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Exercise not only produces beneficial effects on muscle itself via various molecular pathways, but also mediates the interaction between muscles and other organs in an autocrine/paracrine manner through myokines, which plays a positive role in maintaining overall health. Irisin, an exercise-derived myokine, has been found involved in the regulation of some cardiovascular diseases. However, the relationship between irisin and cardiovascular health is not fully elucidated and there are some divergences on the regulation of irisin by exercise. In this review, we present the current knowledge on the origin and physiology of irisin, describe the regulation of irisin by acute and chronic exercises, and discuss the divergences of the related research results. Importantly, we discuss the role of irisin as a biomarker in the diagnosis of cardiovascular diseases and describe its treatment and molecular mechanism in some cardiovascular diseases. It is expected that irisin will be used as a therapeutic agent to combat cardiovascular diseases or other disorders caused by inactivity in the near future.
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INTRODUCTION

Cardiovascular disease is the most common underlying cause of death, accounting for 31.5% of all deaths worldwide. It is estimated that 43.9% of the adult population in the United States will suffer from some form of cardiovascular disease by 2030, and the total global medical costs of this disease will reach $918 billion (Benjamin et al., 2017). Although progress in clinical treatment and care has reduced the mortality rate of patients with cardiovascular disease, the incidence of the disease continues to increase, and good prevention and treatment strategies are still needed. It is well-established that physical exercise reduces all-cause mortality and increases longevity (Moore et al., 2012). Particularly, exercise reduces the risk of cardiovascular diseases, regulates the abnormal metabolism of blood lipid, and improves vascular function (Diabetes, 2012). Exercise plays an important role in the prevention and treatment of hypertension and coronary heart disease, which has become an effective management in maintaining overall health (Fiuza-Luces et al., 2018).

As the largest endocrine organ, the skeletal muscle secretes a hormone known as myokine. Irisin is a myokine secreted by the skeletal muscle both in rodents and in humans (Bostrom et al., 2012; Lourenco et al., 2019), which enters into circulation during or immediately after physical activity (Cooper et al., 2018). Owing to properties of driving white adipose tissue browning (Wu and Spiegelman, 2014), alleviating insulin resistance (Bostrom et al., 2012; Yuksel Ozgor et al., 2020), improving glucose homeostasis, and liver lipid accumulation (Zhang et al., 2013; Kurdiova et al., 2014), irisin is emerging as a key molecular for metabolic diseases and other disorders known to improve with exercise (Seo et al., 2020). An increasing number of studies show that the concentrations of circulating irisin in patients with some kinds of cardiovascular disease has changed compared with normal people (Shen et al., 2017; Wang et al., 2017; Hisamatsu et al., 2018). Especially, it has been demonstrated that the application of irisin can affect the pathological processes and improve the disease state of certain cardiovascular diseases (Li et al., 2018; Fan et al., 2020; Yin et al., 2020).

In this review, we summarize the origin of irisin and discuss the regulation of irisin by exercise. Equally, we focus on the key role of irisin in the diagnosis of cardiovascular diseases, as well as the therapeutic effects and molecular mechanisms of certain cardiovascular diseases. We hope to at least partially bridge the knowledge gap between skeletal muscle and cardiovascular health during exercise and provide new ideas for the prevention and treatment of cardiovascular diseases.



