrogen). H9C2 cells were exposed to 0 or 16 Gy X-ray the next day. MCELNs (0 or 10 μg/mL) were added to the culture medium before radiation exposure. After 48 h of culture, cells were harvested with 0.25% trypsin without EDTA and washed with PBS three times. Then, cell pellets were resuspended with 1 mL of 5 μM MitoSOX™ reagent working solution and incubated for 10 min at 37°C in the dark. After washing with PBS three times, cells were analyzed using a flow cytometer (FACS Canto II, Becton Dickinson, New Jersey, U.S.).



Measurement of Mitochondrial Membrane Potential (MMP, ΔΨm)

Mitochondrial Membrane Potential Detection Kit (JC-1, #abs50016-100T, absin) was used. H9C2 cells were exposed to 0 or 16 Gy X-ray the next day. MCELNs (0 or 10 μg/mL) were added to the culture medium before radiation exposure. After 48 h of culture, cells were harvested with 0.25% trypsin without EDTA and washed with PBS three times. Then, cells were added with 0.5 mL DMEM and 0.5 mL prepared JC-1 working solution. After incubation for 20 min at 37°C in the dark, cell suspensions were washed with JC-1 staining buffer two times. Then resuspend cell pellets with JC-1 staining buffer and analyzed using flow cytometer (FACS Canto II, Becton Dickinson, New Jersey, U.S.).



Thoracic Mice Irradiation Model

5-6 weeks BALB/c nude mice (GemPharmatech Co., Ltd) weighed about 18–22 g were used in this experiment. This study was approved by the Institutional Animal Care and Use Committee of Xuzhou Medical University (202112A020), and all animal procedures were performed following the institutional and national guidelines.

Animals were randomly divided into three groups (n = 4): (1) Control group; (2) IR Group; (3) MCELNs administration post-IR (100 μg/kg every other day for 5 times, intraperitoneal injection). Thoracic radiation exposure was performed in mice at a dose rate of 100 cGy/min, 20 Gy X-ray using X-RAD 225XL Biological Irradiator (Rad Source Technologies, North Branford, CT) as previously reported (18). We covered the other body areas except the chest with lead to shield from the X-ray. The body weight was weighed every two days, and mice were sacrificed 35 days after the initial thoracic radiation exposure. Serum was collected for cardiac injury biomarkers evaluation. Heart weight was measured and then fixed with 4% paraformaldehyde for paraffin sections preparation (4 μm).



Enzyme-Linked Immunosorbent Assay (ELISA)

The mouse serum were used to detect myocardial injury biomarkers with ELISA kits, including CK-MB (#E-EL-M0355c, Elabscience), cTnT (#E-EL-M1801c, Elabscience), and NT-proBNP (#E-EL-M0834c, Elabscience).



Masson Trichrome Staining

The cardiac tissues were sectioned in 4 μm for Masson trichrome staining according to the mannual (#G1006-20ML, Servicebio). The images were observed and scanned using a microscope inspection (Olympus VS120). The fibrosis area were analyzed using Image-J software (1.52n).



Statistical Analysis

All experiments are presented as the mean ± SD. The statistical significance was evaluated by one-way analysis of variance (ANOVA) followed by Turkey's multiple comparisons test among groups (GraphPad Prism 9.3.0). RM two-way ANOVA followed by Turkey's multiple comparisons test was used for significance evaluation of repeat measurement of mice body weight. Differences were considered significant when P < 0.05.




RESULTS


Isolation and Characterization of MCELNs

Figure 1A illustrates the flow chart of MCELNs isolation from M. charantia (MC). Transmission electron microscopy imaging revealed that MCELNs exhibited a cup-shaped morphology (Figure 1B). Using NTA assay, MCELNs had an average diameter of 106.0 nm, similar to animal-derived EVs (Figure 1C). Western blot assay showed higher expressions of EVs marker (TSG101, CD63, and CD9) in MCELNs than the supernatant obtained during the isolation process (Figure 1D). These data demonstrated the successful isolation of MCELNs characterized as EVs. Next, we labeled MCELNs with fluorescent membrane dyes PKH67 and evaluated the uptake of MCELNs in H9C2 cells at 0, 6, 12, 24 h. Confocal imaging showed that H9C2 cells internalized PKH67-MCELNs in a time-dependent manner (Figure 1E).


[image: Figure 1]
FIGURE 1. Isolation and characterization of MCELNs. (A) Flow sheet on the isolation of MCELNs from Momordica. charantia (MC) using gradient density centrifugation. (B) Transmission electron microscope image of MCELNs, scale bar: 2 μm. (C) NTA analysis exhibited the diameter of MCELNs was around 106.0 nm. (D) Western blot analysis of EVs biomarker, including TSG101, CD63, and CD9 in MC supernatant and MCELNs. (E) Representative images on the uptake of PKH67-labled MCELNs (green) in H9C2 cells when co-cultured at 0, 6, 12, 24 h. The nucleus were stained with DAPI (blue), scale bar: 10 μm.




MCELNs Promote the Proliferation of H9C2 Cells After Radiation Exposure

Firstly, we evaluated whether MCELNs could improve cell proliferation activity in irradiated H9C2 cells. H9C2 cells were previously treated with different doses of MCELNs (0, 0.5, 5, 10, 25 μg/mL) and then exposed to 16 Gy X-ray. After 48 h of culture, the MTT assay identified that MCELNs mitigated radiation-induced decreased cell viability in H9C2 cells dose-dependently (Figure 2A). We included 10 μg/mL of MCELNs for further experiments. Cell growth of irradiated or non-irradiated H9C2 cells treated with MCELNs (10 μg/mL) or not after 48 h culture were shown in Figure 2B. By the immunofluorescence staining of cell proliferation marker Ki-67, we identified a significantly decreased percentage of Ki-67 positive H9C2 cells after exposure to 16 Gy X-ray (Figures 2C,D). However, MCELNs (10 μg/mL) dramatically increased the percentage of Ki-67 positive H9C2 cells (Figure 2C). We further investigated the expressions of proliferation marker PCNA (Figure 2D) and cell cycle-related proteins, including Cyclin D1 (Figure 2E) and Cyclin B1 (Figure 2F) in H9C2 cells after indicated radiation exposure and MCELNs treatment. Western blot assay showed that MCELNs (10 μg/mL) recovered the downregulated expressions of PCNA, Cyclin D1, and Cyclin B1 in irradiated H9C2 cells. These data revealed that the MCELNs promoted H9C2 cells proliferation after radiation exposure.


[image: Figure 2]
FIGURE 2. MCELNs enhanced the proliferation of H9C2 cells after radiation exposure. (A) H9C2 cells were previously treated with different doses of MCELNs (0, 0.5, 5, 10, 25 μg/mL) and then exposed to 16 Gy X-ray. After 48 h of culture, the cell viability of H9C2 cells was determined using a MTT assay. (B) Representative growth images of H9C2 cells after 48 h of culture with indicated treatment, scale bar: 200 μm. (C) Immunofluorescence staining (left) and quantitation (right) of Ki-67 (red) positive stained H9C2 cells after 48 h of culture with indicated treatment. The nucleus were stained with DAPI (blue), scale bar: 10 μm. Western blot analysis and quantitation on the expressions of PCNA (D), Cyclin D1 (E), and Cyclin B1 (F) in H9C2 cells after 48 h of culture with indicated treatment. IR (–/+): 0/16 Gy X-ray; MCELNs (–/+): 0/10 μg/mL. All data were represented as means ± SD (n = 3 independent experiments). The statistical significance was evaluated by one-way ANOVA followed by the Turkey's multiple comparisons test among groups.




MCELNs Suppress the Apoptosis of H9C2 Cells After Radiation Exposure

We next explored the protective effects of MCELNs on the apoptosis of H9C2 cells against radiation using western blot and Annexin-V flow cytometry assay. MCELNs (10 μg/mL) significantly reduced the expressions of apoptosis proteins cleaved caspase3 and cleaved PARP (Figures 3A,B) that were elevated in irradiated H9C2 cells. Flow cytometry assay showed that exposure to 16 Gy X-ray significantly enhanced the apoptosis of H9C2 cells, and MCELNs (10 μg/mL) significantly reduced the total apoptosis rate of H9C2 cells, especially the early apoptosis rate (Figures 3C,D). These data verified that MCELNs suppressed the apoptosis of H9C2 cells after radiation exposure.


[image: Figure 3]
FIGURE 3. MCELNs inhibited the apoptosis of H9C2 cells after radiation exposure. Western blot images (A) and quantitation (B) of apoptotic proteins cleaved-caspase3 and cleaved-PARP in H9C2 cells after 48 h of culture with indicated treatment. Annexin V apoptosis Flow detection (C) and quantitation (D) of the apoptosis rate in H9C2 cells after 48 h of culture with indicated treatment. IR (–/+): 0/16 Gy X-ray; MCELNs (–/+): 0/10 μg/mL. All data were represented as means ± SD (n = 3 independent experiments). The statistical significance was evaluated by one-way ANOVA followed by the Turkey's multiple comparisons test among groups.




MCELNs Mitigate the DNA Damage of H9C2 Cells After Radiation Exposure

The direct effect caused by radiation is DNA damage. Here, we tested whether MCELNs could alleviate the DNA damage of H9C2 cells after radiation exposure. Immunofluorescent staining revealed that exposure to 16 Gy X-ray caused a substantial accumulation of DNA damage marker γ-H2A.X foci in the nucleus of H9C2 cells (Figure 4A). Western blot assay further confirmed a significantly elevated protein expression of γ-H2A.X in irradiated H9C2 cells (Figures 4B,C). MCELNs (10 μg/mL) significantly reduced γ-H2A.X foci formation in the nucleus (Figure 4A) and its protein expression (Figures 4B,C). The protein kinase ataxia-telangiectasia mutated (ATM) is an apical activator involved in the phosphorylation of the DNA double-strand breaks damage response pathway. After DNA double-strand breaks, ATM was gathered to DNA damage sites and phosphorylated to regulate DNA damage response, especially γ-H2A.X phosphorylation. Immunofluorescent staining showed that MCELNs (10 μg/mL) declined the expressions of p-ATM in the nucleus of irradiated H9C2 cells (Figure 4D). Western blot assay further proved these changes (Figures 4E,F). Thus, MCELNs protected the H9C2 cells against DNA damage after radiation exposure.


[image: Figure 4]
FIGURE 4. MCELNs decreased the DNA damage of H9C2 cells after radiation. (A) Immunofluorescence staining of γ-H2A.X (green) in H9C2 cells after 48 h of culture with indicated treatment. The nucleus were stained with DAPI (blue), scale bar: 10 μm. Western blot images (B) and quantitation (C) of γ-H2A.X in H9C2 cells after 48 h of culture with indicated treatment. (D) Immunofluorescence staining of p-ATM (green) in H9C2 cells after 48 h of culture with indicated treatment. The nucleus were stained with DAPI (blue), scale bar: 10 μm. Western blot images (E) and quantitation (F) of p-ATM and ATM in H9C2 cells after 48 h of culture with indicated treatment. IR (–/+): 0/16 Gy X-ray; MCELNs (–/+): 0/10 μg/mL. All data were represented as means ± SD (n = 3 independent experiments). The statistical significance was evaluated by one-way ANOVA followed by the Turkey's multiple comparisons test among groups.




MCELNs Attenuate the Mitochondrial Dysfunction in H9C2 Cells After Radiation Exposure

Radiation exposure causes cell injury by excessive ROS generation, and mitochondria are the primary source of intracellular ROS. Hence, we tested the mitochondria ROS levels and quality after indicated radiation exposure and MCELNs treatment. Mitochondria ROS staining (Figure 5A) and flow cytometry assay (Figures 5B,C) demonstrated that exposure to 16 Gy X-ray triggered excessive mitochondria ROS generation in H9C2 cells. MCELNs (10 μg/mL) significantly diminished the mitochondria ROS levels in irradiated H9C2 cells (Figures 5A–C). To evaluate the mitochondria quality, we tested the MMP (ΔΨm) of H9C2 cells using the JC-1 probe. After radiation exposure, the proportion of JC-1 monomer significantly increased and JC-1 aggregation decreased, indicating reduced MMP (Figures 5D,E). MCELNs (10 μg/mL) suppressed radiation-induced JC-1 monomer generation and augmented JC-1 aggregation proportion, thus recovering MMP (Figures 5D,E). Last, we evaluated the ROS-related proteins, including p-AKT, AKT, p-ERK, and ERK. MCELNs significantly upregulated the reduction in the ratio of p-AKT/AKT and p-ERK/ERK in irradiated H9C2 cells (Figures 5F,G). These data demonstrated that MCELNs could attenuate the mitochondrial dysfunction in H9C2 cells after radiation exposure.


[image: Figure 5]
FIGURE 5. MCELNs ameliorated mitochondrial dysfunction induced cell injury after radiation. (A) H9C2 cells after 48 h of culture with indicated treatment were incubated with mitochondria ROS probe (red) for 15 min. Then nucleus were stained with DAPI (blue) for confocal imaging, scale bar: 20 μm. Flow analysis (B) and quantitation (C) of mitochondria ROS intensity in H9C2 cells after 48 h of culture with indicated treatment. Flow analysis (D) and quantitation (E) of mitochondria membrane potential in H9C2 cells after 48 h of culture with indicated treatment that detected by JC-1 probe. Western blot images (F) and quantitation (G) of AKT, p-AKT, ERK, and p-ERK in H9C2 cells after 48 h of culture with indicated treatment. IR (–/+): 0/16 Gy X-ray; MCELNs (–/+): 0/10 μg/mL. All data were represented as means ± SD (n = 3 independent experiments). The statistical significance was evaluated by one-way ANOVA followed by the Turkey's multiple comparisons test among groups.




MCELNs Exerted a Cardioprotective Effect in a Thoracic Mice Irradiation Model

To test the radioprotective effect of MCELNs, we generated a thoracic irradiation model (20 Gy X-ray, 100 cGy/min) in BALB/c nude mice by shielding other body areas with lead except for the chest. Mice that received no thoracic radiation exposure were included as a control. Thoracic irradiated mice were then intraperitoneally administrated with MCELNs (100 μg/kg in PBS, IR+MCELNs) or not (PBS, IR) every two days for five times. Mice were sacrificed 35 days after the initial thoracic irradiation (Figure 6A). Compared with the control, thoracic irradiated mice exhibited a significantly declined body weight in the first couple of days (Figure 6B). The MCELNs administration alleviated the reduction in the body weight of thoracic irradiated mice (Figure 6B). However, the heart/body weight ratio was not different among three groups (Figure 6C). For monitoring cardiac injury after radiation, we tested the biomarkers of myocardial injury including cTnT, CKMB, and NT-proBNP. The expression levels of cTnT, CKMB and, NT-proBNP were increased in irradiated mice compared with non-irradiated and MCELNs-treated mice, and only CKMB changes showed statistical significance (Figure 6D). Moreover, the masson trichrome staining of cardiac tissue sections revealed that the extent of fibrosis in irradiated mice were significantly higher than that of control mice. Meanwhile, MCELNs administration diminished the cardiac fibrosis area in thoracic irradiated mice (Figure 6E).


[image: Figure 6]
FIGURE 6. MCELNs exerted in vivo protective effect after radiation. (A) The generation procedure of thoracic irradiated mice model was illustrated. Briefly, mice were randomly divided into three groups: (1) Control; (2) IR (thoracic irradiation, 20 Gy X-ray, PBS administration post-IR, every other day for 5 times i.p.); (3) IR+MCELNs (thoracic irradiation, 20 Gy X-ray, MCELNs administration post-IR, 100 μg/kg every other day for 5 times, i.p). (B) Mice body weight were observed until sacrificed at day 35. (C) The ratio of mice heart weight to body weight were calculated. (D) Serum samples were collected to detect the concentrations of cardiac injury marker cTnT, CKMB, and NT-proBNP using ELISA kit. Masson trichrome staining (E) were performed to analyze the heart fibrosis area in mice. i.p, intraperitoneal injection. The statistical significance was evaluated by one-way ANOVA followed by the Turkey's multiple comparisons test among groups. RM two-way ANOVA followed by the Turkey's multiple comparisons test was used for significance evaluation of repeat measurement of mice body weight. All data were represented as means ± SD (n = 4 independent experiments). *P < 0.05, **P < 0.01, ***P < 0.001 vs. Control. #P < 0.05, ##P < 0.01, vs. IR.





DISCUSSION

In the present study, we isolated MCELNs from M. charantia that applied as traditional folk medicine and identified them as EVs. MCELNs enhanced cell proliferation, reduced cell apoptosis, and mitigated the DNA damage in H9C2 cells exposed to 16 Gy X-ray. These effects might be attributed to the free radical scavenging ability of MCELNs, as evidenced by declining ROS levels and restored mitochondria function in irradiated H9C2 cells. In addition, the ratios of ROS-related proteins that p-AKT/AKT and p-ERK/ERK were recovered in irradiated H9C2 cells. Finally, intraperitoneal injection of MCELNs mitigated myocardial injury and fibrosis in a thoracic mice irradiation model.

Plant-derived extracts, including polysaccharides, flavonoids, phenylpropanoids, stilbenoids, vitamin C, and gallic acid, have emerged as novel radioprotectors due to their potent antioxidant activity (19, 20). In addition, EVs represent a novel strategy for mitigating radiation-induced adverse effects (21). Accarie et al. showed that intravenously injection of human mesenchymal stem cells-derived EVs protected the intestinal epithelium's integrity in a mouse model of acute radiation syndrome (22). Lately, the utility of plant-derived EVs in therapeutic drugs has also gained substantial interest (23, 24). Hence, we intended to isolate EVs from M. charantia that its extract polysaccharide had neuroprotective effects against cerebral ischemia/reperfusion injury via scavenging excessive free radicals (9) and enhancing neural stem cells proliferation (10) and differentiation (11). Employing desentity gradient centrifugation, we successfully obtained MCELNs with typical sizes, shapes, and markers (TSG101, CD63, and CD9) identified to EVs. The effectiveness of non-cell therapy depends on its uptake by target cells (25). Correspondingly, in vitro confocal imaging displayed that H9C2 cells endocytosed membrane fluorescent dye PKH67 labeled-MCELNs time-dependently.

Cardiomyocytes undergo apoptosis after radiation exposure (18, 26). Exposure to 16 Gy X-ray significantly declined the cell viability and induced apoptosis in H9C2 cells, consistent with Dai et al.'s report (17). Co-culturing irradiated H9C2 cells with MCELNs improved cell proliferation, demonstrated by the elevated ratio of Ki-67 positive H9C2 cells and protein expressions of cell proliferation marker PCNA. Moreover, radiation exposure reduced the expression of Cyclin D1 and Cyclin B1, indicating cell cycle arrest in irradiated H9C2 cells. MCELNs improved Cyclin D1 and Cyclin B1 expression, suggesting recovered cell cycle thus improving H9C2 cells proliferation. In addition, MCELNs suppressed the apoptosis in irradaited H9C2 cells, as evidenced by decreased pro-apopototic proteins (cleavead caspase3 and cleavead PARP) and decreased apoptotic cells. These results suggested that MCELNs prevented radiation-induced toxicity in H9C2 cells in vitro.

