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Exercise has multiple beneficial effects on health including decreasing the risk of neurodegenerative diseases. Such effects are thought to be mediated (at least in part) by myokines, a collection of cytokines and other small proteins released from skeletal muscles. As an endocrine organ, skeletal muscle synthesizes and secretes a wide range of myokines which contribute to different functions in different organs, including the brain. One such myokine is the recently discovered protein Irisin, which is secreted into circulation from skeletal muscle during exercise from its membrane bound precursor Fibronectin type III domain-containing protein 5 (FNDC5). Irisin contributes to metabolic processes such as glucose homeostasis and browning of white adipose tissue. Irisin also crosses the blood brain barrier and initiates a neuroprotective genetic program in the hippocampus that culminates with increased expression of brain derived neurotrophic factor (BDNF). Furthermore, exercise and FNDC5/Irisin have been shown to have several neuroprotective effects against injuries in ischemia and neurodegenerative disease models, including Alzheimer’s disease. In addition, Irisin has anxiolytic and antidepressant effects. In this review we present and summarize recent findings on the multiple effects of Irisin on neural function, including signaling pathways and mechanisms involved. We also discuss how exercise can positively influence brain function and mental health via the “skeletal muscle-brain axis.” While there are still many unanswered questions, we put forward the idea that Irisin is a potentially essential mediator of the skeletal muscle-brain crosstalk.
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INTRODUCTION

Over millions of years humans have evolved and developed the ability to run on two legs. Massive skeletal muscle development was paralleled with crucial changes in the brain (Noakes and Spedding, 2012), to facilitate the complex cognitive processing needed for running (Mendoza and Merchant, 2014). Thus, running did not only help skeletal muscle development but also promoted maturation of the brain (Schulkin, 2016). Evolutionary findings indicate a powerful crosstalk between muscle and brain. Several studies have provided evidence that exercise has beneficial effects on cognition and mental health in humans and also rodents models (Pietropaolo et al., 2008; Fuss et al., 2010; Mattson, 2012; Deslandes, 2014), including reducing the risk of developing neurodegenerative disorders associated with aging (Ahlskog et al., 2011). Exercise also improves several basic physiological functions such as appetite and sleep (Kline, 2014; Thackray et al., 2016).

Skeletal muscle tissue adapts to external stimuli, it has a high energy demand and actively controls metabolic homeostasis (Carbone et al., 2012). Skeletal muscle cells can also function as secretory organs in response to different stimuli such as exercise and cold exposure (Cannon and Kluger, 1983; Sepa-Kishi et al., 2017). Myokines are a group of cytokines and other small proteins that are synthesized and secreted by skeletal muscle cells upon muscular contraction. Myokines participate in building communications channels between skeletal muscle and other tissues (see reviews Trayhurn et al., 2011; Pedersen and Hojman, 2012). While the expression and secretion of myokines are mostly induced by muscle contraction, baseline expression of myokines in skeletal muscle conducts differentiation, proliferation, and regeneration of muscle cells (Clow and Jasmin, 2010; Broholm et al., 2011; Petersson et al., 2013).

Fibronectin type III domain-containing protein 5 (FNDC5) is a transmembrane protein that was discovered in 2002 (Ferrer-Martinez et al., 2002; Teufel et al., 2002). Initially, the main functions of FNDC5 were determined to be myocyte differentiation and development (Ferrer-Martinez et al., 2002). Then in 2012, it was discovered that FNDC5 is cleaved by enzymatic action, and a segment of the protein becomes a secreted peptide named Irisin (Bostrom et al., 2012). Interestingly, Irisin secretion is potently induced by exercise (Bostrom et al., 2012; Wrann et al., 2013). Furthermore, recent findings have shown that Irisin influences expression of different neuronal genes that mediate neuronal plasticity (Wrann et al., 2013; Forouzanfar et al., 2015), and that can potentially counteract neurodegeneration (Lourenco et al., 2019).

In this review we summarize recent finding on different signaling pathways and neural processes that are affected by the myokine FNDC5/Irisin in the brain. We specifically focus on Irisin as an important mediator of the communication between skeletal muscle and the brain. We also discuss the clinical significance of exercise and its impact on neurological disorders and mental health.