SECRETION OF IRISIN FROM SKELETAL MUSCLE

Irisin is a hormone composed of 112 amino acids, which was first discovered in 2012 by Bostrom et al., and named after the Greek messenger goddess Iris (Bostrom et al., 2012). In their original work, the muscle of transgenic mice overexpressing peroxisome proliferator-activated receptor-γ coactivator 1α (PGC1α) stimulates an increase in the synthesis of transmembrane fibronectin type III domain-containing protein 5 (FNDC5), which is cleaved and secretes irisin (Bostrom et al., 2012). Following the initial study, it is soon reported that the start codon of human FNDC5 gene is atypical ATA rather than ATG of rodents, and the translation efficiency of human FNDC5 gene constructed with ATA start codon is found to be very low in HEK293 cells (Raschke et al., 2013). Erickson et al. considered that Bostrom’s experiment had serious flaws, and FNDC5 may be just a transmembrane receptor (Erickson, 2013). The claim that human FNDC5 gene codes for irisin has been questioned (Albrecht et al., 2015), and some scholars believe that the beneficial effects of irisin observed in mice are unlikely to appear in humans (Raschke et al., 2013; Elsen et al., 2014). However, there are indeed cases of proteins being expressed from unusual start codons of genes in humans, such as VANGL2, FGFR1, KCNN4, and TRPV6 (Ivanov et al., 2011). Is irisin also expressed from the unusual start codon in human? To address the issue, Jedrychowski et al. used improved mass spectrometry technique with synthetic peptides rich in heavy stable isotopes (six 13c atoms) as the internal standards and found that irisin is mainly expressed from the non-canonical start codon of FNDC5 (Jedrychowski et al., 2015; Polyzos et al., 2015). The in vitro experiments conducted by Raschke et al. (2013) may not reflect the real situation in vivo. The level of circulating irisin is higher than insulin and lower than leptin, with the molecular weight of 12 kDa (Jedrychowski et al., 2015). While other studies have reported that the molecular weight of irisin is 15–32 kDa due to glycosylation or incomplete deglycosylation (Bostrom et al., 2012; Lee et al., 2014; Zhang et al., 2014). Recently, it was illustrated that irisin reversed intestinal epithelial barrier dysfunction after intestinal ischemia reperfusion injury via binding to integrin αVβ5 (Bi et al., 2020). Similarly, Kim and colleagues have shown that irisin binds to proteins of αV class of integrins, and further biophysical studies identify interacting surfaces between irisin and αVβ5 integrin. Additionally, chemical inhibition of the αV integrins blocks the signaling pathway activated by irisin both in osteocytes and fat cells (Kim et al., 2019). These studies suggest that the membrane receptors of irisin exist as some scholars have predicted, and the αVβ5 integrin is the receptor of irisin in osteocytes, adipocytes, and enterocytes (Greenhill, 2019; Kim et al., 2019; Bi et al., 2020). Even so, whether there are irisin receptors in other cells, such as cardiomyocytes or vascular endothelial cells, needs further study. Anyhow, the discovery of irisin receptors above mentioned has opened a window for scholars to conduct in-depth studies.

In humans, FNDC5 mRNA is mainly expressed in muscles and other muscle containing organs, such as pericardium, rectum, and, artery (Huh et al., 2012), and can be detected in the blood, saliva, cerebrospinal fluid, and bronchoalveolar lavage fluid (Aydin et al., 2013; Sanchis-Gomar et al., 2014; Shen et al., 2017; Ruan et al., 2018). Muscle mass is the main predictor of higher circulating irisin levels in humans (Huh et al., 2012), and age-related muscle mass loss may lead to lower circulating irisin levels in elderly people (Tu et al., 2018). Nevertheless, it was also demonstrated that circulating irisin levels increased with the increase of fat mass, particularly in obesity (Perakakis et al., 2017) and correspondingly decreased with the decrease of fat mass after bariatric surgery (Huh et al., 2012). Given the irisin expression in the muscle is 200-fold of that in adipocytes (Moreno-Navarrete et al., 2013), and its key roles in lipid metabolism, it is possible that there is an irisin compensation mechanism, particular in the obese. A large number of studies have shown that irisin has a potential role in some metabolic diseases such as diabetes, obesity, and participates in the regulation of energy metabolism. For example, it promotes browning of white adipose tissue (Wu and Spiegelman, 2014), increases thermogenesis (Bostrom et al., 2012), reduces lipid accumulation, and maintains glucose homeostasis in skeletal muscle, liver, and other organs (Kurdiova et al., 2014; Perakakis et al., 2017; Figure 1). Abnormal glucose and lipid metabolism, diabetes, and obesity are risk factors of cardiovascular diseases. As an important regulator of energy metabolism, irisin has a potential role in maintaining cardiovascular health.
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FIGURE 1. Exercise induces increase of PCG1a expression in skeletal muscle, which in turn drives the production of membrane protein fibronectin type III domain-containing protein 5 (FNDC5). The FNDC5 is cleaved and secretes irisin (blue ball). Irisin enters in the blood circulation and participates in the metabolic regulation of lipid and glucose in some organs such as skeletal muscle, liver, and adipose tissue.