High doses of radiation cause DNA injury, including base damage, cross-links, single-strand breaks, and double-strand breaks that further alter gene expression, posing genome instability, and cell death (27). Here, we detected the expression of γ-H2A.X, a widely used biomarker of DNA double-strand breaks (28). Radiation exposure significantly upregulated the expression of γ-H2A.X in H9C2 cells, and MCELNs alleviated this damage. Moreover, as the upstream of γ-H2A.X, autophosphorylation of ATM modulates various cellular responses especially initiated DNA double-strand breaks (29). We found that the phosphorylation of ATM significantly increased after radiation exposure. Whereas, MCELNs reversed the abnormal phosphorylated ATM to reduce cardiomyocytes' DNA damage. In all, MCELNs mitigated radiation-induced DNA damage in H9C2 cells.

Mitochondria is a vital organelle in cardiomyocytes that participate in multiple cellular responses. As the primary source of cellular ROS, mitochondria generate appropriate ROS to facilitate cellular immune responses, signal transduction, and apoptosis under normal conditions (30). Radiation disrupts the mitochondria respiratory chain, causing energy metabolism imbalance, generating excessive ROS, initiating cell apoptosis (31). In irradiated H9C2 cells, we observed significantly elevated mitochondria ROS correspondingly. M. charantia polysaccharide can clear superoxide, nitric oxide, and peroxynitrite, modulating oxidative stress in neural stem cells (9). Likewise, MCELNs also effectively scavenge radiation-induced excessive mitochondria ROS in H9C2 cells. Standard MMP is the precondition for maintaining mitochondrial oxidative phosphorylation and cellular physiological functions (32). With JC-1 probe staining, we found that MCELNs restored the decreased MMP in irradiated H9C2 cells. Re-balanced mitochondria ROS and MMP may contribute to the protective potentials of MCELNs against RIHD. AKT and ERK signaling pathways have been shown to play vital roles in cell survival and proliferation. And activation of AKT and ERK were associated with cancer radiation resistance. Under stress conditions, excessive ROS generation was reported to reduce the AKT and ERK activation (33). Accordingly, we found significantly reduced p-AKT and p-ERK in irradiated H9C2 cells consistent with Dai et al.'s report (17). MCELNs co-culture recovered the phosphorylation of AKT and ERK. Gu et al. found RhNRG-1β protected the irradiation-induced myocardium injury via activating the ErbB2-ERK-SIRT1 pathway (34). Inhibition of AKT and ERK pathways were also observed in the in vitro model of angiotensin II stimulated cardiomyocytes hypetrophy. Ba et al. found allicin activates PI3K/AKT/mTOR and MAPK/ERK/mTOR signaling pathways to inhibit the autophagy process alleviating cardiac hypertrophy (35). Zhang et al. identified FNDC5 mitigates doxorubicin-induced H9C2 cells cardiomyocytes apoptosis via activating AKT (36). Thus, the activation of AKT and ERK signaling pathways might be involved in the protective effects of MCELNs against RIHD. The specific mechanism remains to be further investigated.

Last, we verified the protective effects of MCELNs against RIHD in vivo. We generated a mice model of radiation-induced cardiomyopathy by exposing the chest of BALB/c nude mice to 20 Gy X-rays as previously reported (18). In the first couple of days post-IR, the mice's body weight significantly declined, which was mitigated in MCELNs injected mice. However, the body weight of irradiated mice injected with MCELNs or not recovered to the levels comparable to the control mice by the end of observation (35 days post-IR). Due to the unavailability of an electrocardiogram, we failed to assess the cardiac function of mice. Instead, we detected the serum levels of common cardiac injury biomarkers, including cTnT, CKMB, and NT-proBNP. Thoracic RT increased the serum levels of cTnT, CKMB, and NT-proBNP, and MCELNs injection decreased these changes. Moreover, our data showed that CKMB was more sensitive to radiation-induced cardiac injury. Fibrosis is the severe long-term effect of RT that eventually causes cardiac dysfunction and even heart failure (37). We found that MCELNs injection reduced fibrosis in thoracic irradiated mice. Above all, MCELNs may protect cardiac against radiation-induced damage in vivo.

There are several limitations in this study. First, cardiomyocytes are the dominant cell type in the heart that we initial investigate the protective effects of MCELNs on them. It would be interesting to investigate whether MCELNs modulate other cardiac cells (endothelial and fibroblast) function in future studies. Second, we just evaluated the uptake of MCELNs by H9C2 cells in vitro and did not investigate how the MCELNs were homed to the injured heart. Last but not the least, we did not unravel the role of MCELNs contents (e.g., proteins, microRNAs) in protecting cardiomyocytes from DNA damage and mitochondrial dysfunction.

Collectively, we here successfully isolate EVs-like MCELNs from M. charantia and verify their potent cardio-protective effects against radiation in vitro and in vivo. Plant-derived EVs can access physical barriers, generate less immunogenicity/toxicity, possess inherent cell/tissue targeting capacity, qualifying MCELNs as novel ideal candidates for managing radiation-induced side effects.
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Introduction: Primary mitral valve regurgitation (MR) results from degeneration of mitral valve apparatus. Mechanisms leading to incomplete postoperative left ventricular (LV) reverse remodeling (Rev–Rem) despite timely and successful surgical mitral valve repair (MVR) remain unknown. Plasma exosomes (pEXOs) are smallest nanovesicles exerting early postoperative cardioprotection. We hypothesized that late plasma exosomal microRNAs (miRs) contribute to Rev–Rem during the late postoperative period.

Methods: Primary MR patients (n = 19; age, 45–71 years) underwent cardiac magnetic resonance imaging and blood sampling before (T0) and 6 months after (T1) MVR. The postoperative LV Rev–Rem was assessed in terms of a decrease in LV end-diastolic volume and patients were stratified into high (HiR-REM) and low (LoR-REM) LV Rev–Rem subgroups. Isolated pEXOs were quantified by nanoparticle tracking analysis. Exosomal microRNA (miR)-1, –21–5p, –133a, and –208a levels were measured by RT-qPCR. Anti-hypertrophic effects of pEXOs were tested in HL-1 cardiomyocytes cultured with angiotensin II (AngII, 1 μM for 48 h).

Results: Surgery zeroed out volume regurgitation in all patients. Although preoperative pEXOs were similar in both groups, pEXO levels increased after MVR in HiR-REM patients (+0.75-fold, p = 0.016), who showed lower cardiac mass index (–11%, p = 0.032). Postoperative exosomal miR-21-5p values of HiR-REM patients were higher than other groups (p < 0.05). In vitro, T1-pEXOs isolated from LoR-REM patients boosted the AngII-induced cardiomyocyte hypertrophy, but not postoperative exosomes of HiR-REM. This adaptive effect was counteracted by miR-21-5p inhibition.

Summary/Conclusion: High levels of miR-21-5p-enriched pEXOs during the late postoperative period depict higher LV Rev–Rem after MVR. miR-21-5p-enriched pEXOs may be helpful to predict and to treat incomplete LV Rev–Rem after successful early surgical MVR.
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Introduction

Mitral valve regurgitation (MR) is one of the most common cardiac valve diseases leading to blood regurgitation into the left atrium (LA) and to left ventricular (LV) dilatation, also defined as “LV adverse remodeling,” following increased preload up to the onset of heart failure (HF) (1). Primary MR is associated with degeneration of the valve apparatus or with annular dilatation. Even though patients with a severe primary MR remain asymptomatic for a remarkably long period of time with preserved LV function (2–5), an increased risk for cardiovascular morbidity and mortality is described (2, 4, 6). Therefore, early surgical mitral valve repair (MVR) is strongly recommended in experienced surgical center by current guidelines (7) due to the lack of effective pharmacological treatments. Indeed, long-term postoperative survival is worse if surgery is performed after patients become symptomatic and the mitral valve is not successfully repairable.

Most patients with severe primary MR and LV dysfunction undergoing timely MVR (7–9) are at minimal risk of MR recurrence and show progressive reduction of LV volumes defined as “LV reverse remodeling (Rev–Rem)” (10–12). However, a non-negligible number of patients may experience worsened clinical outcome during late postoperative period due to a partial LV Rev–Rem (13–15) after timely and technically successful MVR (16, 17). Early recognition and treatment of these patients remains a desirable goal in hospital setting (4, 18, 19). Indeed, personalization of early-to-late postoperative follow-up and timely escalation of therapy for patients at higher risk for incomplete LV Rev–Rem is expected even when patients with severe MR, preserved LV function, and normal exercise capacity undergo early surgical treatment (7, 9).

Preoperative echocardiography is now commonly used as a method for screening postoperative outcome in terms of long-term survival (20–23), MR recurrence (24), Rev–Rem (12, 25–27) and functional preservation of the left ventricle (13, 14, 28–30). However, the early predictive value of echocardiography is affected by several limitations (31, 32). Conversely, cardiac magnetic resonance imaging (CMRI) is the gold-standard technique in the evaluation of cardiac mass, fibrosis, volumes, dimensions and function (33, 34) and is highly reliable in the characterization of cardiac tissues and in the evaluation of LV remodeling. Yet, its role in depicting the pathogenic events that occur at the molecular level to predict early-to-late LV Rev–Rem after early rescue mitral valve surgery is still undefined (35). Moreover, the perioperative use of CMRI is limited by the low availability of the method, and by the high cost. Despite the availability of present indications for early rescue mitral valve surgery (36) and current non-invasive diagnostic technologies, the quality of surgical outcomes in patients with primary MR remains heterogeneous, and the traditional markers (symptoms, LV phenotype) are poor outcome markers. Therefore, additional reliable and more sensitive indicators of reverse ventricular remodeling during medical management are of paramount importance to start treating adverse myocardial remodeling in the postoperative period even in the absence of cardiac dysfunction and symptoms.

Plasma exosomes (pEXOs) are smallest membrane bound extracellular vesicles (40–150 nm in diameter) released by different cells, which may play a key role in intercellular communication by regulating the magnitude of postoperative LV Rev–Rem. It is conceivable that combining analysis of pEXOs with CMRI parameters may enable more precise and informative assessment of late LV Rev–Rem. Indeed, the previous studies have demonstrated the role of pEXOs in mediating cardioprotection through anti-inflammatory and anti-apoptotic pathways (37, 38) regardless of the type of cardiac surgery (39). Although the investigation on their role in late LV Rev–Rem after surgery is at its infancy, changes of pEXOs profile have been already suggested as non-invasive early indicators of cardiac function in both critically ill (40) and surgical patients (41, 42), even after the heart transplantation (43).

Exosomal microRNA (miR), small non-coding RNA molecule (∼20 nucleotides) regulating gene expression, is effective mediator of the adaptive paracrine responses in cardiomyocytes exposed to different stressors (38, 44). The distinctive microRNAs expression patterns are associated with MR (45) and exosomes are the source of choice for microRNAs in biomarker studies (46, 47). In fact, the exosomal fraction of microRNAs was able to predict the risk of adverse cardiac events in patients with stable coronary artery diseases (48) and was correlated with postoperative cardiac troponin levels in patients subjected to coronary artery–bypass–graft surgery (38).

The evidences above well support the use of pEXOs and corresponding microRNAs to depict the extent of LV Rev–Rem in our MR patients during the late postoperative period. Since some reports have focused on their predictive value in dogs with MR (49) and in patients undergoing transcatheter valve repair (31), further investigation of their long-lasting cardioprotective role after early surgical valve repair is required.

In this study, we hypothesized that the postoperative change in the levels of pEXOs delivering specific microRNAs may underlie LV Rev–Rem in the primary MR patients after the early surgical MVR. For this purpose, we also used CMRI to better assess the late postoperative changes in cardiac structure and function. Using a gold standard approach, we measured both levels of pEXOs and exosomal microRNAs specifically related to remodeling and heart failure, such as miR-1, miR-133a, and miR208a (50–52), and to cardioprotection, such as miR-21-5p (53). Finally, the anti-remodeling properties of late pEXOs and those of selected exosomal miR were tested in cultured adult murine cardiomyocytes (HL-1) exposed to angiotensin II, an established in vitro model of cardiac hypertrophy (54, 55).



Materials and methods


Study design and patients

Our study was approved by Ethics Committee of “G. Monasterio” Foundation (FTGM, Massa, Italy) (EMIGRATE study, approval n°1529) in accord with the principles outlined in the Declaration of Helsinki. We obtained signed informed consent from each patient. Aiming to select patients with higher mitral valve repair probability, the inclusion criteria were as follows: Age (35–75 years); presence of severe primary MR due to prolapse or flail leaflet as assessed by transthoracic echocardiography, sinus rhythm, and clinical indication to surgery. According to clinical guidelines, severe primary MR was diagnosed when at least one of the following parameters was detected by transthoracic echocardiography (56–58): (1) Vena contracta width more than or 7 mm from the parasternal long-axis view, (2) effective regurgitant orifice (ERO) area more than or 0.4 cm2, as evaluated by proximal isovelocity surface area (PISA) method, and (3) regurgitant volume more than or 60 ml. The patients with echocardiography evidence of leaflet tethering (typical of secondary MR) or calcific degenerative restricted motion of leaflets were excluded. In the case that, during surgery, the surgeon decided to convert intervention to valve replacement, the patients were then excluded from the study. Other exclusion criteria comprehended the following: chronic kidney disease (CKD) defined as glomerular filtration rate less than 50 ml/m2, the previous cardiac surgery or history of congenital heart disease, the current or past myocardial ischemia/severe coronary artery disease, LV ejection fraction (LVEF) less than 40%, other-than-mitral valve diseases more than mild, and any contraindications to CMRI. The current cardiovascular risk factors, functional capacity according to the New York Heart Association (NYHA) classification (59), presence of CKD, and medications were assessed prior to surgery.

The complete clinical profile of patients is described in Table 1. Eight healthy Caucasian volunteers (age, <60 years) with no evidence of cardiac disease were recruited as a control group. Since we detected prevalence of males among our patients (Table 1), we enrolled only male volunteers to avoid gender bias.


TABLE 1    Clinical features and CMRI parameters of MR patients enrolled in the study.
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We performed combined CMRI and blood sampling for pEXO isolation before surgery (baseline) and at 6 months after surgery. The timing of the experimental protocol was in accord with the previous studies (60, 61). Only patients who completed the whole protocol were included in the study.



Mitral valve repair surgery and experimental protocol

All patients underwent same anesthetic protocol and standard hypothermic cardiopulmonary bypass (CPB) procedure. Successful surgical repair of the mitral valve was performed mainly through a minimally invasive endoscopic approach to the mitral valve (39, 62). Briefly, chest access was via a small right incision in the third or fourth intercostal space—a periareolar (in males) access or axillary (in females) minithoracotomy was performed. The median sternotomy was the alternative surgical approach when the minimally invasive approach was not possible (Table 1). An extracorporeal circulation was established through peripheral femoro–femoral cannulation using surgical cut-down approach. After opening the pericardium, the ascending aorta was gently cross-clamped externally and cold crystalloid cardioplegic solution (Custodiol) was infused in an antegrade fashion. The mitral valve was exposed through opening of the interatrial groove and the atrial lift retractor (USB Medical) was positioned exposing the mitral valve. The repair surgery was carried out according to the usual techniques in accord with the type of mitral pathology. All patients underwent implantation of a prosthetic annulus, and most also underwent the implantation of Gore-Tex prosthetic cords to restore proper posterior leaflet height (Table 1). The successful repair was assessed with intraoperative transesophageal echocardiography before suturing the surgical access. Cardiac magnetic resonance imaging and blood collection were performed prior to surgery (T0) and 6-months after surgery (T1) in awaken patients.



Transthoracic echocardiography

Transthoracic echocardiography was performed with a commercial machine equipped with a 5–1 mHz phased array probe (iE33 system, Phillips Medical Systems, Andover, MA, United States). Left ventricular ejection fraction was evaluated with the modified Simpson Biplane method. The postoperative residual mitral regurgitation was evaluated using a scale from 0 (nil) to 4 (severe), in all patients. All the measurements were performed according to the current standards (63, 64).



Cardiac magnetic resonance imaging

Cardiac magnetic resonance imaging (3.0T scanner, Ingenia, Philips) was used to assess cardiac remodeling and valve function. Briefly, endocardial and epicardial borders of both ventricles and left atrium (LA) were manually delineated at end-diastole (ED) and end-systole (ES) by an experienced operator. For both ventricles, ED and ES volumes (EDV and ESV, respectively) were calculated from a stack of cine balanced steady-state free precession (bSSFP) short-axis images acquired orthogonally to the LV long axis, from mitral valve to apex, without gap between each slice. Left ventricular myocardial mass was calculated by subtracting the total endocardial volume from the total epicardial volume then multiplying for myocardial density (1.06 g/ml). Left ventricular and right ventricular (RV) stroke volumes (LVSV and RVSV, respectively) were calculated as EDV– ESV. The body–surface area indexed values (i) were calculated for all parameters (65). To determine global cardiac function, ejection fraction (EF) was calculated as
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for both ventricles.

To assess the positive LV reverse remodeling following surgery, the reduction in LVEDV from T0 to T1 was computed as

[image: image]

The patients with a percentage of change lower than the median value were included in the High LV reverse remodeling group (HiR-REM) while patients with values above the median value were included in the Low LV reverse remodeling group (LoR-REM).

Phase contrast sequences at the level of aorta and pulmonary artery roots were used to obtain a direct quantification of the blood volume pumped out of LV and RV at each systole, respectively (measured stroke volume). For each patient, the velocity of encoding was adapted to be the lower possible level that avoided aliasing noise. Regurgitant volume was obtained by subtracting the anterograde LVSV measured by the analysis of velocity encoded phase contrast images at the aortic root level (66). Briefly, once flow/time curve was generated, the anterograde SV was measured as the area under the curve of positive flow after the subtraction of the area under the retrograde flow in case of aortic regurgitation.

LVSV was also measured in short axis cine bSSFP as

[image: image]

and the mitral valve regurgitant volume was measured as
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The myocardial fibrosis was assessed by Late Gadolinium Enhancement (LGE) technique (68). Briefly, 10 min after intravenous injection of a gadolinium-based contrast agent [either Omniscan (GE Healthcare, Amersham, United Kingdom) or Magnevist (Schering, Berlin, Germany) at a concentration of 0.1–0.2 mmol/kg], a stack of short axis sections of both ventricles perpendicular to the LV long axis were acquired without gap using a T1-weighted gradient echo inversion recovery sequence. Appropriate Inversion time to null normal myocardium was chosen using a look-locker TI-scout. Slice thickness was set at 8 mm in all scans.



Isolation of plasma exosomes

A 12-ml volume of peripheral venous EDTA-treated blood was collected from MR patients and controls. Plasma was isolated with a 10,000g centrifugation for 15 min at 10°C and was stored at –80°C until analysis. pEXOs were isolated and purified from 1-ml plasma using an optimized 2-d ultracentrifugation protocol [adapted from the study discussed in Ref. 39]. Briefly, plasma was diluted with 15 volumes of filtered (0.2-μm pore) phosphate buffer solution (PBS) and centrifuged at 3,000g for 15 min at 10°C. Supernatant was filtered (0.2-μm pore) and subjected to the following centrifugation series: 10,000g for 15 min at 10°C (discarding pellet), 20,000g for 30 min at 10°C (discarding pellet), then 100,000g for 5 h at 4°C. The pellet from the ultracentrifugation was re-suspended in 1 ml of PBS and stored at 4°C overnight. The day after, it was vortexed thoroughly and centrifuged at 10,000g for 15 min at 10°C. The supernatant obtained was diluted with 15 volumes of filtered PBS, and centrifuged at 20,000g for 30 min at 10°C. Eventually, the supernatant was ultracentrifuged at 100,000g for 5 h at 4°C. The final exosomal pellet was re-suspended in 100 μl of cold filtered PBS and was stored at –80°C until analysis.



Quantification of plasma exosomes

The particle size and concentration were measured by nanoparticle tracking analysis (NTA) using a NanoSight LM10 NTA instrument with NTA 3.2 software for data acquisition and analysis (Malvern Panalytical). The pEXOs samples were diluted with filtered PBS to match the recommended particle concentration range {20–120 particles/field; [(1 × 107)–(1 × 109)] particles/ml}. Three 60-s videos were acquired for each sample maintaining a camera level, 10; and the videos were analyzed at detection threshold, 3. The modal particle size and particles concentration/ml was measured by the software. The pEXOs concentration was inferred from the particle size distribution up to 150-nm size, it was normalized by resuspension volume and expressed relative to the starting plasma volume.



Western blot analysis of plasma exosomes

The analysis of exosomal proteins is used to characterize the profile of pEXOs in hospital setting (39). Isolated pEXOs were suspended in 100 μl RIPA buffer [50-mM Tris, 300-mM NaCl, 5-mM EDTA, 1% (v/v) NP40, 0.1% (w/v) SDS, 0.5% (w/v) di sodium deoxycholate] containing protease inhibitors (Sigma), incubated on ice for 30 min and then sonicated on ice for 5 min to improve homogenization efficiency. The protein concentration was measured using Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific) as previously described by us (39). Equal amounts of proteins (50 μg) were resolved by 12% SDS polyacrylamide gel and transferred to nitrocellulose membrane (Bio-Rad). Equal loading was controlled by Ponceau staining. The membranes were blocked with 5% (w/v) non-fat milk in TBST [TBS pH 7.4 containing 0.1% (v/v) tween-20] for an hour at room temperature. The primary antibodies were diluted in blocking buffer and membranes incubated overnight at 4°C to detect tetraspanins CD63 (1:1,000, anti-CD63, Santa Cruz Biotechnology) and CD81 (1:1,000, anti-CD81, Santa Cruz Biotechnologies), and tumor susceptibility gene 101 (1:1,000, anti-TSG101, Sigma) common hallmarks of human pEXOs (44, 69). Specific protein bands were detected by chemiluminescence (ECL substrate, Thermo Fisher Scientific) after incubation with a goat horseradish peroxidase-conjugated antibody toward either rabbit or mouse IgGs (1:3,000 dilution in blocking buffer; Sigma) for 2 h at room temperature. Densitometry analysis of protein bands was performed using ImageJ software (National Institute of Health, United States) as previously showed by us (39).



The quantitative reverse transcription PCR analysis

To quantify microRNA expression on the exosomes, RNA was isolated using miRNeasy mini kit for cells and tissues (Qiagen) following the manufacturer’s guidelines with few adaptations. Briefly, the isolated pEXOs were lysed by incubation with 5 volumes QIAzol reagent for 5 min, then 5 μl of 0.33-nM CelMir39 spike-in control (1.65 fmol) and 1 μL of 20 μg/μL molecular grade mussels’ glycogen (Sigma) were added to each sample, followed by one volume of chloroform. The samples were vortexed briefly, incubated for 3 min at room temperature and centrifuged at 12,000g for 15 min at 4°C. The upper aqueous phase containing the RNA was collected and mixed with 1.5 volumes of 100% (v/v) ethanol. Each sample was transferred into RNeasy® Mini columns (Qiagen). The RNA binding, washed and eluted according to the manufacturer’s instructions. Moreover, RNA was eluted in 30 μl of RNAse-free water. Template RNA (7 μl) was reverse transcribed using the miScript II Reverse Transcription (RT) kit (Qiagen) on a 20 μl final volume in line with the manufacturer’s instructions. Also, miScript HiSpec Buffer was used in each reaction to selectively target the mature miRNA forms. Before proceeding to quantitative PCR, the cDNA was diluted 12.5 times in nuclease free water. The quantitative PCR was carried out on 5-μl diluted cDNA using the QuantiTect SYBR Green PCR reaction mix (Qiagen) on a 20-μl final reaction volume according to the manufacturer’s instructions. Forward primers for each selected miR were inferred from mature miRNA sequences and purchased from Sigma (Table 2). The miScript Universal Primer (Qiagen) was utilized as a reverse primer for all reactions. All primers were employed at 500-μM concentration. The reaction was performed on a Rotor-Gene Q real-time PCR cycler (Qiagen) at the following thermocycling conditions: 15 min at 95°C to activate HotStarTaq DNA Polymerase followed by 40 thermo cycles composed of 15 s at 94°C, 30 s at 55°C, and 30 s at 70°C. The relative quantification of miR expression was performed by applying the 2–ΔΔCt comparative method (70). For each patient, CelmiR-39 was employed as the housekeeping gene in the calculation of ΔCt, to normalize miR expression to RNA recovery. For each miRNA analyzed, the average ΔCt of all control patients acted as a calibrator for calculating the ΔΔCt. The resulting 2–ΔΔCt data represent the relative expression of the given miRNA compared to the healthy controls.


TABLE 2    Mature miRNA sequences analyzed in this study and related forward primers employed for qPCR. All primers were obtained from Sigma and employed at 500-μM concentration.

[image: Table 2]

To assess mRNA expression on cultured cells, RNA was isolated using PRImeZOL™ reagent (Canvax Reagents SL), following the manufacturer’s instructions. Furthermore, RNA was re-suspended into 40 μl of RNAse-free water and quantified by NanoDrop spectrophotometry (Thermo Fisher Scientific); 1 μg of the total RNA was reverse transcribed with the PrimeScript RT kit (Takara) on a 20-μl final volume, following manufacturer’s guidelines. The cDNA obtained was diluted 1:10 and analyzed by quantitative PCR using the TB Green® Premix Ex Taq™ reagent (Takara). The following primers, obtained from Sigma, were employed in the analysis at 500-μM concentration: Atrial natriuretic peptide (ANP) 5′-TCGTCTTGGCCTTTTGGCTT-3′ (forward) and 5′-AGGTGGTCTAGCAGGTTCTTGAAA-3′ (reverse); Brain natriuretic peptide (BNP): 5′-CGTTTGGGCTGTAACGCACT-3′ (forward) and 5′-TCACTTCAAAGGTGGTCCCAG-3′ (reverse); Cardiac β-myosin, β-MHC (MYH7) 5′-TCCTGCTGTTTCCTTACTTGCT-3′ (forward) and 5′-GCTGAGCCTTGGATTCTCAAAC-3′ (reverse); Sarcoplasmic/endoplasmic reticulum Ca2+-ATPase 2a (SERCA2a) 5′-CCTTTGCCGCTCATTTTCCAG-3′ (forward) and 5′-GGCTGCACACACTCTTTACC-3′ (reverse); β-Actin 5′-GGCACCACACCTTCTACAATG-3′ (forward) and 5′-GGGGTGTTGAAGGTCTCAAAC-3′ (reverse). All reactions were performed on a Rotor-Gene Q real-time PCR cycler (Qiagen) at the following thermocycling conditions: 30 s at 95°C followed by 40 cycles of 15 s at 95°C and 30 s at 60°C as suggested by the manufacturer’s guidelines. The relative quantification of mRNA expression was performed by applying the 2–ΔΔCt comparative method (68), with β-Actin employed as the housekeeping gene.



Cell culture and experimental protocol

Murine cardiomyocyte cell line HL-1 (a kind gift of W. C. Claycomb, Louisiana State University, New Orleans, LA, United States) was used to evaluate anti-hypertrophic role of human pEXOs. The HL-1 cells were cultured in Claycomb Medium (71) (Sigma) supplemented with 10% (v/v) fetal bovine serum (Sigma), 100-μM norepinephrine, 100 units/ml of penicillin, 100-μg/ml streptomycin, 250-ng/ml Amphotericin B and 2-mM L-Glutamine (Sigma) at 37°C in 5% CO2. For the experimental purposes, HL-1 cells were seeded at a concentration of 5,000 cells/well on fibronectin pre-coated (1.25-μg/cm2 human fibronectin, Sigma; 1 h at 37°C) 8-well chamber slides (Milllicell EZ, Millipore) and let adhere for 24 h before the treatment. Cardiomyocytes were then exposed to 1-μM angiotensin II (AngII; Sigma) in complete Claycomb medium for 48 h (54) (antibody-free complete Claycomb medium was employed in case of subsequent miRNA inhibition). T0- or T1-pEXOs (1 × 109 particles/ml) isolated from each group of patients or miRNA inhibitors (30 nM) were added 24 h after the beginning of AngII treatment, and the treatment was maintained for the remaining 24 h. Sterile filtered (0.2-μm pore) PBS vehicle was employed as a negative control.



MiR-21-5p inhibition and plasma exosomes

Furthermore, MiRVANA miRNA miR-21-5p inhibitor and miRVANA miRNA inhibitor negative control #1 were purchased from Thermo Fisher Scientific. To perform direct miR-21-5p inhibition in HL-1 cardiomyocytes, cells were transfected with 30 nM miRNA-21 inhibitor/negative control using Lipofectamine® RNAiMAX Transfection Reagent (3-μl/ml culture medium; Thermo Fisher Scientific) for 24 h, following manufacturer’s instruction. All procedures were performed in antibody-free Claycomb medium.

As a different approach, isolated pEXOs were pre-loaded with miR-21 inhibitor then added to HL-1 cells as described above. The protocol for oligonucleotides loading was adapted from Zhang et al. (72). Briefly, 200-pmol miRNA miR-21-5p inhibitor/negative control was combined with pEXOs (5 × 108 particles in PBS), then 30-μl of 1-M CaCl2 were added, and the final volume was adjusted to 300 μl with PBS. The mixture was incubated on ice for 30 min, then heat shocked for 60 s at 42°C and placed again on ice for 5 min. Treated pEXOs were then collected again by differential centrifugation as follows: After a 15-min clear-up step at 10,000g at 4°C, exosomes were isolated with a 5-h ultracentrifugation at 100,000g, performed at 4°C. The pEXOs collected (approximately 5 × 108 particles) were then re-suspended in 100 uL PBS. The amount of pEXOs obtained with this procedure is sufficient to treat HL-1 cardiomyocytes in one 8-well chamber slide well, in a final volume of 500 μl (1 × 109 particles/ml). All procedures were again performed in antibody-free Claycomb medium.



Measurement of HL-1 size

Actin filaments were stained with phalloidin to define HL-1 cell area (73). Briefly, the cell monolayer was washed twice with PBS for 5 min, fixed with 4% (w/v) paraformaldehyde (PFA) in PBS (Sigma) for 15 min and permeabilized with 0.1% (v/v) TritonX-100 (Sigma) in PBS twice for 2 min, at room temperature; PBS washes (2 × 5 min) were performed after each step. Cells were incubated with Phalloidin-Atto 550 (1:300; Sigma) in PBS for 1 h at room temperature to stain cytoskeletal F-actin. 4′,6-Diamidino-2-phenylindole dihydrochloride solution (DAPI; 1:1,000, Sigma) was also added to the solution to stain the nuclei. Excess dye was removed by PBS wash (2 × 5 min) and the slide was mounted with Aqua-Poly/Mount aqueous mounting medium (Polysciences, Inc.). Images were acquired at a fluorescence optical microscope (DM 2500, Leica Microsystems, Germany) (20× magnification). The cell area was measured manually with ImageJ software1 and expressed as pixels.



Statistical analysis

Continuous clinical variables and CMRI measurements are presented as mean ± SD. Categorical clinical variables are presented as percentages of the total. The pEXOs concentration and miRNA expression are presented as median with interquartile range (IQR). Fisher’s exact test was used to reveal differences between the frequencies of categorical variables. Regarding continuous variables, normal distribution was evaluated by the Kolmogorov-Smirnov test. Homoscedasticity was evaluated by the F-test of equality of variances (2 groups) or the Brown–Forsythe test (more than 2 groups). Robust Regression and OUTlier removal (ROUT) method was employed to identify outliers (Q = 0.1, FDR < 0.1%), which are reported in the graphs as “×” symbols. Paired Student’s t-test or the Wilcoxon test were applied to identify significant differences between repeated measurements according to their distribution. Independent samples Student’s t-test (with or without Welch’s correction, depending on homoscedasticity) or the Mann–Whitney test were employed between two independent groups according to their distribution. One-way ANOVA (or Brown–Forsythe and ANOVA test, depending on homoscedasticity) or the Kruskal–Wallis test, depending on sample distribution, were applied when more than two groups were compared. All statistical tests were performed as two-sided, statistical significance was considered for p < 0.05.

Receivers operating characteristic (ROC) curves were constructed with easyROC open source online software (74) using each pEXOs or each corresponding microRNA expression value. The area under the curve (AUC) with 95% CI was calculated for each ROC curve; standard errors and confidence intervals were estimated by applying the DeLong method (75). The Wald test was used to check the null hypothesis that the AUC is equal to 0.5 (i.e., no predictive power).




Results


Characteristics of patients

During a 1-year timeframe (from January 2018 to February 2019), 23 surgical MR patients met inclusion criteria and were enrolled in the study. All the patients underwent to successful MVR. The time of extracorporeal circulation was 134 (114–166) min and the cross-clamp time was 84 (75–101) min; all surgeries were carried out through the initial incision with no need for sternotomy conversion. We had no cases of conversion to replacement during intervention. Four patients were excluded after surgery because one patient died early after the intervention and three patients voluntarily withdrew from the study. Therefore, the final population consisted of 19 patients. As shown in Table 1, 19 patients, with average age 55.2 ± 8.0 years, showed average mitral regurgitant volume of 55 ± 32 ml, average regurgitant fraction of 37.09 ± 14.00 % and a high incidence of mitral valve prolapse (63.2%), with predominant involvement of the posterior leaflet (68.4%). Most of the patients were males, 36.8% in NYHA class I, 57.9% in NYHA class II and 5.3% in NYHA class III, and had low atrial fibrillation-associated stroke risk (CHA2DS2-VASc Score = 0, 52.6%; Table 1). More than 20% patients had history of cardiovascular diseases in their family and 15.8% were smokers (Table 1). Hypertension was the main primary comorbidity among the MR patients (47.4%), followed by hypercholesterolemia (31.6%) and peripheral vascular disease (5.3%). No patient had prior ischemic events (Table 1). Interestingly, cardiac fibrosis was detected in less than 50% of patients as measured by CMRI (Table 1). Most patients underwent MVR through right minithoracotomy (94.7%) and were mainly treated with beta-blockers (84.6%), diuretics (63.2%), and angiotensin-converting enzyme (ACE) inhibitors (26.2%) before surgery (Table 1). Postoperative atrial fibrillation occurred in 7 patients (roughly 37%; LoR-REM, n = 5; HiR-REM, n = 2). No other postoperative complications were observed in the study population. All patients underwent to a transthoracic echocardiography within 1 month after surgery, showing a good postsurgical outcome with nil (grade 0/4; 5/9 LoR-REM; 6/10 HiR-REM) or mild (grade 1/4; 4/9 LoR-REM; 4/10 HiR-REM) residual mitral regurgitation and preserved LV EF (LoR-REM, 58.6 ± 10%; HiR-REM, 59.12 ± 9%).



Perioperative cardiac assessment by cardiac magnetic resonance imaging

Cardiac magnetic resonance imaging was performed before (T0) and 6-months (T1) after surgery to assess cardiac phenotype in all patients (Figure 1 and Supplementary Table 1). Hallmarks of LV Rev–Rem, indeed, were detectable in most patients at 6 months after MVR. In particular, postoperative LV end-diastolic volume index (LVEDVi) was significantly reduced to more than 10% of the pre-surgical value in almost all patients (p = 1.90 × 10–6; Figure 1 and Supplementary Table 1). Similarly, LV end-systolic volume index (LVESVi; p = 0.0055), RV end-diastolic volume index (RVEDVi; p = 1.30 × 10–5) and RV end-systolic volume index RVESVi (p = 0.035) were lower at T1 compared to T0 (Figure 1 and Supplementary Table 1). The LA area (p = 7.60 × 10–6) and volume (p = 1.30 × 10–5), as well as RA area (p = 0.001), were reduced in accord with the previous findings (76) (Figure 1 and Supplementary Table 1). Indexed LV mass was also decreased after surgery (p = 0.0035; Figure 1 and Supplementary Table 1). Of note, LV and RV EF were significantly reduced at 6-months after the surgery compared to T0 (p = 2.80 × 10–7 and p = 0.0215, respectively), even if its preoperative values were higher than 50% for most patients (Figure 1 and Supplementary Table 1). Similarly, both LV and RV stroke volume indexes at T1 were reduced as compared to preoperative values (p = 7.26 × 10–7 and 3.70 × 10–5, respectively). Postoperative cardiac index values were also lower than ones at T0 (p = 7.40 × 10–5), which remained within physiological range; while higher resting heart rate was observed after surgery (p = 0.01; Figure 1 and Supplementary Table 1).
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FIGURE 1
Comparison of preoperative and postoperative CMRI results in primary MR patients undergoing MVR surgery. The CMRI was performed on patients undergoing MVR surgery (n = 19) before (T0) and 6 months after (T1) surgery. Individual data are shown for each patient at both time points; statistical comparison between T0 and T1 was performed by paired Student’s t-test or the Wilcoxon test depending on data distribution. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.




Role of preoperative cardiac phenotype to predict the extent of left ventricular reverse remodeling after surgery

The extent of the postoperative LV reverse remodeling was assessed for each patient by calculating the percentage change (%Δ) of LVEDVi at T1 compared to T0 using a cut-off value of –30% (Figure 2). Patients with high degree of LV Rev–Rem showed %Δ LVEDVi values significantly reduced by 44.61 ± 9.94% (HiR-REM group, n = 10); otherwise, patients with low degree of LV Rev–Rem showed %Δ LVEDVi values significantly reduced by 20.23 ± 9.87% (LoR-REM, n = 9; p = 5.20 × 10–5; Figure 2 and Supplementary Table 2). Of note, HiR-REM patients were characterized by preoperative LVEDVi higher than LoR-REM group (p = 0.021; Supplementary Figures 1, 2).
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FIGURE 2
Analysis of CMRI parameters change in MR patients with different grade of reverse remodeling after MVR surgery. The CMRI data were collected from patients undergoing MVR surgery (n = 19) before (T0) and 6 months after (T1) surgery. The CMRI acquisitions are shown for a representative Low LV reverse remodeling (LoR-REM) and High LV reverse remodeling patient (HiR-REM). For each CMRI parameter measured, the percentage change between T0 and T1 was computed for each patient as %Δ = (T1 – T0)/T0 × 100. The data are compared between LoR-REM and HiR-REM patients. Individual data are shown; horizontal bars represent group average. Statistical significance of the differences was evaluated by independent samples Student’s t-test (with or without Welch’s correction) or the Mann–Whitney test depending on data distribution. *p < 0.05; **p < 0.01; ****p < 0.0001.