REGULATION OF IRISIN BY EXERCISE


Acute Exercise Increases Circulating Irisin Concentration

As a myokine, irisin is produced by the contraction of skeletal muscle. According to the reports, circulating irisin concentrations increase significantly when the muscle ATP level decreases and remain unchanged as the muscle ATP level remains unchanged (Huh et al., 2012). ATP decline, a state of metabolic demand, may be the initial signal that stimulates irisin secretion to defend muscle ATP homeostasis during exercise (Huh et al., 2012; Bell et al., 2016). A series of studies have shown that acute exercise is a potential stimulus to promote the secretion of irisin (Huh et al., 2015; Fatouros, 2018; Fox et al., 2018). It has been reported that circulating irisin concentrations of young healthy adults increase significantly 30 min after an acute exercise (Huh et al., 2012). Furthermore, a single 40 min of aerobic running can induce minimal increase of serum irisin in both hot (21~25°C) and cold (−5~5°C) environment (Ozbay et al., 2020). Data from animal studies have found that the concentrations of serum irisin increase significantly in hyperthyroidism and hypothyroidism rats after forced swimming with 5% of the weight-bearing body weight for 100 min (Samy et al., 2015). Additionally, one time of high-intensity interval exercise (HIIE), moderate-intensity exercise (CME), or resistance exercise (RE) can significantly increase the circulating irisin concentrations both in healthy people and in patients with metabolic syndrome detected by ELISA kit (Huh et al., 2015). A meta-analysis also shows that the concentrations of circulating irisin in adults increase significantly immediately after an acute bout of exercise, and fitness level is an important factor affecting the effect (Fox et al., 2018).

As everyone knows, resistance training can improve muscle mass more effective than endurance training. Accordingly, it was reported that resistance training promoted irisin secretion more than endurance training or endurance and resistance combined training (Tsuchiya et al., 2015). This finding is consistent with other studies showing that the circulating irisin concentrations are higher after RE than that of HIIE or CME (Huh et al., 2015). On the contrary, it was reported recently that the circulating irisin concentrations in physically active young males did not change after immediate, 30 and 90 min of vigorous-intensity continuous training (VICT, 85%VO2max) compared with that before exercise (Reycraft et al., 2020). Interestingly, 30 min later, the irisin concentrations are significantly higher than that immediately after exercise (Reycraft et al., 2020). Although the results of this study are not exactly the same as the previous studies from Huh et al. as well as Samy et al. (Huh et al., 2015; Samy et al., 2015), it is believed that exercise at least promotes the secretion of irisin, which is reflected in the significant difference between immediately and 30 min after exercise, in spite of no significant difference in irisin concentrations before and after exercise. Exercise intensity should be an important factor affecting the secretion or the elimination of irisin. Because lower exercise intensity (65% VO2max) does not induce significant increase of circulating irisin concentrations 30 min after exercise compared to immediately after exercise, unlike higher intensity (85% VO2max) at the same study (Reycraft et al., 2020). This research is consistent with the study of Tsuchiya et al., showing that high-intensity exercise causes greater irisin response compared with low-intensity exercise under similar energy consumption (Tsuchiya et al., 2014).

Acute exercise protocols represent potent stimuli for irisin release if they are characterized by adequate intensity and/or duration (Fatouros, 2018). Of note, the maximum irisin concentration appears immediately after exercise and decreases 1 h later in one study (Huh et al., 2015), while other studies show that the maximum irisin concentration appears 30 min to 1 h after exercise (Tsuchiya et al., 2014; Reycraft et al., 2020). It suggests that time course changes of irisin concentration in response to acute exercise are complex. In addition to the factors such as exercise intensity, duration and subjects’ fitness level, a more optimized exercise program that includes a detailed time course is needed to explore the response of irisin to acute exercise in the future.



Chronic Exercise Improves Irisin Metabolic Dynamic and Selectively Increases the Circulating Irisin Concentration

Chronic exercise produces multiple positive effects on overall health in many ways. As a myokine, irisin has received increasing attention in the research related to chronic exercise and overall health. Some studies have reported that chronic exercise increases circulating irisin concentration. For instance, the concentrations of plasma irisin in rodents increase significantly after 3 weeks of free wheel running (Bostrom et al., 2012). In humans, 10 weeks of moderate intensity cycling (65%VO2max), 20–35 min per day and 4–5 times per week, make a 2-fold rise of irisin concentrations, detected by plasma FNDC5 expression (Bostrom et al., 2012). Similarly, circulating FNDC5 levels in some young male athletes are several times higher than those in middle-aged obese women (Huh et al., 2012), which may be related to higher muscle mass via exercise training year after year in athletes. Moreover, the baseline plasma irisin concentration is 3.6 ng/ml in sedentary individuals and significantly increases to 4.3 ng/ml in individuals undergoing 12 weeks of high-intensity aerobic training (Jedrychowski et al., 2015). Furthermore, the circulating irisin concentrations of physically active subjects are higher than that of sedentary, and that of rural are higher than urban subjects (Moreno et al., 2015). This may be due to the fact that rural residents often engage in physical labor, which can exercise muscles similar to physical activity.