To evaluate the role of preoperative cardiac parameters to predict postoperative LV reverse remodeling, we first compared the clinical and CMRI-derived features at T0 in HiR-REM and LoR-REM groups. We found that both groups have similar clinical profile (Table 3). Moreover, most of HiR-REM patients were in NYHA class I (60%; Table 3).


TABLE 3    Analysis of preoperative clinical parameters in MR patients with different grade of reverse remodeling after MVR surgery.
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Second, patients with greater preoperative mitral regurgitant volume (p = 0.011), LVEDVi (p = 0.021), indexed LA volume (p = 0.037), LVSVi (p = 0.0013) and cardiac index (p = 0.007) showed high level of postoperative Rev–Rem (Table 3, Supplementary Figure 1 and Supplementary Table 2). Interestingly, preoperative LVEF was similar in HiR- and LoR-REM patients (Supplementary Figure 1 and Supplementary Table 2).

Finally, the preoperative myocardial fibrosis assessed by CMRI was detectable in patients with primary MR (up to 40%) and even more in patients with mitral leaflets prolapse. Myocardial fibrosis is a hallmark known to be associated to adverse postsurgical outcomes and arrhythmic events (68, 77). In our study, myocardial fibrosis affected 44.4% of patients in the absence of ischemic pattern (Table 1).



Role of perioperative plasma exosome levels to predict the extent of left ventricular reverse remodeling after surgery

In the current study, we isolated and characterized exosomes from plasma collected before and 6-months after MVR surgery. Plasma was also collected from healthy subjects (N = 8, control). Plasma exosomes (pEXOs) were positive for canonical markers CD63, CD81, and TSG101 (Figures 3A,B).
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FIGURE 3
pEXOs and exosomal miRNAs in primary MR patients subjected to MVR surgery. The pEXOs were isolated from plasma of MR patients (n = 19) collected before (T0) and 6 months after MVR surgery (T1); pEXOs isolated from healthy controls (n = 8) were used as control. (A,B) The exosomal markers TSG101, CD81, and CD3 were assessed on the isolated particles by Western blot as described in the methods. (A) One representative experiment is shown. (B) Densitometric analysis of each protein target normalized for the corresponding experiment’s Ponceau staining shows no difference in marker expression among extracts (N = 3 patients/group). (C) Isolated pEXOs were analyzed by NTA as described in the methods; representative size distribution curves are shown. (D) The pEXOs concentrations were inferred by the NTA’s size distribution curve and shown as particles/ml of starting plasma. (E–G) Exosomal miRNA-1 (E), miRNA-21-5p (F) and miRNA-133a (G) were assessed by qRT-PCR as described in the methods. Individual data, median value and interquartile range are shown in the graphs. Statistical significance of the differences between matching T0 and T1 data was evaluated by paired Student’s t-test or the Wilcoxon test depending on data distribution. Statistical differences between patients and controls were evaluated by one-way ANOVA (with or without Brown–Forsythe modification for heteroscedastic groups) or the Kruskal–Wallis test, depending on sample distribution; *p < 0.05.


All MR patients showed no difference in terms of preoperative pEXOs levels compared to the healthy subjects (median concentration 1.38 × 109 particles/ml vs 1.08 × 109 particles/ml, p = 0.381; Figures 3C,D). Similarly, no significant change in pEXO levels was observed 6 months after surgery (1.55 × 109 particles/ml, p = 0.932 vs T0; p = 0.175 vs controls; Figure 3D). Conversely, when patients were grouped in terms of postsurgical LV remodeling, HiR-REM patients tended to have higher postoperative pEXOs levels (T1, 1.89 × 109 particles/ml) than LoR-REM patients (T1, 1.31 × 109 particles/ml, p = 0.062) and healthy subjects (1.08 × 109 particles/ml, p = 0.016; Figure 4A and Supplementary Table 3). It is conceivable that pEXOs may contribute to late LV reverse remodeling after surgical mitral valve repair.
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FIGURE 4
Analysis of pEXOs and exosomal miRNA in MR patients with different grade of reverse remodeling after MVR surgery. The pEXOs were isolated from plasma of MR patients (n = 19) collected before (T0) and 6 months after MVR surgery (T1); pEXOs isolated from healthy controls (n = 8) were used as control. (A) Isolated pEXOs were quantified by NTA as described in the methods. (B–D) Exosomal miRNA-1 (B), miRNA-21-5p (C) and miRNA-133a (D) were quantified through qRT-PCR. Preoperative (T0) and postoperative (T1) levels were compared between LoR-REM and HiR-REM patients. Individual values are shown in the graphs; bars represent median and interquartile range. Statistical significance of the differences between patients’ groups was evaluated by independent samples Student’s t-test (with or without Welch’s correction) or the Mann–Whitney test depending on data distribution. Statistical differences between patients and controls were evaluated by one-way ANOVA (with or without Brown–Forsythe modification for heteroscedastic groups) or the Kruskal–Wallis test, depending on sample distribution; *p < 0.05.


Therefore, we further assessed the prognostic value of pEXOs and we clustered patients according to the percentage change (%Δ) of pEXOs at T1 compared to T0. In 12 patients, pEXOs levels were significantly higher after surgery (+88% in average; median concentration 1.14 × 109 particles/ml vs 1.70 × 109 particles/ml, p = 0.015), while in seven patients the exosomal levels decreased significantly from T0 to T1 (–56% in average; median concentration 2.50 × 109 particles/ml vs. 1.42 × 109 particles/ml, p = 0.013; p = 3.97 × 10–5; Supplementary Figure 2). Patients with higher postoperative pEXOs levels showed a significant reduction of LV mass index from T0 to T1 in comparison to the group with a reduction of pEXOs after surgery (–11.62% vs. –1.75 %, p = 0.032; Supplementary Figure 2 and Supplementary Table 4).

Receivers operating characteristic curves were constructed for T0-pEXOs and T1-pEXOs, as well as %Δ pEXO, from HiR- vs. LoR-REM (Figures 5A,E) to compare their diagnostic value to predict magnitude of LV reverse remodeling after surgical MVR. The AUC for T0-pEXOs was 0.567 (95% CI: 0.29–0.84; p = 0.635) and for T1-pEXOs was 0.765 (95% CI: 0.52–1.00; p = 0.034), indicating reliable predictive power of the postoperative pEXO levels (Figure 5A). Our data suggest that pEXOs levels detected at 6 months after surgery may be reliable enough to depict HiR- and LoR-REM patients.
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FIGURE 5
Diagnostic efficacy of pEXOs levels and exosomal miR-1, miR-21-5p, and miR-133a. The pEXOs were isolated from plasma of MR patients (n = 19) collected before (T0) and 6 months after MVR surgery (T1). (A) Isolated pEXOs were quantified by NTA as described in the methods. (B–D) Exosomal miRNA-1 (B), miRNA-21-5p (C) and miRNA-133a (D) were quantified through qRT-PCR as described in the method. Patients were divided into HiR-REM and LoR-REM groups. The diagnostic efficiency of T0, T1, and %Δ levels of pEXOs (particles/uL) (A) and of the microRNAs miR-1 (B), miR-21-5p (C) and miR-133a (D) (2–ΔΔCT) in distinguishing patients with Low and High postoperative reverse LV remodeling was evaluated by the receiver operating characteristic (ROC) curve analysis as described in the methods. The AUC quantification and statistical significance (p-value) are reported in the table (E).




Relationship between exosomal miR-1, miR-21-5p, and miR-133a and left ventricular reverse remodeling

We further aimed to characterize some miRNAs packaged in postoperative pEXOs. Postoperative (T1) levels of exosomal miR-21-5p were higher in the entire MR population than in healthy controls (∼4-fold, p = 0.021), and tended to be higher than preoperative values (T0, ∼2-fold, p = 0.052; Figure 3F). In contrast, exosomal miR-1 and miR-133a levels did not change after surgery and were similar to healthy controls (Figures 3E,G). Interestingly, miR-208a was not detectable in the isolated pEXOs from the same patients.

Finally, we compared the levels of selected exosomal miRNAs between patients who experienced substantial postoperative reverse remodeling (HiR-REM patients) and patients with minimal reverse remodeling (LoR-REM patients). At T1, exosomal miR-21-5p levels in HiR-REM group were higher than those in the LoR-REM patients (3.1-fold, p = 0.030) and healthy subjects (3.1-fold, p = 0.025; Figure 4C and Supplementary Table 3). Although the perioperative cargo of exosomal miR-1 and miR-133a was tenfold lower than exosomal miR-21-5p, we found that the T1 levels of miR-1 and miR-133a were reduced in LoR-REM patients compared to HiR-REM by 2.8-fold (p = 0.018) and 3.0-fold (p = 0.046), respectively (Figures 4B,D and Supplementary Table 3). Interestingly, the levels of exosomal miR-1 and miR-133a were similar in both HiR-REM and control groups (Figures 4B,D and Supplementary Table 3).

As showed in Figures 5B,D,E, receiver operator characteristic (ROC) curves were constructed separately for miR-1, miR-21-5p, and miR-133a levels highlighting significant changes at T1 compared to T0, including %Δ miR-1, miR-21-5p, and miR-133a from HiR- vs. LoR-REM groups. The AUC for T1-miR1 was 0.85 (95% CI 0.53–1.00; p = 0.0002), for T1-miR-21-5p was 0.763 (95% CI 0.55–1.00; p = 0.029) and for T1-miR133a was 0.792 (95 % CI 0.66–1.00; p = 0.019) indicating fair predictive power at 6 months after MVR, Therefore, postoperative exosomal miR levels may be reliable enough to depict HiR- and LoR-REM patients.



Anti-remodeling effects of exosomal miR-21-5p

In vitro, we have tested the anti-remodeling effects on murine cardiomyocyte of a single dose of pEXOs isolated from HiR-REM and LoR-REM patients. As showed in Figure 6, the preoperative (T0) and postoperative (T1) pEXOs isolated from LoR-REM patients effectively worsened the AngII-mediated cardiomyocyte enlargement. Conversely, we did not observe similar effect after treatment with T1 pEXOs isolated from HiR-REM. As shown in Supplementary Figure 3, the anti-hypertrophic effect of postoperative HiR-REM plasma exosomes was confirmed by normalization of mRNA levels of ANP, BNP, cardiac β-MHC (MYH7), and SERCA2a during AngII exposure. Consistent with the morphological data, a similar dose of postoperative LoR-REM pEXOs did not counteract the AngII-induced increase in the expression of the above genes.
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FIGURE 6
Effect of pEXOs from patients with different grade of reverse ventricular remodeling on cardiomyocytes size. The HL-1 cells were seeded at a concentration of 5,000 cells/cm2 and allowed to adhere for 24 h before treatment. To enlarge cardiomyocyte size, HL-1 cells were treated with ± 1-μM Angiotensin II (AngII, Sigma) in complete Claycomb medium for 48 h. A PBS suspension of pEXOs isolated at T0 or T1 from HiR- or LoR-REM group (N = 4 patients/group) was added to a final concentration of 1 × 109 particles/ml, 24 h after the beginning of the treatment, and the treatment was maintained for the remaining 24 h; PBS was employed as a control. The cell monolayer was stained with Phalloidin-Atto 550 as described in the methods. The images were acquired with a fluorescence microscope (Leica; 20× magnification); the cell areas were manually measured with ImageJ software (https://imagej.nih.gov/ij/) and expressed in pixels. Statistical significance of the differences between treatments was evaluated by one-way ANOVA. The symbol “+” represents the significance of the differences against PBS alone (+, p < 0.05; ++, p < 0.01; ++++, p < 0.0001); “#” against PBS + AngII (####p < 0.0001); and “*” between LoR-REM and HiR-REM pEXO treatment in presence of AngII (****p < 0.0001).


Because miR-21-5p levels are 10-fold higher than those of other exosomal miRNAs and peak only in pEXOs isolated from HiR-REM patients, we assessed miR-21-5p role during cardiomyocyte response to chronic AngII stimulation. For this purpose, we have performed additional experiments by co-treating cardiomyocytes with miR-21-5p inhibitor. As showed in Figure 7A, miR-21-5p inhibitor promotes a slight enlargement of resting cardiomyocytes and further enhances the AngII-mediated hypertrophic response of note, miR-21-5p inhibitor counteracted the anti-hypertrophic effect of T1-pEXOs isolated from HiR-REM in AngII-treated HL1 cadiomyocytes (Figure 7B).
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FIGURE 7
Effect of miR-21-5p inhibition on cardiomyocytes size. The HL-1 cells were seeded at a concentration of 5,000 cells/cm2 and allowed to adhere for 24 h before treatment. (A) The HL-1 cells were treated with ± 1-μM angiotensin II (AngII, Sigma) in complete antibody-free Claycomb medium for 48 h. Moreover, 24 h after the beginning of the treatment, 30-nM miRNA-21-5p inhibitor/negative control was added to the cells using Lipofectamine® RNAiMAX Transfection Reagent and transfection was maintained for the following 24 h. (B) To stimulate hypertrophy, HL-1 cells were treated with 1-μM angiotensin II (AngII, Sigma) in complete antibody-free Claycomb medium for 48 h. The pEXOs isolated at T1 from LoR-REM or HiR-REM patients were loaded with miRNA-21-5p inhibitor/negative control through a heat shock-mediated protocol, as described in the experimental procedure, then collected by ultracentrifugation. Isolated pEXOs were added at a final concentration of 1 × 109 particles/ml 24 h after the beginning of the AngII treatment, and treatment by pEXOs was maintained for the remaining 24 h in the presence of AngII. (A,B) At the end of each treatment, the cell monolayer was stained with Phalloidin–Atto 550 as described in the methods. The images were acquired with a fluorescence microscope (Leica; 20× magnification); the cell areas were manually measured with ImageJ software (https://imagej.nih.gov/ij/) and expressed in pixels. Statistical significance of the differences between treatments was evaluated by one-way ANOVA. **p < 0.01; ****p < 0.0001.





Discussion

In the last decade, plasma exosomes have gained increasing interest as perioperative diagnostic, therapeutic and prognostic factors related to different types of cardiac surgery (38, 39). Yet, their role in the cardiac remodeling during the late postoperative period is unknown and attracts attention. Our study demonstrated that the extent of LV Rev–Rem at 6 months after timely and technically successful MVR surgery is related to a different profile of circulating exosomes.

Importantly, we observed an elevated pEXOs values only in patients with a higher grade of reverse remodeling of the left ventricle characterized by lower values of LVEDVi, LVESVi, and ventricular mass index. Since the release of exosomes can be induced by external factors, we can assume that pre-existing diseases and perioperative factors did not affect late exosomal levels after heart valve surgery. All surgical patients with severe primary MR showed similar preoperative LVEF values and were treated with the same drugs and anesthetics. Indeed, preoperative pEXOs level did not change among patients and were independent of the magnitude of regurgitant volume. Of note, preoperative regurgitation volume was higher in patients who exhibited the greatest postoperative LV Rev–Rem. It is conceivable that with the severity of mitral valve disease, the extent of preoperative regurgitant volume associated with adverse remodeling, co-morbidities, as well as co-medications, did not influence the pEXOs level before surgery. We cannot exclude that late release of exosomes was part of a stress response following exposure to additional, as yet undefined, intra- and postoperative factors. In our previous study, indeed, we ruled out that anesthesia and minimally invasive on-pump mitral valve surgery lead to an early increase in postoperative pEXOs level in patients without ischemic heart disease (39). Yet, the causal relationship between circulating exosomes and late adverse or reverse ventricular remodeling after surgery is not yet clarified. Understanding the interplay between plasma exosomes levels and different magnitudes of late reverse cardiac remodeling in patients with entirely competent mitral valve after early surgical repair is essential to develop better-tailored interventions of cardioprotection.

Our study suggests that rising postoperative pEXOs level is a reliable indicator of the long-term adaptive response of the heart after mitral valve repair regardless of LV ejection fraction. Indeed, at 6 months after early rescue surgery, among patients with null mitral regurgitation volumes and preserved systolic function, the HiR-REM group showed smaller ventricular volumes and cardiac mass index than the LoR-REM patients. In light of the finding of partial restoration of the left ventricular structure despite full recovery of mitral valve function, we suggest that low postoperative pEXOs level may hinder the maintenance of normal ventricular chamber geometry and mass over time in LoR-REM patients. This finding is clinically relevant because our study population with severe primary chronic MR had adverse tissue remodeling before surgery, as evidenced by the presence of myocardial fibrosis assessed using CMRI. In fact, adverse remodeling is ongoing even if the ventricle is normocontractile and patients are asymptomatic as demonstrated by the presence of myocardial fibrosis (78).

Even though the in vivo kinetics of heterogeneous circulating exosomes is still difficult to investigate, the previous experimental evidence has also ascertained that not all cells release highly cardioprotective exosomes. In this regard, we have demonstrated that higher dose of exosomes released from cardiac progenitor cells provides sustained anti-remodeling effects in vivo (44, 79). Although further investigation is needed to define the cellular source and kinetics of pEXOs in our patients, this study is supported by a recent report demonstrating that plasma levels of extracellular vesicles are reduced in patients with more adverse cardiac remodeling (80). However, the mechanisms underlying exosome-based late reverse remodeling remain hitherto unknown.

Exosomes have been proposed as vehicle for miRNA-based intercellular communication (40). To demonstrate how targeting the heart with circulating exosomes may contribute to reverse ventricular remodeling during late postoperative period, we measured exosomal levels of miR-1, –21-5p, and –133a, that were relevant in cardiac remodeling and protection (50–53). First, we compared pre- and postoperative exosomal miRNA levels of our patients to those measured in a cohort of eight healthy volunteers. Although exosomal miR-21-5p copy numbers were ten-fold higher than miR-1 and miR-133a values, miR-21-5p was most abundant in postoperative exosomes of all surgical patients compared to control group (Figure 3F). Since exosomes have a very limited capacity to sample the diverse RNA cargo, our findings contribute to better understand the dynamic of exosome-mediated miRNA communication to chronically maintain normal cardiac phenotype after early mitral valve surgery. Because most plasma changes in exosomal miR-21-5p levels are known to occur far from the onset of cardiac injury (81), their longitudinal monitoring may be useful to predict the late favorable LV remodeling as detected by CMRI. Indeed, exosomal miR-21-5p levels in HiR-REM group are higher than in LoR-REM patients and control subjects. Conversely, postoperative exosomal miR-1 and –133a copy numbers in HiR-REM patients were similar to healthy subjects and slightly higher than those of LoR-REM group.

Even if the ROC curve analysis provided evidence about how the T1 values of pEXOs, miR-1, miR-133a and miR-21-5p fairly discriminates between patients with higher or lower reverse ventricular remodeling during late postoperative period (Figure 5), only patients with increased levels of T1-pEXOs showed reduced left ventricular mass indexed for body surface area compared with preoperative values (Supplementary Figure 2). Our finding is clinically relevant because incomplete regression of the LV mass alone is a hallmark of residual adverse remodeling and limits the ability to recover normal LV systolic function over time after mitral valve repair (26). The causal relationships between incomplete reverse left ventricular remodeling and T1-pEXOs levels, however, need to be further clarified. On this merit, we performed additional experiments in vitro. First, we found that T1-pEXOs isolated from LoR-REM patients contribute to further enlarge cardiomyocyte size in response to long-term exposure to AngII, but not T1-pEXOs from HiR-REM group. In line with morphological findings, we found that mRNA levels of ANP, BNP, and cardiac β-MHC (MYH7) established indicators of cardiac hypertrophy (82), do not increase in cardiomyocytes long-term treated with postoperative HiR-REM plasma exosomes during exposure to AngII. In contrast, similar doses of postoperative LoR-REM pEXOs did not inhibit the Ang II-induced fetal hypertrophic gene expression program (83). Of note, we focused on mRNA levels of β-MHC since it is well known that AngII induces both hypertrophy of cultured cardiomyocytes and upregulation of β-MHC levels, without marked effects on α-MHC (84).

Second, we evaluated whether exosomal miR-21-5p, which is highly expressed in T1-pEXOs from HiR-REM patients, plays a key role in counteracting the enhancement of adverse cardiomyocyte remodeling. Our hypothesis was supported by the previous studies showing that downregulation of miR-21-5p reduces the protective effects of extracellular vesicles in limiting cardiomyocyte apoptosis (85) and in preventing cardiac dysfunction (86). However, its direct effect on cardiomyocytes size is still lacking. To this end, our in vitro experiments demonstrated that treatment of stressed cardiomyocytes with T1-pEXOs of HiR-REM group in the presence of miR-21-5p inhibitor exacerbated the AngII-induced enlargement of cardiomyocyte size. It is noteworthy that miR-21-5p inhibitor alone was able to worsen the size enlargement of nonexosome-treated cardiomyocytes chronically exposed to AngII. Our results suggest that T1-pEXOs enhanced the autoregulatory feedback mediated by endogenous miR-21-5p to limit AngII-induced remodeling of cardiomyocytes. To further corroborate our experimental findings on exosomal miR-21-5p anti-hypertrophic effects, we investigated changes of SERCA2a gene expression in AngII-stressed cardiomyocytes after treatment with postoperative HiR-REM exosomes, which are rich in miR-21-5p. Indeed, it is well known that SERCA2a expression undergoes significant downregulation after AngII-induced hypertrophy (83), and therefore a reduction in its activity, leading to slower cytosolic Ca2+ removal, reduced sarcoplasmic reticulum content and impaired Ca2+ transient reduction (87). Moreover, it is already known that exosomal miR-21-5p may increase cardiomyocyte-specific SERCA2a expression in both human engineered cardiac tissue and human pluripotent stem cell-derived cardiomyocyte monolayer, while its mRNA levels are decreased by delivery of exosome-enriched fraction from miR-21-5p inhibitor treated cells (88). In our study, the effect detected after long-term exposure of HL-1 to AngII was a modest yet statistically significant reduction of SERCA2a transcription with reference to β-actin transcription. Of note, the transcript level of β-actin was found to be unchanged after chronic exposure to AngII. Treating stressed cardiomyocytes with postoperative HiR-REM exosomes significantly increased SERCA2a at normal levels in comparison to T1-pEXOs isolated from LoR-REM patients. Our first results support miR-21-5p-rich plasma exosomes exerting anti-hypertrophic effects by regulating expression of calcium handling genes in accord with the previous study (88).

In conclusion, our data demonstrated that sustained increase in circulating pEXOs levels in the late postoperative period depicts patients with greater extent of reverse ventricular remodeling after MVR since they deliver highest concentration of miR-21-5p, which may play a key role in counteracting worsening of long-term adverse cardiac remodeling by normalizing SERCA2a gene expression in cardiomyocytes. The late postoperative monitoring of miR-21-5p-rich pEXOs level will improve our understanding of long-term adaptive autoregulatory feedback of cardiomyocytes leading to postoperative reverse remodeling. Finally, our findings will be helpful to design a new approach to early predict and treat patients at higher risk of partial reverse remodeling after a successful surgery. Indeed, miR-21-5p-rich exosomes have emerged from our study as a new precision theranostic tool for late postoperative cardioprotection.



Limitations of the study

Some limitations of this study should be considered to promote next investigations. First, the study population consists of a low number of patients. This was in part due to the relatively low number of patients with isolated primary MR who underwent surgery within the timeframe of the study and partly due to the low patient adherence to the experimental protocol, mainly driven by the refusal of the CMRI examination due to claustrophobia. However, the high accuracy and reproducibility of CMRI can partly compensate for the small sample size. In fact, each patient studied with CMRI is equivalent to 10 patients studied with echocardiography, whose measurements are less reliable. Second, our population consists mainly of surgical patients in the early stage of adverse cardiac remodeling induced by primary MR, with mild-to-moderate degrees of LV dilatation. In accord with latest recommendations for acting in elective surgical MVR (36), we cannot ignore that it is difficult to enroll patients with higher degrees of adverse ventricular remodeling. However, the mean preoperative CMRI-derived LVEDVi was 113.67 ± 25 ml/m2 in our study population, and considering that the upper limit is 95–93 ml/m2 in middle-aged male subjects, we can affirm that most of our patients had not severe adverse LV remodeling (15/19 subjects showed LVEDVi above the upper limit). Third, our follow-up was limited to 6 months after surgery. Further investigations are required to assess the relationship between miR-21-5p-rich plasma exosome levels and magnitude of reverse ventricular remodeling during longer follow-up after early rescue MVR. Finally, the definition of the cellular source of miR-21-5p-rich plasma exosomes and better understanding of molecular pathways regulated by exosomal miR-21-5p in cardiomyocytes deserve further ad hoc investigation in vivo.
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Intravascular transplantation of human-induced pluripotent stem cells (hiPSCs) demonstrated a significant therapeutic effect in the treatment of restenosis by the paracrine function of extracellular vesicles (EVs). However, the risk of tumorigenicity and poor cell survival limits its clinical applications. In this study, we for the first time applied a highly efficient and robust three-dimensional (3D) protocol for hiPSC differentiation into endothelial cells (ECs) with subsequent isolation of EVs from the derived hiPSC-EC (ECs differentiated from hiPSCs), and validated their therapeutic effect in intimal hyperplasia (IH) models. We found that intravenously (iv) injected EVs could accumulate on the carotid artery endothelium and significantly alleviate the intimal thickening induced by the carotid artery ligation. To elucidate the mechanism of this endothelial protection, we performed miRNA expression profiling and found out that among the most conserved endothelial miRNAs, miR-126 was the most abundant in hiPSC-EC-produced EVs (hiPSC-EC-EV). MiR-126 depletion from hiPSC-EC-EV can hinder its protective effect on human umbilical vein endothelial cells (HUVECs) in an inflammatory process. A variety of functional in vitro studies revealed that miR-126 was able to prevent endothelial apoptosis after inflammatory stimulation, as well as promote EC migration and tube formation through autophagy upregulation. The latter was supported by in vivo studies demonstrating that treatment with hiPSC-EC-EV can upregulate autophagy in mouse carotid artery ECs, thereby preventing IH and modulating vascular homeostasis via remodeling of the vascular intima. Our findings suggest a regulatory mechanism for the therapeutic effect on arterial restenosis by autophagy regulation, and provide a potential strategy for clinical treatment of the disease.

KEYWORDS
arterial restenosis, hiPSC-EC, autophagy, extracellular vesicles, miR-126


Introduction

Arterial restenosis represents a major complication in vascular reconstructive procedures, such as balloon angioplasty, bypass grafting, stent angioplasty, and endarterectomy. Stimuli, such as an altered blood flow, mechanical load, and vascular endothelial injury in the postoperative period, followed by recruitment and infiltration of inflammatory cells into the vascular walls and subsequent secretion of cytokines and growth factors lead to the vascular smooth muscle cell (VSMC) proliferation and migration, and result in IH, which further progresses into vascular restenosis (1–4). Therefore, the exploration of effective strategies for IH intervention is necessary to prevent postoperative restenosis.

Recently, stem cell therapy showed great promise for curing restenosis. HiPSCs are generated by reprogramming somatic cells and represent a source of autologous pluripotent stem cells. Since the discovery of induced pluripotent stem cells (iPSCs) in 2006 (5), transplantation of iPSCs and differentiated derivatives thereof emerged as a promising direction in regenerative therapy, owing to the high pluripotency of iPSCs, low immune rejection response to them, and the lack of ethical restrictions associated with their use (5, 6). However, due to some disadvantages of stem cell therapy, such as low cell survival rate, genomic instability, and potential tumorigenicity, as well as a limited targeting efficiency (7, 8), advanced preclinical studies have recognized that paracrine factors generated by transplanted iPSCs, rather than the cells per se, confer the major beneficial effects of regeneration on the injured tissues (9, 10).

Among these paracrine molecules, EVs exhibit unique functions and hold great potential in disease diagnosis and therapy. EVs are extracellular membrane vesicles secreted by various cell types (11). EVs contain miRNAs and other components capable of regulating cell proliferation or apoptosis in vascular endothelium and promoting remodeling of the vascular intima. EVs enable cells to modulate molecular mechanisms remotely, i.e., exert molecular effects beyond the intracellular compartments of the effector cell (12–14).

Extracellular vesicles used for vascular healing in previous studies were primarily derived from mesenchymal stem cells (MSCs) or other types of stem cells (15, 16). The impairment of the EC function was believed to be a major regulatory factor in the restenosis mechanism. Although ECs are also likely to generate EVs with therapeutic effects, they are rarely used as an EV source due to the lack of sustainable expandability and quality cell lines. In this study, we employed a 3D differentiation protocol, which can efficiently generate functional ECs from hiPSCs (17). We then isolated EVs from hiPSC-EC and injected them into mice IH models to evaluate their therapeutic effect and identify the disease treatment mechanisms. Compared with MSCs, the major advantages of hiPSCs include that they can be mass-produced and individualized for treatment. Meanwhile, using a microfluidic chip to simulate the circulatory system in vivo, we have also demonstrated that hiPSC-EC-EV have better cellular adhesion capacity and therapeutic effect than HUVEC-EV (Supplementary Figure 1). Since EC differentiation and hiPSC-EC-EV production using our protocol are remarkably more efficient and robust than those achieved by conventional methods, our results offer a potential strategy for the clinical treatment of vascular restenosis.



Materials and methods


Establishing an animal model for intimal hyperplasia

The C57 mice (cleaning grade) weighing 25–28 g were selected to prepare the arterial injury model. All mice were kept under specific pathogen-free conditions in strict compliance with the facility standards approved by the China Laboratory Animal Management Accreditation Association. The mice were anesthetized by intraperitoneal injection of sodium pentobarbital (40 mg/kg) and placed on the operating table. The animals’ neck skin was sterilized with iodine wine and alcohol and then cut off. The subcutaneous tissue and muscle were separated successively, the left common carotid arteries were exposed, and the bifurcation of the internal/external branches was ligated completely with a 5-0 silk suture. At last, the subcutaneous tissue and skin were sutured layer by layer. All mice were maintained at the Hubei University of Science and Technology.



Cell culture of human-induced pluripotent stem cells

Human iPSCs were obtained from Dr. Pan’s laboratory at the Tenth People’s Hospital affiliated with Tongji University, where they were generated by reprogramming the human dermal fibroblasts from a 40-year-old volunteer with informed consent. All cell lines were propagated in feeder-free growth conditions. Briefly, cells frozen in a cryopreservation tube were removed from liquid nitrogen and transferred to a 37°C water bath for thawing. Then they were mixed with 2 ml of resurviving medium (mTeSRI + 10 μM Y-276362) (StemCell Technologies, Vancouver, BC, Canada) and centrifuged at 300 g for 5 min. The supernatant was discarded, and the cells were mixed with 2 ml of resurviving medium, transferred onto a Matrigel (Corning)-coated six-well plate, and placed in the incubator for 24 h. On the next day, the medium was replaced with 2 ml of fresh mTeSRI without Y-27632.



Endothelial cell differentiation

The EC differentiation was performed as described previously (17), and the protocol is schematically outlined in Figure 1A. Three days before initiating the differentiation procedure, hiPSCs were dissociated into single cells and seeded into a 0.5 ml fibrin scaffold patch in a 24-well plate for 48 h. On day 0, the cell-containing fibrin scaffold was cultured in an EBM2 medium (Lonza) supplemented with B27 minus insulin, activin-A, and bone morphogenetic protein 4 (BMP-4) for 24 h. On day 1, the medium was replaced with an EBM2 medium supplemented with B27 minus insulin, vascular endothelial growth factor (VEGF), erythropoietin (EPO), and transforming growth factor β1 (TGFβ1) for another 4 days (the medium was refreshed on day 3). On day 5, the patch was treated with collagenase IV to release the differentiating cells, and the medium was replaced with EGM2-MV medium (Lonza) supplemented with B27, VEGF, and SB-431542. The medium was replaced every 2 days thereafter. Fluorescence-activated cell sorting (FACS) was performed on day 14 to evaluate the differentiation efficiency by analyzing the CD31 and CD144 expression levels in the differentiated cells. The CD31+CD144+-sorted hiPSC-ECs were cultured in an EGM2-MV medium supplemented with B27, VEGF, and SB-431542.
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FIGURE 1
Generation and characterization of human-induced pluripotent stem cell-endothelial cells (hiPSC-ECs). (A) Schematic representation of the protocol for differentiation of hiPSCs to ECs; (B) Differentiation of hiPSC-EC through a 3D protocol; (C) Flow cytometry assay for the detection of CD31 and CD144 expression post-hiPSC-EC differentiation; (D) Identification of hiPSC-EC by immunofluorescent staining.




Flow cytometry

Flow cytometry was performed as previously described (17). In brief, differentiated hiPSC-ECs were gently dissociated with trypsin (0.05%) and neutralized with the culture medium. After centrifugation and discarding of supernatant, the cells were incubated with FACS buffer (2% FBS in PBS) containing primary PE-conjugated anti-CD31 antibodies or FITC-conjugated anti-CD144 antibodies for 30 min at 4°C. Isotype antibodies were used as control. Then the cells were washed with FACS buffer, resuspended in 0.5 ml of FACS buffer, and analyzed with a FACS instrument (Sony MA900 Cell Sorter).



Extraction and identification of human-induced pluripotent stem cells-endothelial cell-extracellular vesicle

The HiPSC-ECs were cultured to 70% confluency, and the supernatant was collected and centrifuged at 2,000 g for 10 min at 4°C to remove the residual cells and debris followed by another centrifugation at 100,000 g for 1 h at 4°C. Afterward, the EV pellets were resuspended in 50–100 μl of phosphate-buffered saline (PBS). EVs were visualized with a transmission electron microscopy (FEI Tecnai G2 Spirit, ThermoFisher Scientific, Waltham, MA, USA) directly or an inverted fluorescence microscope (Olympus FV3000). The diameter distribution of EVs was determined by NanoSight (Malvern Instruments Inc., Malvern, UK). Some specific protein markers, such as CD9, CD63, and TSG101, were identified by Western blotting analysis.



Transmission electron microscopy

The extracted EVs were first fixed with 2.5% glutaraldehyde and then dropped onto the copper mesh, followed by staining with a 12% phosphor-tungstic acid aqueous solution (pH = 6.5). Afterward, the samples were visualized under the electron microscope, and the target pictures were taken.



Lipophilic dye (PKH) labeling of extracellular vesicles

The resuspended EVs were stained with PKH26 (or PKH67) (Red Fluorescent Cell linker for General Cell Membrane) (Sigma-Aldrich, St. Louis, MO, USA). PKH26 dye was added to 100 μl of diluent C to a final concentration of 8 μM. Then 8 μg of EVs suspended in 20 μl of DPBS was added to 80 μl of diluent C, mixed with the PKH26 solution, and incubated at 37°C for 15 min. Afterward, 10% EV-depleted fetal bovine serum (FBS) diluted in DMEM was added to bind with excess dye, followed by diluting to 1 ml with PBS and centrifuging at 100,000 × g for 1 h at 4°C. The pellet was resuspended in 40 μl of PBS.



Western blotting analysis

Western blotting was performed as described previously (18). In brief, total protein was extracted from the EVs or cells, and the concentration was determined by a BCA Protein Assay Kit (Beijing Solarbio Science and Technology Co., Ltd., Beijing, China). Total protein obtained from each sample in a lysis buffer was loaded on each lane and run on an SDS-PAGE for 1 h at 100 V, and then transferred onto a polyvinylidene fluoride membrane. The membrane was blocked with 5% milk for 1 h and then incubated with a primary antibody (Table 1) overnight at 4°C. HRP Affini-Pure Goat anti-Rabbit IgG (cat. # ab97051, Abcam) was used as a secondary antibody. Finally, the blots were visualized by enzyme-linked chemiluminescence assay (Beyotime, Shanghai, China) and analyzed by Image J software.


TABLE 1    Antibodies summary.
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miRNA transfection and depletion of miR-126 on endothelial cell

In the miRNA transfection experiment, HUVECs were seeded in six-well plates first and grown to the confluency of about 70%. Then the cells were transfected with miR-126 mimic (Genepharma, Shanghai, China) and a control mimic (NC) by using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s recommendations. The supernatant was replaced with a complete culture medium after 5 h, and Western blotting was performed to assess the transfection effect after 48 h.

In the miR-126 depletion experiment, the hsa-miR-126/inhibitor and inhibitor negative control oligonucleotides were purchased from GenePharma. Cells in the logarithmic growth phase were trypsinized, counted, and seeded in six-well plates to ensure 50% cell confluence on the next day for transfection. Transfection of cells with oligonucleotides was performed using Lipofectamine™ 2000 Reagent in line with the manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA) at a final concentration of 100 nM. After transfection with hsa-miR-126/inhibitor in hiPSC-EC cells, EVs were extracted from hiPSC-EC cells.



Scratch test

The HUVECs were seeded in six-well plates and transfected with either a non-coding (NC) control miRNA or miR-126 mimic (300 nM) and cultured to 80–90% confluency. Then a sterile pipette tip was used to inflict a linear scratch injury in the center of the cell monolayer. Then the cells were cultured in a normal medium for another 48 h. The wound was monitored by a phase-contrast microscope (Olympus IX71), and the cell closure was determined by measurements with Image J software.