However, other studies are inconsistent with the results mentioned above, which has aroused widespread concern and controversy among scholars (Timmons et al., 2012; Hofmann et al., 2014; Spiegelman and Wrann, 2014; Fatouros, 2018). Hecksteden et al. have found that 26 weeks of moderate aerobic exercise (60% HRmax), including walking and running, 45 min per day and three times per week, or strength training with an intensity of 20 repetition maximum (RM), two times of 15 repetitions, three times per week, improves the physical performance of healthy subjects aged 30–60 years (Hecksteden et al., 2013). However, the detection of frozen serum by ELISA kit found that neither aerobic exercise nor strength training caused an increase in the concentration of circulating irisin (Hecksteden et al., 2013). Similarly, Huh also reported that after an 8-week repeated sprint training of moderately trained young male, the circulating irisin concentrations detected by ELISA kit remained unchanged compared to before training (Huh et al., 2012). Additionally, 6 weeks of whole body vibration exercise failed to increase the baseline circulating irisin concentration of healthy untrained females (Huh et al., 2014). Collectively, results from human and animal studies above-mentioned point to different directions, and it seems difficult to draw firm conclusions about the irisin response to chronic exercise.

Interestingly, although the baseline irisin concentrations remained unchanged after 6 weeks of chronic exercise, the circulating irisin levels increased from 9.5 to 18.1% immediately after an acute bout of vibration exercise (Huh et al., 2014). It suggests that chronic exercise promotes the metabolic dynamic and secretion efficiency of irisin. Furthermore, it has been found that 16–20 weeks of moderate intensity exercise (70% HRmax) does not increase circulating irisin concentrations of normal pigs, but increases the circulating irisin concentrations in hypercholesterolemic pigs (Fain et al., 2013). In addition, 6 weeks of intense endurance cycling promoted muscle FNDC5 messenger RNA (mRNA) expression by 30% in elderly subjects, which failed in young subjects (Timmons et al., 2012). It was also reported that the circulating irisin concentrations in older adults increased with the moderate intensity of cardiovascular training program, but not in young (Miyamoto-Mikami et al., 2015; Gmiat et al., 2017). This indicates that the regulation of irisin by chronic exercise may be population-selective. Obese people, the elderly, and patients with metabolic dysfunction may be more sensitive to chronic exercise. In fact, sample fresh or not, reliability of testing methods may be other factors that affect the research results and cause research divergences (Hecksteden et al., 2013; Huh et al., 2015; Albrecht et al., 2020). To fully understand the response of irisin to chronic exercise, the age, gender, health, or disease status of subjects need to be well-controlled in future studies.




IRISIN AND CARDIOVASCULAR HEALTH


Irisin Could Be a Biomarker for Diagnosis of Cardiovascular Diseases

Excessive accumulation of fat, high cholesterol, and metabolism disorders are prone to cause cardiovascular diseases (Angosta et al., 2020). While circulating irisin concentrations are negatively correlated with risk factors of cardiovascular health, such as hyperglycaemia, triglycerides, visceral adiposity, and extramyocellular lipid deposition (Kurdiova et al., 2014). Moreover, it has been reported that serum irisin concentrations are inversely associated with the prevalence of coronary artery calcification (CAC) after adjusting for age and behavioral factors of Japanese men aged 40–79 years (Hisamatsu et al., 2018). Further, after adjustment for cardiometabolic risk factors, the inverse association between serum irisin concentration and CAC progression still persisted (Hisamatsu et al., 2018). This suggests that circulating irisin concentrations have the potential role to predict occurrence and development of CAC. However, another study has found that under a sedentary lifestyle, rather than active, circulating irisin concentrations are positively correlated with cardiovascular risk factors such as fasting insulin and fasting triglycerides (Moreno et al., 2015). It is possible that in the preclinical stage of some kinds of cardiovascular disease, there may be a compensatory increase in the circulating irisin levels under an inactive lifestyle. Additionally, muscle mass is an important factor affecting circulating irisin concentration (Huh et al., 2012; Sesti et al., 2014; Mai et al., 2020), and the difference in muscle mass among subjects may also be a reason for the divergence of research results. In future studies, it is worth trying to use the ratio of irisin concentration/muscle mass as a biomarker to predict disease and judge pathological processes.