Tube formation

The HUVECs were treated with either hiPSC-EC-EV or different miRNA mimics for 48 h before performing tube formation assays. Culture plates (24-well) were pre-coated with Matrigel (BD Pharmingen, Piscataway, NJ, USA), and then 5 × 104/well HUVECs were seeded and cultured for 12 h. The proliferation and migration properties of the HUVECs were determined by quantification of the total tubule length in five random view fields per well.



Hematoxylin and eosin staining and immunofluorescent staining

The HiPSC-ECs in chamber slides were treated with miR-126 mimic or control mimic for 48 h. Then the cells were washed with PBS and fixed with 4% paraformaldehyde (PFA) at room temperature for 15 min, and 0.2% Triton X-100 was added to permeabilize the membrane for 10 min. Then cells were blocked with 5% goat serum and incubated with primary antibodies (Table 1) overnight at 4°C. On the next day, the cells were incubated with secondary antibodies for 1 h and stained with DAPI (Sigma-Aldrich, St. Louis, MO, USA) for 5 min at room temperature. For mouse artery tissue analysis, excised arteries were fixed in 4% PFA for 1 h, dehydrated in 30% sucrose solution, embedded in OCT, and sliced into 5 μm sections. The sections were then stained with hematoxylin and eosin (H&E). Immunofluorescence analysis was performed as described above. The cells or the tissue sections were visualized by a confocal fluorescence microscope (Olympus FV3000).



Fabrication of the microfluidic chip

The microfluidic chip consists of a PDMS layer and a glass substrate. First, the PDMS layer was fabricated by replica molding on a master by spin-coating SU8-2035 negative photoresist (Microchem Corp., Newton, MA, USA) onto a glass wafer and patterned by photolithography. After the master is prepared, the Sylgard 184 PDMS base and curing agent (Sylgard Silicone Elastomer 184, Dow Corning Corp., Midland, MI, USA) are thoroughly mixed, degassed under vacuum, and poured onto the master. The PDMS layer was incubated in an oven at 80°C for 1 h and peeled off from the master. The inlet and outlet holes are made by punching the PDMS with a razor-sharp punch. After 60 s of oxygen plasma treatment, this piece of PDMS was irreversibly bound to the glass substrate.



Flow experiment in microfluidic chip

The microfluidic channels were pre-coated with 10 μg/mL of MaxGel human extracellular matrix extracts (Sigma-Aldrich, St. Louis, MO, USA) before seeding of cells. After coating, HUVECs (Lonza) were cultured inside the microfluidic channels at a density of 5 × 106 cells/ml to produce a confluent layer. The fresh culture medium was replaced every 6–8 h. Until cell confluence, HUVEC monolayers were inflamed with TNF-α for 12 h. Then, the medium containing 1 μg/ml of PKH67-labeled HUVEC-EV or hiPSC-EC-EV was perfused through the channels for 6 h. The perfusion was performed with a programmable syringe pump connected with a microfluidic device which provides precise control of the flow rate at 20 μl/min. After 6 h, a blank medium without PKH67-labeled EVs was used to perfuse for 0.5 h. The uptake of fluorescently labeled EVs could be visualized under fluorescence microscopy.



Ultrasonic vocalization recording

Mice were anesthetized under 2.5% isoflurane and then placed on a special console (animal handling and physical monitoring platform), and isoflurane concentration was adjusted to the maintenance level of 1.0–1.5%. Mouse ultrasound imaging was performed with the Vevo LAZR photoacoustic micro-ultrasound imaging system (FujiFilm, VisualSonics Inc., Tokyo, Japan). Once the carotid artery was clearly displayed, the probe was adjusted so that the ultrasonic beam was perpendicular to the anterior and posterior walls of the left common carotid artery, and the intima-media of the artery’s anterior and posterior walls was displayed. High-resolution anatomic carotid allograft images were generated with the MS550D transducer at 40 MHz.



Statistical analysis

The IBM SPSS 22 software version was used for statistical analysis. An unpaired t-test and one-way ANOVA were used to calculate statistical significance. The results are expressed as a mean ± SD with P < 0.05 indicating the statistical significance of the differences.




Results


Generation and identification of human-induced pluripotent stem cell-endothelial cells

Human iPSCs represent an unlimited source of cells for replacing damaged tissues. They can be successfully differentiated into different subtypes of vascular cells, such as ECs (19, 20) and smooth muscle cells (SMCs) (21, 22). In this study, we used an efficient method for differentiating hiPSCs to CD31+ CD144+ ECs as a source of EVs (Figure 1A). HiPSCs were embedded in a biodegradable scaffold suspended in a mTeSR stem cell medium for 3 days before culturing in endothelial growth medium EBM2 supplemented with activin A and BMP-4, as well as some other growth factors following differentiation, which gave rise to endothelial-like cells, as demonstrated by a cobblestone morphology and the formation of a robust network of tubular structures upon seeding on Matrigel (Figure 1B). The efficiencies of hiPSC-EC differentiation were evaluated at day 7 and day 14 by performing flow cytometry analysis. On day 7, the expression of CD31 and CD144 in the differentiating ECs was 71.7 and 48%, respectively. On day 14, the EC differentiation efficiency increased to 91.7% for CD31 and 58.3% for CD144 (Figure 1C). Immunostaining assay further demonstrated that day 14 was the ideal time point for EC isolation when the endothelial-specific genes for CD31, CD144, and vWF proteins exhibited very high expression levels (Figure 1D).



Characterization of human-induced pluripotent stem cell-endothelial cell-extracellular vesicle

To validate the harvested hiPSC-EC-EV, the morphology of EVs was first analyzed by TEM. The EVs exhibited a roughly cup-shaped morphology with a diameter of 80–130 nm (Figure 2A). The mean diameter was around 125 nm, as determined by NanoSight (Figures 2C,D). Aside from the EV shape and size validation, Western blotting revealed the expression of some EV-associated proteins, such as Alix, CD63, and TSG101 (Figure 2B), so the EVs were validated as genuine. Furthermore, we observed PKH26 fluorescence in HUVECs at 2 h after incubation with EVs, while the fluorescence intensity became much higher after 12 h (Figure 2E). To determine whether the EVs could be taken up by cells or just adhered to the cell surface, we incubated HUVECs with PKH26-labeled hiPSC-EC-EV in the presence of endocytic inhibitor cytochalasin D for 12 h. We could see that the increase of PKH26 fluorescence could be interrupted by endocytic inhibitor cytochalasin D (Figure 2E), which demonstrated that over time of incubation, more EVs will be internalized into the cells.
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FIGURE 2
Isolation and characterization of human-induced pluripotent stem cell- endothelial cell-extracellular vesicle (hiPSC-EC-EV). (A) A representative micrograph of hiPSC-EC-EV visualized by transmission electron microscopy; (B) Relative expression levels of Alix, CD9, CD63, and TSG101 proteins in hiPSC-ECs and hiPSC-EC-EV, as revealed by Western blotting; (C,D) The hiPSC-EC-EV particle size distribution as measured and analyzed by NanoSight; (E) Representative confocal microscopy images of HUVECs exposed for either 2 or 12 h to PKH26-labeled hiPSC-EC-EVs with or without cytochalasin D treatment. The nuclei were counterstained with DAPI.




Luminal stenosis in injured carotid arteries is alleviated by treatment with human-induced pluripotent stem cell-endothelial cell-extracellular vesicle

The schematic diagrams illustrating the carotid artery ligation and the process for the hiPSC-EC-EV treatment are depicted in Figures 3A,B, respectively. Each group contained 7–9 mice. To evaluate the effect of hiPSC-EC-EV on luminal stenosis, we injected the EVs into the tail vein of mice (10 μg of EVs per injection and injected every 3 days), and the diameter of the carotid arteries in each mouse was analyzed 21 days after the surgery and EV treatment by HE staining and an ultrasound examination (Figures 3C,D). Compared with the sham group, the artery ligation induced a substantial increase in the neointimal layer’s thickness and the neointima-to-media ratio, although the EV treatment group also showed a higher index but obviously moderate (Figure 3C). Meanwhile, ultrasound examination also showed that the luminal diameter in the PBS group was significantly decreased and obviously recovered in the EV treatment group (Figure 3D). In addition, to further verify if the injected hiPSC-EC-EVs (green fluorescent PKH67-labeled) were taken up by the ECs located at the inner layer of the ligated carotid artery, PKH67 fluorescence was examined in CD31+ ECs. The immunostaining results showed that PKH67 fluorescence could only be found in the hiPSC-EC-EV treatment group and revealed an uptake of the injected hiPSC-EC-EV by the EC of the carotid artery (Figure 3E and Supplementary Figure 2). In conclusion, our results suggest a potential treatment effect of hiPSC-EC-EV on arterial stenosis induced by a vascular injury. In other major arterial vascular sites of the IH model, we did not detect the signals of EV (Supplementary Figure 2).
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FIGURE 3
Arterial stenosis of carotid artery is reduced by exposure to human-induced pluripotent stem cell- endothelial cell-extracellular vesicle (hiPSC-EC-EV). (A) Schematic illustration of the carotid artery ligation procedure in the mouse model. (B) Time chart for the in vivo treatment of the vascular tissue with hiPSC-EC-EV and its collection for testing. (C) Analysis of the neointimal hyperplasia formation in the hiPSC-EC-EV-treated vs untreated mice 21 days after surgery by HE staining, and quantification of the intima-to-media ratio in the blood vessels. Scale bar = 100 μm. (D) Representative ultrasound images of the lumen size in the carotid arteries 21 days after the surgery and statistical analysis of the differences. (E) Representative images of ECs immunofluorescently stained for CD31 and PKH67 in the carotid arteries 21 days after the surgery. Data represent mean ± SD from three independent experiments (n = 3). Differences between linked groups were evaluated by a two-tailed Student’s t-test. *p < 0.05 vs. Sham, #p < 0.05 vs. PBS.




Human-induced pluripotent stem cell-endothelial cell-extracellular vesicle could alleviate arterial stenosis by repressing endothelial cell apoptosis

The overproliferation of SMCs and apoptosis of ECs exert important roles in arterial stenosis (1, 2). From the mouse in vivo study, we found that the apoptosis of ECs in the carotid artery was downregulated in the hiPSC-EC-EV treatment group compared with the PBS group (Figure 4B), but the SMC and EC proliferation showed no difference between the groups (Figures 4A,C). At the same time, may be due to the fact that SMCs are located in the middle layer of the arterial lumen wall and receive less blood fluid pressure, there was also no significant difference in the apoptosis of SMCs between the groups (Figure 4D). These results indicated that hiPSC-EC-EV might alleviate the arterial stenosis after ligation by repressing EC apoptosis.
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FIGURE 4
The protective effect of human-induced pluripotent stem cell- endothelial cell-extracellular vesicle (hiPSC-EC-EV) on carotid artery through inhibition of EC apoptosis. (A–D) Representative immunostaining images stained for CD31 (Red) and Ki67 (Green) in panel (A), stained for CD31 (Red) and TUNEL (Green) in panel (B), stained for α-SMA (Red) and Ki67 (Green) in panel (C), and stained for α-SMA (Red) and TUNEL (Green) in panel (D) in the carotid arteries 21 days after the surgery. Data represent mean ± SD from three independent experiments (n = 3). Differences between linked groups were evaluated by two-tailed Student’s t-test. *p < 0.05 vs. Sham; #p < 0.05 vs. PBS.




The protection effect of human umbilical vein endothelial cells elicited by the human-induced pluripotent stem cell-endothelial cell-extracellular vesicle treatment requires activation of autophagy

To analyze the effect of the hiPSC-EC-EV treatment on the EC function, we detected the tubulation, proliferation, and apoptosis of HUVEC cells in vitro. Previous studies established that the inflammatory reaction plays an important role in neointimal hyperplasia (1). To simulate an inflammatory process in vivo and evaluate the protecting effect of hiPSC-EC-EV, relevant assays were performed in HUVECs in the presence of 10 ng/ml of TNF-α for 24 h (23). All the in vitro tests were repeated at least three times. The results showed that hiPSC-EC-EV could significantly increase the tube length on Matrigel and promoted the proliferation rate of HUVEC (Figures 5A,B). Furthermore, we found that the hiPSC-EC-EV treatment could alleviate cell apoptosis relative to the PBS group (Figure 5C), suggesting an important role of the hiPSC-EC-EV in endothelial protection. Previous studies have suggested a protective role of autophagy in cardiovascular injury (24). In our study, autophagy-related proteins were analyzed by Western blotting, and found that hiPSC-EC-EV treatment could improve the LC3-II/LC3-I ratio (Figure 5D). When autophagy inhibitor 3-MA (10 mM) was added to the cell culture medium following the hiPSC-EC-EV treatment, the enhanced tube formation and cell proliferation capability were interrupted, and the decreased cell apoptosis was also partially reversed, suggesting that the hiPSC-EC-EV-mediated protection is highly related to autophagy pathway, and an autophagy modulation could be used as a strategy to reduce arterial restenosis.
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FIGURE 5
The protective effect of human-induced pluripotent stem cell- endothelial cell-extracellular vesicle (hiPSC-EC-EV) on TNF-α-damaged human umbilical vein endothelial cells (HUVECs). (A) Representative light microscopy images of the HUVECs in a tube formation assay. (B) Ki67 immunostaining and (C) TUNEL analysis in the HUVECs treated with or without EV and 3-MA in the presence of TNF-α. (D) Western blotting analysis of the autophagy-related protein expression in the HUVECs with different treatments. Data represent mean ± SD from three independent experiments (n = 3). Differences between linked groups were evaluated by a two-tailed Student’s t-test. *p < 0.05 vs. Con; #p < 0.05 vs. PBS; $p < 0.05 vs. EV.




miR-126 contained in human-induced pluripotent stem cell-endothelial cell-extracellular vesicle is a potential therapeutic target

To elucidate the underlying mechanisms of EC protection by hiPSC-EC-EV, some miRNAs commonly expressed by ECs were identified by quantitative PCR (qPCR). We found that the expression level of miR-126 was significantly higher in hiPSC-EC-EV relative to other miRNAs (Figure 6A). On the other hand, miR-126 can be more highly enriched in hiPSC-EC-EVs than in hiPSC-ECs (Figure 6B). To demonstrate that the protective effects of EVs were at least partially mediated by miR-126, the hsa-miR-126/inhibitor oligonucleotides or NC oligonucleotides were transfected into hiPSC-ECs, and then the EVs in the supernatant were collected at 48 h post-transfection. As compared to NC-oligo EV, miR-126-depleted EV showed a weakened therapeutic effect as indicated by attenuated tubulation and proliferation, as well as enhanced apoptosis in inflammatory cytokine-stimulated HUVECs (Supplementary Figure 3).
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FIGURE 6
Extracellular vesicle (EV)-derived miR-126 promotes human umbilical vein endothelial cell (HUVEC) migration and survival via autophagy regulation. (A) The expression profiles of some common EC miRNAs; (B) The expression levels of miR-126 in hiPSC-EC and hiPSC-EC-EV; (C,D) Light microscopy (bright field) images of the HUVECs in a tube formation (C) and a scratch-wound (D) assay; (E) Ki67 staining (Green) of HUVECs treated with or without miR-126 and 3-MA in the presence of TNF-α; (F) TUNEL (Green) and CD31 (Red) staining of HUVECs treated with or without miR-126 and 3-MA in the presence of TNF-α; (G) Western blotting analysis of apoptosis-specific proteins in the treated HUVECs; (H) Densitometric quantification proteins from the Western blotting image pane in panel (G); Data represent mean ± SD from three independent experiments (n = 3). Differences between linked groups were evaluated by a two-tailed Student’s t-test. *p < 0.05 vs. Con; #p < 0.05 vs. NC; $p < 0.05 vs. miR-126.


Furthermore, a series of assays were conducted to verify if miR-126 has a protection effect for HUVEC in inflammatory reactions. As expected, tube formation and scratch-wound tests verified that transfection of HUVECs with miR-126 induced an enhancement of tubulation and migration in contrast to the negative control (NC) miRNA group. Importantly, these improvements could be abolished by treatment with autophagy inhibitor 3-MA (Figures 6C,D). On the other hand, miR-126 could also promote the proliferation and inhibit the apoptosis of HUVEC cells in vitro (Figures 6E,F). In addition, miR-126 was found to enhance the expression of anti-apoptosis protein Bcl-2 and suppress the expression of pro-apoptotic protein Bax, which could be reversed by autophagy inhibitor 3-MA (Figures 6G,H).



miR-126 exerts therapeutic effect via autophagy regulation

Some previous studies have reported the effect of miR-126 on autophagy regulation and the role of autophagy in cardiovascular diseases (25, 26). To further verify whether miR-126 exerted its protection effect via an autophagy regulation, Western blotting and immunofluorescence analyses were performed with HUVECs. The immunostaining showed that miR-126 significantly promoted the LC3B expression in HUVECs, while 3-MA suppressed this effect (Figure 7A). This was further confirmed by Western blotting, and miR-126 can remarkably increase the LC3-II/LC3-I ratio and suppress the expression of p-mTOR and p62 in HUVECs (Figures 7B,C). Taken together, these findings indicate that miR-126 enriched in EV can substantially promote the autophagy function of EC.
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FIGURE 7
Upregulation of autophagy in EC of the carotid artery upon human-induced pluripotent stem cell- endothelial cell-extracellular vesicle (hiPSC-EC-EV) treatment. (A) LC3B staining in human umbilical vein endothelial cells (HUVECs) following treatment with or without EV and 3-MA in the presence of TNF-α and quantification of the LC3B-positive signals. (B) Western blotting analysis of the p-mTOR, mTOR, P62, and LC3 proteins in the treated and untreated HUVECs. (C) Densitometric quantification proteins from the Western blotting image pane in panel (B). *p < 0.05 vs. Con; #p < 0.05 vs. NC; $p < 0.05 vs. miR-126. (D,E) Immunofluorescence staining of ECs for LC3B (D) and P62 (E) markers and their quantification (bar charts) in mouse carotid artery sections. Data represent mean ± SD from three independent experiments (n = 3). Differences between linked groups were evaluated by a two-tailed Student’s t-test. *p < 0.05 vs. PBS.


To assess the role of hiPSC-EC-EV-induced autophagy in facilitating the injury healing process in the carotid artery, we examined the endothelial autophagy level in murine carotid artery sections by immunofluorescence staining and found that the LC3B levels were consistently higher in the ECs of the hiPSC-EC-EV treatment group when compared with those of the PBS control group (Figure 7D and Supplementary Figure 4A), whereas the P62 expression was weaker (Figure 7E), demonstrating that autophagy was activated in EC by the hiPSC-EC-EV treatment. The mTOR is a master regulator of cellular metabolism, which also plays a crucial role in regulating autophagy. Activation of mTORC1 can lead to autophagy inhibition through the phosphorylation of multiple proteins (27). Our Western blotting analysis results demonstrated that hiPSC-EC-EV could reduce p-mTOR expression in HUVECs in vitro (Figure 7B). Here, we also found that a systemic administration of hiPSC-EC-EV into mice could inhibit the mTOR pathway in the EC of the carotid artery (Supplementary Figure 4C), implying its negative regulatory effect on autophagy. Taken together, these results demonstrate an increase in endothelial autophagy levels in vivo in response to the hiPSC-EC-EV treatment, which is possibly associated with the downregulation of the mTOR pathway.




Discussion

In the present study, we investigated the protective effect of hiPSC-EC-EV on arterial restenosis conferred by the upregulation of the autophagy function in the arterial ECs. The results confirmed that hiPSC-EC-EV could alleviate ligation-induced arterial restenosis in a mouse model. To elucidate the underlying mechanism, we analyzed the functional role of EV-derived miRNAs and found that among them miR-126 exerted beneficial effects by enhancing proliferation, migration, and tube formation in the injured HUVECs, as well as by inhibiting HUVEC apoptosis via activation of the autophagy signaling pathway (Figure 8).
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FIGURE 8
Schematic illustration of the tentative mechanism for alleviation of arterial restenosis by hiPSC-EC-EV treatment in mice via the miR-126-mediated autophagy regulation. Intravenously (iv)-injected hiPSC-EC-EV enriched in miR-126 could accumulate on the surface of the carotid artery endothelium, and suppress apoptosis in the ECs via autophagy upregulation.


Shear stress, hypoxia, and arterial wall pressure inducing endothelial dysfunction are critical pathological factors observed in artery diseases, such as arterial restenosis (28). Current clinical strategies to reduce arterial restenosis include surgical treatment, drug therapy, cell therapy, etc. However, the therapeutic effects of such treatments are inefficient. Therefore, it is necessary to improve the current treatment approaches or find more effective new strategies.

In the current study, our team utilized an artery ligation technique to model endothelial dysfunction, and it was found that the ligation-treated arteries exhibited increased EC apoptosis. Our results are well consistent with the previous study which demonstrated that shear stress led to EC apoptosis and angiogenic dysfunction (29). MSC and some endothelial progenitor cell-based anti-stenotic therapies have been considered to be ideal interventions for the treatment of arterial restenosis (30–33). It has been demonstrated that MSCs have the ability to repair the shear stress-injured ECs by directly differentiating into functional ECs and secreting a number of angiogenic factors (34). However, cell therapy has many limitations of its own. For example, the low survival rate of transplanted cells and infusion toxicity caused by cell rejection seriously interfere with its therapeutic effect. The use of EVs secreted by stem cells allows avoiding those limitations. EVs are small enough to cross the tissue barrier, and yet allow a reduction in the infusion toxicity and unwanted tissue formation caused by stem cell therapy (35).

In contrast to MSC, hiPSCs have received wider attention with regard to their utility for transplantation therapy because of their self-renewing capability and pluripotency, which have revolutionized the cardiovascular therapy field. Studies have shown that transfer of hiPSC-derived EVs into blood vessels could increase microvessel density and blood perfusion in ischemic limbs in vivo (36). Considering the potential tumorigenicity of hiPSC, a better strategy is to differentiate hiPSC into ECs or EPCs and then isolate their EVs to perform the following treatment. It has also been reported that endothelial progenitor cells (EPCs)-derived EVs can significantly improve the endothelial and vascular repair of intervention-associated vascular injury (37). As compared to primary ECs or EPCs, one key advantage of hiPSC-EC is that it provides a sufficient and individualized resource for EV therapy.

It is known that the endothelial response to injury can be divided into two stages: initial, rapid response and a slower, phenotypic response. The initial or rapid response involves an EC apoptosis and dysfunction. The slower response involves impairment of angiogenesis and vascular remodeling in the artery (38). Our research demonstrated that hiPSC-EC-EV could promote wound healing and tube formation under inflammatory conditions, and significantly reduce EC apoptosis at an early stage, followed by reducing vascular remodeling and arterial restenosis at a later stage.

To validate the effects of hiPSC-EC-EV on shear stress-injured ECs, we co-cultured hiPSC-EC-EV with the HUVECs and found that the inflammation-induced EC dysfunction was significantly alleviated by the hiPSC-EC-EV treatment, as indicated by the upregulation of the EC proliferation, migration, and tube formation capability. It is well known that the migration and tube formation capabilities of ECs contribute to angiogenesis and the artery repair mechanism (39). In addition, EC apoptosis can lead to the dysfunction of vascular homeostasis and result in arterial restenosis (40).

A series of studies have demonstrated that MSC-EVs are rich in miRNAs, such as miR-126, miR-130a, miR-132, miR-210, and miR-378, and that miRNAs derived from hiPSC-EC-EV exert protective effects on the EC survival and artery function (41, 42). One of the most commonly found in EC miRNAs is miR-126, which exerts beneficial effects on angiogenesis, maintains vascular integrity, and provides atherosclerotic plaque stability (43, 44). In qPCR screening, we found that miR-126 was highly abundant in hiPSC-EC-EV. MiR-126-depleted EV showed a weakened therapeutic effect as indicated by attenuated tubulation and proliferation, as well as enhanced apoptosis in inflammatory cytokine-stimulated HUVECs. To further determine whether miR-126 was responsible for the protective effects observed from hiPSC-EC-EV, we performed a series of experiments to examine the role of miR-126 in regulating EC functions. Scratch and tube formation experiments demonstrated that ECs overexpressing miR-126 exhibited a better survival and an angiogenic potential, as compared to the control group. Additionally, a TUNEL assay-based analysis showed that the number of apoptotic cells in the miR-126 mimic group was significantly reduced, which was further evidenced by the decreased expression of apoptosis marker Bcl-2, indicating the protective role of miR-126 in ECs.

Previous reports have suggested that miR-126 can alleviate EC injury through modulating autophagy (45), which plays a key role in lipid metabolism and has been implicated in the pathogenesis of atherosclerosis (46). The present study showed that miR-126 mimic promotes the accumulation of autophagy marker LC3-II and reduces the expression of P62 protein in TNF-α-treated HUVECs, suggesting that miR-126 restores an impaired autophagic flux under inflammatory conditions. Furthermore, inhibition of the PI3K/Akt/mTOR signaling pathway was reported to upregulate cell autophagy (47). MiR-126 was reported to target PI3K (PI3Kp85b) and inhibit the PI3K/Akt/mTOR pathway, thereby rescuing an impaired autophagy flux (45). Interestingly, in this study, we found a suppression function of mTOR following miR-126 overexpression, which was in agreement with the above report.

Furthermore, overexpression of miR-126, following the inhibition of the autophagy flux by 3-MA, restored protection against the TNF-α-induced HUVEC injury, confirming the role of autophagic flux in the protective effect of miR-126. Immunofluorescence staining of mouse arterial tissues evidenced an elevated expression of autophagy marker LC3B, as well as reduced apoptotic signals in response to the hiPSC-EC-EV treatment of mouse arteries, which argues that hiPSC-EC-EV may alleviate, at least partially, the IH by increasing the autophagy levels in ECs.

In the aggregate, our study revealed that EC-secreted EVs, as natural carriers of miR-126, were capable of preventing an EC injury, highlighting an important regulatory role of autophagic flux in this process and offering a promising new therapeutic strategy for the treatment of arterial restenosis. Considering the feasibility of large-scale production of hiPSC-EC-EV in laboratory settings, our finding has an obvious practical significance for the development of low-cost clinical treatment of arterial restenosis.
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SUPPLEMENTARY FIGURE 1
Extracellular vesicle (EV) adhesion study on a microfluidic chip. (A) Schematic overview of the microfluidic chip. The microfabricated vessel wall device uses compartmentalized PDMS microchannels to form an organized co-culture of HUVECs, whereby physiological arterial strain and EV adhesion from the liquid flow can be recreated. (B) Top, brightfield images of microfluidic chips after seeding with HUVECs. Bottom, immunofluorescent images of the microfluidic chips adhering with PKH67-labeled EVs after 6-h flow; (C) Representative images of TUNEL staining for HUVEC in microfluidic chips after TNF-α treatment followed by 6-h-perfusion with medium containing hiPSC-EC-EV or HUVEC-EV.

SUPPLEMENTARY FIGURE 2
Extracellular vesicle (EV) localization in different arteries. Representative images for PKH67-labeled EV (Green) localization in the carotid artery, aorta, and femoral artery 21 days after the surgery.

SUPPLEMENTARY FIGURE 3
miR-126 plays a key role in the protective effect of hiPSC-EC-EV on HUVECs. (A–C) Representative images and quantification of (A) tube formation assay, (B) Ki67 immunofluorescence, and (C) TUNEL analysis of the HUVECs treated with normal EV or miR-126-depleted EV. Data represent mean ± SD from three independent experiments (n = 3). Differences between each group were evaluated by a two-tailed Student’s t-test. *p < 0 05 vs. EV.

SUPPLEMENTARY FIGURE 4
The hiPSC-EC-EV treatment could upregulate the endothelial autophagy in carotid artery. (A–C) Representative immunofluorescence images for LC3B (A), p-mTOR (B), and mTOR (C) in the carotid arteries 21 days after the surgery.
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Disease Exosomal cargo  Parent cells Recipient cells Target Biological/clinical relevance Reference

AS miR-223 THP-1monocyte  HUVEC STAT-3 pathway Anti-inflammation (12)
HsP27 THP-1monocyte  — NF-B, IL-10 Anti-inflammation (19)
Mitochondria Monocyte Endothelial cell  IFN, TNF Anti-inflammation (14)
miR-1 Hepatocyte Endothelial cell  KLF4, NF-xB Anti-inflammation (15)
miR-21-3p MACROPHAGE ~ VSMC PTEN Promote VSMC proliferation and degradation  (16)
- Gastric epithelial cell Macrophage ~ CagA Promote foam cell formation )
Sonic hedgehog  Adipocyte HUVECs, MAECs TGF-a, IL-18, IL-6 Reduce plaque vulnerabilty (18)

mi miR-342-5p Endothelials CMs. Caspase9, Jnk2, Akt Anti-apoptsis/proliferation (19)
miR-21 HEK293T cell CMs, HUVECs ~ PDCD4 Anti-apoptosis (20)
miR-125b-5p MSC CMs. p53, BAK1 Anti-apoptosis @1)
miR-210 EPC Endothelial cell  Mitochondiia Anti-apoptosis/promote angiogenic function ©2)
miR-24 Serum Hoc2 cell B8im Mediate Remote ischemic precondifioning ©3)
miR-93-5p Adipose stromal cell CMs Atg7, TLRA Inhibit autophagy, anti-inflammatory @4
IncR - Fibroblast, CMs ~ Neat1 Anti-fibrosis @5)
miR-24 MSC CDB+T 8im Anti-fibrosis ©6)
miR-130-3p Adipocyte CMs. AMPKa/a2, Birc6, and Uop3  Anti-apoptosis (diabetic)

Cytotoxic substance Serum HL-1 CMs Compliment C4, ApoE, Apo G-IV Anti-apoptosis (diabetic) 2}
1K Progenitor CMs. NF-c8 Enhance myocardial repair ©8)

ISR miR-222 Mi-macrophages  VSMC CDKN1B/CDKN1C Promote VSMC prolferation and degradation  (29)
miR-125b MSC VSMC Myosin-1E Promote VSMC prolferation and degradation  (30)
miR-21-5p EPC HUVEC THBST Promote repair of endothelial cells @1)

AS, atherosclerosis; M, myocardial infraction; ISR, in stent restenosis; MSC, mesenchymal stem cell: EPC, endothelial progenitor cel: CM, cardiomyocyte; VSMC, vascular smooth
muscle cell: HUVEC, human umbilical vein endothelial cell.
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Proline 254.4 431E-16 1537 581E-14 PO1-PO7; PO1-P28; PO3-POT; PO3-P28; PO7-P28
Tyrosine .77 6.58E-12 11.18 4.44E-10 P01-P03; PO1-PO7; PO1-P28; PO3-P28; PO7-P28
Dulitol 68.41 1.08E-10 9.966 4.16E:09 PO1-P28; PO3-P28; PO7-P28

Sorbitol 66.45 1.41E-10 9852 4.16E-09 PO1-P28; PO3-P28; PO7-P28

D-Mannitol 65.79 1.64E-10 9813 41609 PO1-P28; PO3-P28; PO7-P28

Glyeyiproiine 568 5.76E-10 9.24 1.30E-08 P03-PO1; PO1-P28; PO3-PO7; PO3-P28; PO7-P28
Glycocyamine 3857 1.66E-08 7.779 204E-07 PO1-P03; PO1-PO7; PO1-P28; PO3-P28; PO7-P28
Picolinc acid 38.36 1.74E-08 7758 294E-07 PO1-P03; PO1-PO7; PO1-P28; PO3-P28; PO7-P28
Inosine 32.92 625608 7.204 8.60E-07 P28-PO1; P28-P03; P28-PO7

Asparagine 3238 6.44E-08 7.491 8.69E-07 PO1-P28; PO3-P28; PO7-P28

5-Aminolevuiinic acid 31.03 1.01E-07 6.994 1.18E-06 P03-PO1; PO7-PO1; PO1-P28; PO3-P28; PO7-P28
Valine 3091 1.05€-07 698 1.18E-06 PO1-PO7; PO1-P28; PO3-P28; POT-P28
Hydroxyproline 208 1.41E-07 6.852 1.46E-06 PO3-PO1; PO7-PO1; PO1-P28; PO3-P28; PO7-P28
Agmatine 28.43 2.06E-07 6.687 1.98E-06 PO1-PO7; PO1-P28; PO3-PO7; PO3-P28; PO7-P28
2-Deoxyadenosine 28,04 2.30E-07 6.639 207E-06 P28-PO1; P28-P03; P28-PO7

Oyticine 263 3.82E-07 6.418 320606 P03-PO1; PO7-PO1; P28-PO1; PO7-P03; P28-P03
Cytosine 2.4 5.086-07 6299 387E-06 P03-PO1; PO7-PO1; P28-PO1; PO7-PO3; P28-P03; P28-PO7
D-Ribose 5-phosphate 25.32 5.16E-07 6.283 387E-06 PO7-PO1; P28-PO1; P28-PO; P28-PO7
Dimethylglycine 2424 7.25€-07 6.14 5.15E-06 P0O1-P28; PO3-P28; PO7-P28

2-Aminobutyric acid 23.97 7.88E-07 6.104 532606 PO1-P28; PO3-P28; PO7-P28

Pipecolinic acid 2351 9.16E-07 6038 5.80E-06 P03-PO1; PO3-PO7; PO3-P28

Oxaloacetic acid 23.32 9.76E-07 6011 5.99E-06 PO1-P28; PO3-P28; PO7-P28

N-Acetylornithine 22.89 1.13E-06 5949 6.61E-06 P03-PO1; PO7-PO1; P28-PO1; P28-P03; P28-POT
4-Aminobutyric acid 2262 1.23€-06 591 6.92E-06 PO1-PO7; PO1-P28; PO3-PO7; P03-P28; PO7-P28
Norvaline 21.03 213606 5671 1.15E-05 P03-PO1; PO1-PO7; P28-PO1; PO3-POT; P28-PO7
Sarcosine 16.38 1.30E-05 4885 6.76E-05 P03-PO1; PO1-P28; PO3-PO7; PO3-P28; PO7-P28
N-Acetyl-D-galactosamine 15.73 1.73E-05 4763 8.63E-05 PO1-PO7; PO1-P28; PO3-PO7; PO3-P28; PO7-P28
Deoxyeytidine 15.41 1.99E-05 4.702 912605 PO7-PO1; PO7-PO3; P28-P03; PO7-P28
Hypoxanthine 15.41 1.99E-05 4.701 9.12E-05 P28-P01; P28-P03; P28-P07

Serine 15.37 2.03E-05 4693 9.12E05 PO1-P28; PO3-P28; PO7-P28

Dopamine 1492 2.48E-05 4.605 0000108 P28-PO1; P28-P03; P28-PO7

Glucose 6-phosphate 14.81 26105 4584 000011 PO1-P03; PO1-PO7; PO1-P28; P03-P28; PO7-P28
Glutamine 1431 3.28E-05 4.484 0.000134 P28-P01; P28-P03; P28-P07

Quinolinic acid 142 3.46E-05 4.461 0.000137 P03-PO1; PO7-PO1; P28-PO1; PO3-POT; PO3-P28
Tryptophan 13.78 421E-05 4376 0.000162 PO1-P28; PO7-PO3; PO3-P28; PO7-P28
Glucosamine 6-phosphate 13,65 4.49E-05 4348 0.000168 PO1-P28; PO3-P28; PO7-P28

Arine 1255 7.72605 4118 0.000282 P03-PO1; PO1-P28; PO3-PO7; POG-P28
Guanosine 12.06 9.95E-05 4.002 0.000353 PO7-PO1; P28-PO1; P28-P03; P28-PO7

Betaine 11.81 0000114 3.945 0.000393 PO1-P03; PO1-PO7; PO1-P28

Xanthosine 11.32 0000147 3832 0.000497 PO7-PO1; P28-PO1; P28-PO3; P28-PO7

Uridine 11.08 0000173 3.763 0.000568 PO7-PO1; P28-PO1; PO7-POS; P28-P03
Phenylalanine 9.048 0000319 3.496 0.001021 PO1-PO7; PO1-P28; PO3-P28; PO7-P28
9-Octadecynoic acid 2915 0000325 3.488 0001021 PO1-PO7; P28-PO1; PO3-PO7; P28-P03; P28-PO7
5-Hydroxyindoleacetic 9.867 0.000334 3.476 0.001026 PO1-P28; PO3-P28; PO7-P28

acid

Asymmetric 9779 0000352 3453 0.001057 PO1-P03; PO1-PO7; P28-P03; P28-PO7
dimethylarginine

Leucine 9707 0000368 3435 0001068 P03-PO1; PO7-PO1; PO3-PO7; PO3-P23

Isoleucine 9683 0000372 3.43 0.001068 P03-PO1; PO7-PO1; PO3-PO7; PO3-P28
Pyroglutamic acid 9507 0000392 3.406 0001086 P28-PO1; P28-P03; P28-PO7

Amioride 9589 0.000394 3.404 0.001086 P28-PO1; P28-P03; P28-PO7

Nicotinamide 9361 0.000452 3345 0.001198 P28-PO1; P28-P03; P28-PO7

Suberic acid 936 0.000452 3345 0001198 P28-PO1; P28-PO3; P28-PO7

Decanoylcarnitine 803 0001046 2981 0002715 P28-PO1; P28-PO3; P28-PO7

Adenine 7.858 0.001171 2931 0002983 P28-PO1; P28-PO3; P28-PO7

Indole-3-lactic acid 7.697 0.001304 2885 0.00326 PO1-P28; PO3-P28; PO7-P28

Citruline 7.227 0.001797 2746 0004351 PO7-PO1; PO7-PO3; P28-P03; PO7-P28
Aspartate 7.22 0.001805 2744 0.004351 PO1-P28; PO3-P28; PO7-P28