Furthermore, multivariable logistic regression analysis reveals that serum irisin concentration is an independent determinant of the presence of coronary artery disease (CAD; Deng, 2016). Negative correlation between serum irisin concentrations and atherosclerosis index has been found, and the serum irisin concentrations in patients with CAD are significantly lower than that of healthy controls (Deng, 2016). It suggests that those with decreased serum irisin concentrations are more likely to develop coronary atherosclerosis. Similarly, it has been shown that different severity of CAD corresponds to different serum irisin levels in patients with stable angina, suggesting that serum irisin can be used to predict the severity of CAD (Efe et al., 2017). In addition, a meta-analysis based on 741 studies involving 876 patients with CAD and 700 controls, reported that circulating irisin concentration was 18.10 ng/ml lower in patients with CAD or atherosclerosis than those in healthy controls (Guo et al., 2020). Moreover, the serum irisin concentrations of Type-2 diabetic women are significantly lower than that of the normal controls, while the serum irisin concentrations of diabetic patients with atherosclerosis are lower than that of diabetic patients without atherosclerosis (Saadeldin et al., 2018). It indicates that circulating irisin has the potential implication as a diagnostic biomarker for monitoring the progression of cardiovascular disease in diabetic patients. Notably, the irisin concentrations in patients with chronic cardiovascular disease are stable (Panagiotou et al., 2014), whereas the irisin concentrations decrease gradually in saliva and serum within 48 h after acute myocardial infarction (AMI; Aydin et al., 2014). The results above indicate that irisin in body fluids has important clinical value to be used as a diagnostic indicator for the development of AMI.



Effect and Mechanism of Irisin on Cardiovascular Diseases


Atherosclerosis

Atherosclerosis is a common type of cardiovascular disease, characterized by lipids accumulation on the wall, which may lead to arterial rupture and stenosis (Nguyen et al., 2019). It has been demonstrated that circulating irisin concentrations are negatively correlated with the parameters of atherosclerosis, such as coronary atherosclerosis index (CAI) and carotid intima-media thickness (cIMT; Deng, 2016; Icli et al., 2016). In addition, irisin concentrations are significantly lower in type 2 diabetes patients with atherosclerosis and patients with CAD than that of healthy controls (Deng, 2016; Saadeldin et al., 2018). It has been reported that overexpression of PGC1α in the skeletal muscle leads to increased secretion of irisin (Bostrom et al., 2012), and reduces the atherosclerotic plaque area by 40% (Shimba et al., 2019). Further, overexpression of PGC1α in the skeletal muscle decreases the vascular cell adhesion moleculer-1 (VCAM-1) and monocyte chemoattractant protein-1 (MCP-1) mRNA and protein expression of aorta in apolipoprotein E-knockout (ApoE-KO) mice (Shimba et al., 2019). Moreover, the treatment of the human umbilical vein endothelial cells (HUVEC) with PGC1a dependent myokines, including irisin and β-aminoisobutyric acid, inhibits the expression of VCAM-1 gene and protein induced by tumor necrosis factor a (TNF-a; Shimba et al., 2019), indicating that irisin is involved in the protective effect of atherosclerosis.

Furthermore, data from animal studies have shown that irisin has a direct therapeutic effect on atherosclerosis (Zhang et al., 2016b; Li et al., 2019). For instance, irisin can ameliorate hyperlipidemia (Li et al., 2019) and promote the proliferation of endothelial cells (ECs) in atherosclerotic mice (Zhang et al., 2016b). In diabetic mice, irisin treatment can significantly ameliorate the endothelial dysfunction and reduce endothelial apoptosis and atherosclerotic plaque area (Lu et al., 2015a). In addition, irisin treatment (0.5 μg/g body weight/day) inhibits the formation of carotid neointima, alleviates aortic inflammation and apoptosis and significantly reduces atherosclerosis in ApoE-deficient mice fed with high cholesterol diet (Zhang et al., 2016a). In the cell model of atherosclerosis, the application of irisin can improve the survival of ECs, promote their migration and tube forming capacity and inhibit apoptosis, proinflammatory cytokine secretion, and reactive oxygen species (ROS) production via pAkt/mTOR/nuclear factor E2-related factor-2 (Nrf2) pathway (Zhang et al., 2019).



Myocardial Infarction

Myocardial infarction (MI) is characterized by sudden ischemia, resulting in insufficient oxygen supply and damage or death of cardiomyocytes (Lu et al., 2015b). More than half of the deaths caused by cardiovascular diseases are caused by MI (Pollard, 2000). A large number of studies have demonstrated that exercise has a potential role in reducing the occurrence of MI, and in promoting rehabilitation after MI, which has been a common method to improve cardiovascular health. According to the reports, serum irisin concentrations of MI rats increased after 8 weeks of swimming (Bashar et al., 2018). Further, serum irisin concentrations are positive correlated with QRS duration, total antioxidant status, whereas negative correlated with ST elevation, creatine phosphokinase, collagen deposition and caspase-3 expression (Bashar et al., 2018). This indicates that rising serum irisin concentrations via regular exercise or taking irisin as a supplement should improve recovery following MI. Indeed, it has been reported that irisin treatment for 2 weeks significantly alleviates cardiac dysfunction and ventricular dilation and reduces infarct size as well as fibrosis induced by MI (Liao et al., 2019). Additionally, vitro experiments revealed that the molecular mechanism of the effect mentioned above was related to the angiogenesis via activating of extracellular signal-related kinase (ERK) signaling pathway in ECs (Liao et al., 2019).