Valeric acid 7.004 000197 2706 0.004666 PO1-P28; PO3-P28; PO7-P28

Methylguanidine 7.054 0002026 2693 0.004716 P28-PO1; P28-PO3; P28-PO7

Amino valerate 6.827 0.002379 2624 0005443 PO1-PO3; PO1-PO7; PO1-P28
Adenosyl-L-homocysteine 5635 0.005752 224 0012942 PO7-PO1; PO7-PO3; P28-P03

Taurine 5285 0.007569 2421 0016751 PO1-PO3; P28-PO3

Adenosine 5119 0.008637 2084 0018289 P28-PO1; P28-PO7

Cellobiose: 5114 0.008676 2062 0018289 PO1-P28; PO3-P28; PO7-P28

Lactose 5113 0008683 2081 0018289 PO1-P28; PO3-P28; PO7-P28

Acetylcholine 5005 0.008806 2085 0018289 PO3-PO1; P28-PO1; PO3-PO7; P28-PO7
Acetylcaritine 4993 0.009565 2019 0019564 PO3-PO1; PO7-PO1

Ribose 4681 0.012356 1.908 0.024896 P28-P01; P28-P03; P28-PO7
2-Hydroxyphenylacetic 4614 0.013069 1.884 0025945 PO1-P28; PO3-PO7; PO3-P28

acid

Xylose 4525 0.014069 1.852 0027527 P28-PO1; P28-PO3; P28-PO7

3-hydroxybutyric acid 4.461 0.014851 1.828 0028641 PO1-PO3; PO1-PO7; P28-P03; P28-PO7

PEP 44 0.015639 1.806 0029737 PO1-P28; PO7-PO3; PO7-P28

Trehalose 4296 001709 1.767 003172 PO1-P28; PO3-P28

Lactate 4292 0017152 1.766 008172 P28-PO1; P28-PO3; P28-POT

NADPH 4265 0017552 1.756 0.03202 P28-PO1; PO7-PO3; P28-P03

2-Deoxyuridine 4167 0.019096 1.719 0034373 PO3-PO1; PO7-PO1; P28-PO1

Acetylglucosamine 3.881 0024523 1.61 0043006 PO1-P28; POG-P28

Homoserine 3.866 0.024848 1.605 0043006 PO7-PO1; PO7-PO3; PO7-P28

Threonine 3.866 0.024848 1.605 0043006 PO7-PO1; PO7-PO3; PO7-P28

ADP 3.725 0.028165 155 0.048129 PO1-P03
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Methods

Global Knock out in mice

Heart specifically knocked out

Mdivi-1,P110 Drp1 inhibitor

Inhibit Ser637 dephosphorylation

DRP1 sumoylation mediated by
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Inhibit the expression of DRP1

Mdivi-1 Drp1 inhibitor

Effect on the heart

Embryonic lethality

Dilated cardiomyopathy and
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Reverse the decrease in
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improving heart function
Preserve cardiac function

Protect the heart from
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Alleviate cardiomyocyte
hypertrophy
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and fiorosis
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miRs

miR-126-3p

miR-126-5p
miR-10b
let-7b
let-71-2-5p

let-7¢-1-5p
let-7i-5p

miR-486-5p

miR-296-5p

miR-150

Mechanism of action

VEGF-A, IL-3, IL-10, IGF-1,
ANG1, ANG2, and SPRED1

DLK1
VEGF and HOX

Proangiogenic paracrine factors
and IL-10and IL-12

PTEN and Akt pathway

HGS, VEGFR2, PDGF-b, and
inhibiting DLL4 and Notch1

cMyb

Target diseases

Enhanced biological function of EPC from

patients with ICM.

Knocking down miR-126-3p from EPC

abolished their angiogenic activity

Prevents atherosclerotic lesion formation

via DLK1 suppression

Promotes tumor growth via enhanced

angiogenesis

ECFC-derived EVs vastly contain various
let-7 miR and modulate ischemia-induced

angiogenesis.
Tumor-associated macrophages
phenotypes were changed

upon downregulation

Delivery of ECFC exosomes recluces.
ischemic kidhney injury via transfer of

miR-486-5p targeting PTEN
Augmented primary human brain

microvascular endothelial cells angiogenic

property
MIR-150 significantly promoted the

migration and tube formation ability of

EPCs in vitro and enhanced EPCs"

horming, organization, and resolution abllty

invivo

EVs or Exo origin

EPC-derived EVs

EC

Circulating EPC,
EC

ECFC

ECFC

Angiogenic EC

EPC

EPC, endothelial progenitor cells; Exo, exosomes; EC, endothelial cells; ECFC, endothelial colony-forming cells; ICM, ischemic cardiomyopathy.
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Diseases

Embryogenesis and
heart development

Ischemia-Reperfusion

Cardiac hypertrophy

GTP-ase Dependent
dynamin state

MFN(MFN1 and MFN2)

OPA1
OPA1

OPA1

Methods

Both MFN1 and MFN2 knocked
out

Min1 and Min2 specifically and
simultaneously knocked out in
cardiac tissue

Knocking out Opal
OPAT expression decreases
Decreased expression of OPA1

Increase or overexpression of
OPA1

Absence of YMETL s-OPA1
aggravation

Hyperacetylation reduces the
GTPase activity of OPA1

Effect on the heart

Embryonic lethality

Dilated cardiomyopathy and
Death

FATAL
Ischemic cardiomyopathy

Aggravating
ischemia-reperfusion injury

Maintains heart function

Dilated cardiomyopathy and
heart failure

Hypertrophy of the heart
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LA-max volume index (ml/m?) 77.53 & 27.15

LAEF (%) 53.44 £ 9.48
LVSV phase contrast (ml) 85+ 19
Regurgitant volume (ml) 55+ 31
Regurgitant fraction (%) 37.09 £ 14.00
LGE presence (1, %) 44.44%

Clinical features of N = 19 patients undergoing MVR surgery were evaluated prior to
the surgical procedure; CMRI performed before (T0) the surgical procedure were also
analyzed and are shown in the table. Categorical variables are reported as percentage;
continuous variables are presented as mean = SD.
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Clinical picture

Age (years)

Sex (male)

BMI (kg/m?)

Smoking status (smoker)
Hypertension
Hypercholesterolemia
Peripheral vascular disease
Prior stroke/TIA events
Heart failure

Family history of CVD
NYHA
CHA,DS,-VASc Score
Diabetes mellitus

CKD
Pharmacotherapy
B-Blockers
Ace-inhibitors

Calcium antagonists
Diuretics

Levels in blood

BNP (ng/L)

K (mEq/L)

Ca (mg/dl)

Mg (mg/dl)

MR and surgery

Type of MR

Leaflet failure
Surgical access
Implanted ring

N of neochords implanted
Preoperative CMRI
LVEDVi (ml/m?)
LVESVi (ml/m?)
RVEDVi (ml/m?)
RVESVi (ml/m?)

LV Mass index (g/mz)
LVSV (ml)

LVSVi (ml/m?)

RVSV (ml)

RVSVi (ml/m?)

LVEF (%)

RVEF (%])

Heart rate (BPM)

Cardiac index (ml/min - m?)

LA Area index (cm)
RA Area (cm)

55.2 4 8.0 (50-69, 57.9%; 70+, 10.5%)

94,74%

26.1 2.9 (25-30, 57.9%; 30+, 10.5%)

15.8%
47.4%
31.6%
5.3%
0%
0%
21.1%

I, 36.8%; 11, 57.9%; 111, 5.3%
0, 52.6%; 1, 31.6%; 2, 15.8%
0%

0%

84.2%
26.3%
0%
63.2%

394 +34.4
3.96 £0.19
8.43 £0.32
1.78 £0.23

Flail, 36.8%; Prolapse, 63.2%

Anterior, 5.3%; Posterior, 68.4%; Both,

21.1%

Right minithoracotomy, 94.7%; Median

sternotomy, 5.3%

CG Future band, 47.4%; Simulus
semi-rigid, 47.4%; Profile 3D, 5.3%

0,22.2%; 1, 16.7%; 2, 61.1%

113.67 £ 25.37
42.50 = 11.77
84.78 + 15.57
34.44 £9.00
77.44 + 13.36
142.33 +35.93
72.36 & 16.98
100.67 £ 20.93
51.154+9.72
62.60 +5.87
59.64 £ 6.56
61.00 £7.92
4180.36 & 1114.27
19.37 £7.89
14.32 +£5.71
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miRNAs

miRNA-150
miRNA-29b

miR-328
miR-99a-5p,—192-
5p,~214-3p,
and—342-5p

Tissue

Plasma
Plasma/Atrial

Plasma
Plasma

Changes in AF

Reduced
Reduced

Increased
Increased

Characteristics

OR 1.96, 95% Cl 1.5-8.67, P < 0.001
Plasma concentrations were decreased by 53.8% in
patients with AF (P = 0.007); tissue-expression was
decreased by 54%

OR 121, 59%Cl 1.09-1.33, P < 0.001

The area under the curves (AUCs) were 0.67, 0.73,
0.78, and 0.79, and the Youden's indices were 0.38,
0.44, 0.50, and 0.50, respectively.
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Model

Human/Mice

Mice

Human
Human/Rat

Rabbit

LncRNA

HOTAIR

NRON

LICPAR
MIAT

TCONS-00106987

Effect of AF

Alleviates

Alleviates

Aggravate
Aggravate

Aggravate

Targets and mechanisms

Regulates Cx43 remolding by sponging
miR-613.

Promotes M2 macrophage polarization
and alleviates atrial fibrosis through
suppressing exosomal miR-23a.
Modulates TGF-p/Smad pathway.
MIAT downregulation alleviates AF and
AF-induced myocardial fibrosis through
targeting miR-133a-3p.

Promotes atrial electrical remodeling by
sponging miR-26 to reguiate KCNJ2.
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Exosomal IncRNA

HIF1a-AS1
NEAT1

ENST00000556899.1;
ENST00000576986.1

UCA1
S0CS2-AS1

RP13-820C6.2
RP11-338B21.15
G004800
XLOC_010028

XLOC_004201

Expression  Disease

Up AS
Up STEMI
Up AMI
Up AMI
Down CAD
Down RHD

Up

Function

Diagnostic
Diagnostic
Prognostic

Diagnostic
Diagnostic

Diagnostic;
Therapeutic

References

©1)
(©2)
(©63)

©7
©4)
(69)





OPS/images/fcvm-08-712828/crossmark.jpg
©

2

i

|





OPS/images/fcvm-08-712828/fcvm-08-712828-g001.gif





OPS/images/fcvm-08-712828/fcvm-08-712828-g002.gif
Ry

e npsemangrs






OPS/images/fcvm-09-943068/fcvm-09-943068-t002.jpg
miR-1
miR-21
miR-133a
miR-208a

Cel-miR-39
(Housekeeping spike-in gene)

Mature miRNA (Sequence 5’-3')

hsa-miR-1-3p
(UGGAAUGUAAAGAAGUAUGUAU)
hsa-miR-21-5p
(UAGCUUAUCAGACUGAUGUUGA)
hsa-miR-133a-3p
(UUUGGUCCCCUUCAACCAGCUG)
hsa-miR-208a-3p
(AUAAGACGAGCAAAAAGCUUGU)
cel-miR-39-3p
(UCACCGGGUGUAAAUCAGCUUG)

Forward primer (5’-3')
TGGAATGTAAAGAAGTATGTAT
TAGCTTATCAGACTGATGTTGA
TTTGGTCCCCTTCAACCAGCTG
ATAAGACGAGCAAAAAGCTTGT

TCACCGGGTGTAAATCAGCTTG
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Biomarker

Discoidin domain
receptor 2 (DDR2)

Vimentin

Fibroblast-specific
protein 1 (FSP1)/S100
calcium-binding protein
A4 (5100ad)

Thymus cell antigen 1
(Thy1, CDSO)

The transcription factor
21 (TCF21)

Platelet-derived growth
factor receptor @
(PDGFR «)

Collagen 1a1-GFP

a-Smooth muscle actin
(-SMA)

Periostin

Location

Cell surface

Cytoskeletal

Cytosolic

Cell surface

Nucleus

Cell surface

Transgene

Oytoskeletal

Extracellular matrix (ECM)

Function

Collagen-specific receptor
tyrosine kinase mediating
cell growth, migration, and
differentiation

Intermediate filaments for
motiity and cell shape
Calcium-binding protein for
motiity and tubulin
polymerization

Membrane glycoprotein for
cell adhesion

Regulates mesenchymal cel
transitions

Tyrosine kinase receptor

Targeting collagen |
protein-producing cells

Intermeciate
filament-associated protein
for cell contraction

Cardiac development,
remodeling and ECM
organization

in cardiac fibroblast

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

No

Expression in cardiac myofibroblast

Yes

Yes

Unknown

No

Yes

Unknown

Unknown

Yes

Yes

Expression in other
cell types

Epicardium

Endothelial cells,
macrophages
Immune cells

Immune cells,
lymphatic endothelial
cells and pericytes.

Epicardium

Platelets, epicardium

Endothelial and
vascular smooth
muscle cells

Epicardium, smooth
muscle cells, pericytes,
and cardiomyocytes
Epicardium, vascular
smooth muscle cells,
and valve interstitial
cells
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Name

MiRNAs
MiR-21-3p

MiR-27a,
MiR-28-3p,
MiR-34a
MiR-155

MiR-19a-3p

MiR-133

MiR-10b-5p

MiR-29b,
MiR-465
MiR-378

MiR-208a

MiR-192

MiR-210

MiR-22
MiR-24
MiR-26a

MiR-29¢

MiR-92a

MiR-126

MiR-133a

MiR-146a-5p

MiR-146a

MiR-425,
MiR-744

MiR-21

MiR-142-3p

Proteins
HSP20

HSPOO

Decorin
Periostin

HSP70

Lamp2b
Ischemic
myocardium-
targeting peptide
CSTSMLKAC
(IMTP)

Human antigen
R (HuR)

WNT3a
WNTSa

+ means the corresponding MiRNA or protein has a positive effect on the process, or could increase the number/area of the subject; | means the corresponding MIRNA or protein has a negative effect on the process, or could decrease

Level

Downregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upreguiation

Upregulation
Upregulation

Upregulation

Upregulation

Upregulation

Upregulation
Upregulation
Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Upregulation

Downregulation

Upregulation

Upregulation

Upregulation

Downregulation
Upregulation
Downregulation

Upregulation

Upreguiation

Upregulation

Overexpression

the number/area of the subject.

Derivation

Cardiac fibroblasts

Cardiac fibroblasts

Macrophages

Endothelial cells

Endothelial cells

Endothelial cells

Cardiomyocytes
Cardiomyocytes

Cardiomyocytes

Mesenchymal stem
cells (MSCs)

MSCs

MSCs
Human umbilical MSCs
Satellite cells

Placenta-derived MSCs

Cardiosphere-derived
calls (CDCs)

Adipose-derived stem
cells (ADSCs)

Cardiac progenitor cells
(CPCs)

CPCs

ADSCs

Plasma

Human peripheral
blood

CD4+ T cells

Cardiomyocytes

Cardiomyocytes
Cardiomyocytes
Serum

MSCs

Macrophages

Cardiac fibroblasts

Disease

Heart failure (HF)

HF

Uremic
cardiomyopathy
M

Myocardial
fibrosis

M
Diabetes
Myocardial

fibrosis
Cardiac fibrosis

v

™I

v
Mi
Uremic

cardiomyopathy
Duchenne
muscular
dystrophy

Mi

™I

MI

Doxorubicin/
trastuzumab-
induced cardiac
toxicity

Mi

HF

Mi

M

Diabetic
cardiomyopathy
Cardiac
hypertrophy
Cardiac fibrosis
Aging-related

cardiac fibrosis
Mi

Cardiac fibrosis

Cardiac fibrosis

Target gene/pathway

Orbin and SH3 domain-containing protein
2 (SORBS2)
PDZ and LIM domein 5 (PDLIMS)

Nuclear factor erythroid 2-related factor 2
(Nrf2)

Forkhead transcription factors of the O
class (FoxO3a)

MiR-19a-3p/Thrombospondin 1

Y box binding protein 1 (YBX-1)

SMAD-specific E3 ubiquitin protein ligase
1 (Smurft)
Histone deacetylase 4 (HDACH)

Matrix metalloproteinase 9 (MMP-0)

Mitogen-activated protein kinase kinase 6
(MKKB)/P38 MAPK pathway

Dual-specifiity tyrosine
phosphorylation-regulated kinase 2 (Dyrk2)

Phosphatase and tensin homolog
(PTENY/Akt pathway

MiR-210/hypoxia-inducible factor-1 «.
(HIF-1a)

Methyl CpG binding protein 2 (Mecp2)
MiR-24/Bim pathway

FBXO32/atrogin-1
TRIMB3/MuRF1

TGF-p

Bone morphogenetic protein 2 (BMP2)

Bim
Bmf
bFgf
Vegf
Traf6
Smadd4
Irak1
Nox4

Mpo
Early growth response factor 1
(EGR1)/TLRANFKB

TGF-B1

Smad7
PTEN
MMP-2

WNT pathway

Phosphorylated Akt
Survivin

sopt

STAT3

Ang I

Angll

WNT pathways

Effects

Cardiac hypertrophy,

Oxidative stresst
Cardiac remodeling

Cardiomyocyte pyroptosist
Cardiac hypertrophy and fibrosist
Vascularizationt

Myocardial fibrosis|,

Left ventricular ejection fractiont
Angiogenesist mesenchymal-endothelial
transition of cardiac fibroblastt

Cardiac fibroblast activation{.

Fibrosis and myocyte uncoupling.
Fibrosis|

Cardiac fibroblastt
Myofibroblast diferentiationt:
Cardiac fibrosist

Infarct size

Fibrosis|,

Cardiac functiont

Fibrosis)

Angiogenesist

Apoptosis|.

Cardiac fibrosis|,
Anti-apoptosist

Cardiac fibrosis|,

Cardiac functiont

Cardiac fibrosis lesions |

Fibrosis in the diaphragm and cardiac
muscles}
Inflammation .
Utrophint
Contractiityt
Fibrosis}
Cardiac fibrosis|
Inflammation{,
Apoptosis).
Angiogenesist
Apoptosis|.
Fibrosis|
Hypertrophy|

Myocardial fiorosis
CDBB+ inflammatory cellinfitrates |,
Inducible niric oxide synthase
expression)

Left ventricular dysfunction)
Apoptosis|.

Inflammatory response

Fibrosis}

Collagen formationt

Fibrogenesist

Fibrosist

Cardiac fibrosist
Dysfunctiont

Cell death)
Cardiac adverse remodeling.

Collagen synthesis)

Transformation into myofibroblast.
Fibroblast migration

Fibroblast proliferation),
Myofibroblast differentiation .

Inflammation

Apoptosis|.

Fibrosis|

Vasculogenesist

Cardiac functiont
Inflammatory and profibrogenic
responsest

Cardiac fibrosist

Cardiac fibroblast activatedt
Cardiac fibrosist
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