Ischemia and reperfusion (I/R) and hypoxia-reoxygenation (HR) are commonly used models of MI in vivo and in vitro, respectively. According to the reports, irisin treatment (100 mg/kg) significantly improves ventricular function recovery and reduces the myocardial infarct size after I/R (Wang et al., 2017). Furthermore, HR experiments of H9C2 cardiomyoblasts further reveal that irisin inhibits the opening of mitochondrial permeability transition pore (mPTP), attenuates mitochondrial swelling, and protects mitochondrial functions, which has become an approach of myocardial protection after MI (Wang et al., 2017). It was reported that HR-induced augmented apoptotic ratio of cardiomyocytes under high glucose stress, whereas irisin treatment increased the activity of AMPK pathway, thereby reducing cellular redox stress, maintaining mitochondria potential, and ultimately protecting cardiomyocytes from HR damage (Fan et al., 2020). Moreover, irisin application at a concentration of 50 nmol/L increased metabolism and differentiation of H9C2 cardiomyocytes by activating expression of exercise related genes, including myocardin, follistatin, and nuclear respiratory factor-1 (Xie et al., 2015). In addition, insufficient autophagy flow is an important pathological factor leading to cardiac remodeling and heart failure. It has been illustrated that overexpression of irisin improves mitophagy, autophagy flow and protects cardiomyocytes from myocardial hypertrophy (Li et al., 2018). Recently, both in vivo and in vitro studies have revealed that optic atrophy 1 (Opa1) expression is downregulated in infarcted heart, whereas irisin treatment upregulated the expression of Opa1 and protects cardiomyocytes from further damage following MI (Xin and Lu, 2020).



Hypertension

It is well-known that hypertension is a severe public health challenge. Data have shown that the prevalence of hypertension ranged from 13 to 41% among 182 countries in the world, accounting for approximately 45% of the global cardiovascular morbidity and mortality (Zeng et al., 2020). Exercise is one of the major non-pharmacological treatments for hypertension, and is broadly recommended by European and American hypertension guidelines (Dimeo et al., 2012). It has been demonstrated that 8 weeks of moderate aerobic exercise training (60–70% VO2max), 45 min per time and 3 days per week, reduces the carotid-femoral pulse wave velocity (cfPWV) and arterial stiffness in obese rats (Inoue et al., 2019). Further cellular experiments have revealed that the improvement of vascular function produced by exercise is caused by the activation of AMPK-Akt-endothelial nitric oxide synthase (eNOS) signaling pathway via irisin (Inoue et al., 2019). Furthermore, irisin application by intravenous injection (0.1, 1, and 10 μg/kg) decreased the blood pressure of spontaneously hypertensive rats (SHRs) in a concentration-dependent manner but failed in normal Wistar-Kyoto rats (Fu et al., 2016). Further, it has been demonstrated that irisin itself has no direct vasodilation effect on the mesenteric artery of SHRs pretreated with phenylephrine, but it increases the phosphorylation of eNOS and the production of NO in ECs by activating AMPK, thus enhancing the relaxation of mesenteric artery in SHRs induced by acetylcholine (Fu et al., 2016). According to another report, irisin stimulates the Ca2+ influx through the transient receptor potential vanilloid subtype 4 (TRPV4) channel, the most important Ca2+ permeable cation channels in vascular ECs. As a result, Ca2+ influx induces endothelium-dependent vasodilation of rat mesenteric artery (Ye et al., 2018). In addition, recent studies have shown that the antihypertensive effect of exercise may be related to the regulation of central nervous system. It has been found that irisin application can activate Nrf2 in the paraventricular nucleus (PVN) of SHRs, thereby reducing oxidative stress, restoring imbalance of neurotransmitters, and ultimately decreasing blood pressure (Huo et al., 2020). Nevertheless, when Nrf2 is knockdown, the protective effects of irisin on hypertension are abolished (Huo et al., 2020).

Vascular endothelial cell homeostasis is essential for maintaining normal blood pressure. A large number of studies have shown that irisin plays a key role in maintaining endothelial cell homeostasis. Endothelial progenitor cells (EPCs) are precursor cells of the vascular endothelial cells (Diaz Del Moral et al., 2020) and play an important role in maintaining endothelial cell homeostasis and repairing vascular injury. According to reports, intraperitoneal injection of irisin in diabetic mice induced an increase in the number of circulating EPCs (Zhu et al., 2016). Further, the co-culture of irisin promoted the proliferation and the migration of EPCs from the bone narrow of diabetic mice (Zhu et al., 2016). The subsequent experiments revealed that the homeostasis of ECs produced by irisin at least partly via activating PI3K/Akt pathway and following increased eNOS expression and phosphorylation (Zhu et al., 2016). Moreover, irisin treatment has been found to promote angiogenesis via increasing migration and tube formation, and attenuate chemically-induced vessel angiogenic impairment in zebrafish (Wu et al., 2015). The experiments in vitro further confirmed that irisin-induced endothelial homeostasis by activating the ERK signaling pathway (Wu et al., 2015). Additionally, other studies have shown that the activation of the ERK signaling pathway in HUVEC inhibits the expression of Bax and Caspase, thereby promoting cell proliferation and reducing cell apoptosis that was induced by high glucose (Song et al., 2014).



Vascular Inflammation

It has been illustrated that physical exercise not only increases the release of irisin, but also inhibits the secretion of pro-inflammatory cytokines and alleviates the inflammatory response of diseases (Mazur-Bialy, 2017). In Chinese obese children, irisin concentrations are significantly lower than that of normal children, and negatively correlated with inflammatory markers of endothelial activation, including high-sensitivity C-reactive protein (hs-CRP), intercellular cell adhesion molecule-1 (ICAM-1) and E-selectin with irisin levels (Yin et al., 2020). This suggests that lower irisin concentrations may indicate an early state of vascular inflammation in obese children. Additionally, after family-based lifestyle intervention, which mainly including aerobic exercise of 5–7 times per week for at least 30 min and dietary recommendations, irisin concentrations of the obese children were significantly increased and following with improvement of cardiovascular and inflammatory parameters (Yin et al., 2020). Furthermore, lower serum irisin concentrations are also found in children with metabolic syndrome, and the irisin concentrations are negatively correlated with biomarkers of endothelial inflammation and dysfunction, such as ICAM-2 and vascular cell adhesion molecule-1 (VCAM-1; Huerta-Delgado et al., 2020). However, other research have found that there is no correlation between serum irisin concentrations and hs-CRP levels in T2D patients (Elizondo-Montemayor et al., 2019). More than that, there is a positive correlation between serum irisin concentrations and hs-CRP in patients with severe inflammation (Buscemi et al., 2020). Given divergences of the correlation between irisin and inflammatory cytokines, some scholars have hypothesized that there is an irisin “pro-inflammatory/anti-inflammatory” axis in the body (Elizondo-Montemayor et al., 2019), which may be indirectly confirmed by other studies. According to the reports of Mazur-Bialy et al. (2017), irisin treatment induced a decrease in the expression of inflammatory cytokines, such as tumor necrosis factor-a (TNF-a), IL-1β, and MCP-1, in murine macrophages. On the other hand, inflammatory factors such as TNF-a and IL-1β can in turn inhibit the expression of FNDC5 in murine myotubes, thereby reducing the secretion of irisin (Matsuo et al., 2015). Therefore, we speculate that when mild inflammation occurs, the secretion of irisin will increase to resist inflammation, thereby inhibiting the level of inflammatory cytokines, which in turn induces a weakened suppression of FNDC5 expression, and further increases the secretion of irisin, resulting in circulating irisin concentration increasing. For example, the circulating irisin concentrations are higher in some obese people who are considered to have low-grade chronic inflammation (Crujeiras et al., 2014; Pardo et al., 2014), and are positively correlated with BMI or body fat percentage (Perakakis et al., 2017; Abulmeaty et al., 2020). Alternatively, when inflammation gets worse, inflammatory cytokines will directly inhibit the expression of FNDC5, resulting in the decrease of circulating irisin concentration, such as in some other obese, diabetic, or severely inflammatory patients (Shoukry et al., 2016; Elizondo-Montemayor et al., 2019; Yin et al., 2020).

As described above, it has been confirmed that irisin is involved in the regulation of inflammation. Since the molecular mechanism has not been fully elucidated, many studies have been conducted to reveal the anti-inflammatory mechanism of irisin. It has been found that high-fat diet (HFD) can induce over-accumulation of perivascular adipose tissue (PVAT), and severely damage the vascular endothelial function. While, irisin treatment significantly alleviated vascular endothelial injury, promoted the production of NO in PVAT, and inhibited the expression of TNF-a (Hou et al., 2017). Furthermore, irisin treatment significantly ameliorated atherosclerosis in ApoE-deficient mice fed on high cholesterol diet and reduced inflammation of the aortic tissue (Zhang et al., 2016b). Moreover, irisin has been found to reverse oxidative stress and inflammation induced by advanced glycation end products (AGEs) in a vitro experiment (Deng et al., 2018). Meanwhile, other studies have found that the anti-inflammatory effect of irisin is related to the activation of AMPK-Phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)-Akt-eNOS pathway (Lu et al., 2015a), or the inhibition of the ROS/p38 MAPK/NF-κB pathway in HUVECs (Zhang et al., 2016a). Additionally, it was demonstrated that FNDC5, the irisin precursor, induced the decrease of M1 polarization in macrophages and thus suppressed the pro-inflammatory cytokine expression (Xiong et al., 2018). Furthermore, irisin was also reported to convert adipose tissue macrophage polarization from M1 pro-inflammatory phenotype to M2 anti-inflammatory phenotype (Dong et al., 2016). Irisin has also been found to reduce the overproduction of reactive oxygen species (ROS) in a concentration-dependent manner, thereby regulating the activity and phagocytosis of macrophages, and exerting potential anti-inflammatory properties (Mazur-Bialy et al., 2017).

Taken together, studies both in vivo and in vitro have confirmed that irisin participates in the regulation of cardiovascular health. A series of molecular mechanisms, such as NO production, autophagy, angiogenesis, and inflammation in cardiomyocytes or vascular ECs, have been involved in the regulation of irisin in cardiovascular diseases (Figure 2). Based on the theoretical basis of irisin, formulating scientific exercise prescriptions is of great significance to the prevention of cardiovascular disease. Clinically, the injection of irisin in the treatment of cardiovascular disease will have a good prospect.
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FIGURE 2. After irisin binds to membrane receptors, AMPK phosphorylation increase, and its downstream Akt/eNOS and Akt/mTOR signaling cascades are activated, thereby promoting NO secretion, autophagy, and angiogenesis, and inhibiting apoptosis and ROS production. On the other hand, irisin can also inhibit the secretion of pro-inflammatory factors by inhibiting p38 MAPK signaling pathway, and promote angiogenesis and cell proliferation, and inhibit apoptosis by activating ERK signaling pathway.






CONCLUSION AND PROSPECTS

As a hormone mainly secreted by skeletal muscle, irisin is regulated by exercise. Acute exercise can increase the concentration of circulating irisin, and chronic exercise can improve irisin metabolic dynamic and selectively increase the circulating irisin concentration of subjects. Given the significant role in the browning of white fat and energy metabolism, the research of irisin mainly focuses on metabolic diseases. Recently, an emerging number of animal and clinical trials have confirmed that irisin is involved in the regulation of cardiovascular health and has potential therapeutic effects (Figure 3). However, there are inconsistencies in the research and literature reports, and the detailed mechanism of irisin in promoting cardiovascular health under pathological conditions has not been fully elucidated. Therefore, a lot of work needs to be done in the future to solve the problems.
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FIGURE 3. After secreted by skeletal muscle during exercise, irisin reaches cardiomyocytes and vascular endothelial cells via blood circulation (blue line). Irisin can promote angiogenesis, autophagy, and endothelial cell proliferation, improve mitochondrial function, inhibit cellular redox stress, apoptosis, inflammation, and endothelial dysfunction, and then play a key role in improving hypertension, myocardial infarction, atherosclerosis, and vascular inflammation.


First, as described previously, exercise intensity is an important factor affecting the metabolic dynamics and concentrations of circulating irisin. We could not help wondering that what is the intensity threshold? Are there different intensity thresholds for different exercise types, for example, aerobic exercise and resistance exercise? Will chronic exercise improve irisin sensitivity the same way as improve insulin sensitivity, so that the baseline irisin concentrations of people who exercise regularly will not increase? Answering the above questions will help us to formulate scientific exercise prescriptions for rehabilitation treatment and cardiovascular diseases.

Second, it is urgent to develop more accurate clinical testing methods. It has been reported that the difference between the test results of the two most commonly used ELISA kits is about 10 times (Huh et al., 2015), and the available commercial polyclonal antibodies produce multiple immune bands due to poor specificity, whereas these immune bands cannot be irisin (Albrecht et al., 2015, 2020). Reliable assays and precise design will help us to realize the practice of irisin’s clinical diagnosis of cardiovascular health in the future.

Third, it has been confirmed that αVβ5 integrin is the irisin receptor of osteocytes, adipocytes and enterocytes (Kim et al., 2019; Bi et al., 2020). Given the effective regulation of irisin on the functions of cardiomyocytes and vascular ECs, whether αVβ5 integrin is also the irisin receptor of these cells is the direction of future research. The further identification of irisin receptors in cardiomyocytes and vascular ECs will open up new approaches for the treatment of cardiovascular diseases.
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