IMPACT OF EXERCISE ON SKELETAL MUSCLE

The Skeletal muscle has been shown to change in structure/function in response to exercise (Hoppeler, 1986; Matsakas et al., 2012). As a heterogenous tissue, skeletal muscle is composed of different fibers. Based on metabolic activity, muscle fiber types include oxidative (slow twitch, type I), oxidative-glycolytic (fast twitch, type IIa) and glycolytic (fast twitch, type IIX/IIb) in rodents and humans (Bottinelli et al., 1994; Schiaffino and Reggiani, 1994). Type I fibers have abundant mitochondria, exhibit high aerobic metabolism and oxidative enzymes activity. Type IIX/IIb fibers depend on glycolysis and anaerobic metabolism (Pette, 1985). As an intermediate, type IIa fibers use both aerobic and anaerobic metabolism for generating energy (Bourdeau Julien et al., 2018). The type of activity and exercise induce transition of fibers from fast-to-slow or slow-to-fast (Pette and Staron, 2000).

Additionally, skeletal muscles can act as secretory organs (Pedersen and Hojman, 2012; Egan and Zierath, 2013). As such, the skeletal muscle synthesizes and secretes cytokines and other peptides collectively named “myokines” (Pedersen and Hojman, 2012). Myokines employ autocrine, paracrine, and/or endocrine strategies to mediate different functions at cellular level on skeletal muscles and other organs (Pedersen and Hojman, 2012; Huh, 2018). For example, myokines control differentiation, growth, and regeneration of muscle fibers through autocrine mechanism (McPherron et al., 1997; Burks and Cohn, 2011; Petersson et al., 2013). Further, evidence shows that endocrine mechanisms of action mediate the functional association between skeletal muscle and other organs, including the brain. From adaptation to physiological changes to protecting cellular function depend on myokines acting in an endocrine fashion (Mohr et al., 1997; Marasco et al., 2018). Different factors such as exercise, pathological conditions and hormonal level stimulate myokine synthesis and secretion (Steensberg et al., 2000; Ciaraldi et al., 2016; Roberts et al., 2017). Exercise (aerobic and resistance) stimulates synthesis and secretion of different myokines into the circulatory system (Table 1).


TABLE 1. Myokines and type of exercise that induce their secretion in rodents and humans.
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The Central nervous system (CNS) is strongly influenced by myokines (Qin et al., 2013; Briken et al., 2016). For example, skeletal muscle derived BDNF, IL-6, FGF-21 and Irisin can cross the blood-brain barrier (BBB) and directly affect the neural function and activity, influencing synaptic plasticity and protecting neurons against degeneration (Banks et al., 1994; Pan et al., 1998; Hsuchou et al., 2007; Ruan et al., 2019). Furthermore, Irisin is a recently discovered exercise-induced myokine that controls a wide range of cellular signaling in different organs. Irisin is cleaved from the transmembrane protein FNDC5 during aerobic and/or resistance exercise in rodents and humans (Kraemer et al., 2014; Kim et al., 2015; Zhao et al., 2017; Shirvani and Rahmati-Ahmadabad, 2019). In mice, 72% of Irisin is derived from skeletal muscle and 28% from adipose tissue (Bostrom et al., 2012). In the next section we will focus on muscle derived FNDC5/Irisin and how exercise regulates its expression. We will also review signaling pathways related to FNDC5/Irisin in skeletal muscle and CNS.



THE MYOKINE IRISIN


Structure

In 2002, two research groups introduced FNDC5 as a protein involved in myoblast differentiation, initially named Peroxisomal protein (PeP) (Ferrer-Martinez et al., 2002; Teufel et al., 2002). Early analyses indicated high expression of FNDC5 in skeletal muscle, heart, and brain (Ferrer-Martinez et al., 2002). FNDC5 is a type I membrane protein that has 209 and 212 amino acids in rodents and humans, respectively, with the main difference located in the extracellular N-terminal segment (Figure 1A). FNDC5 is composed of an N-terminal signal sequence, a fibronectin III (FNIII) domain, an unknown domain, a hydrophobic transmembrane domain, and a cytoplasmic C-terminal (Bostrom et al., 2012; Schumacher et al., 2013) (Figure 1B). The N-terminal signal peptide is an endoplasmic reticulum (ER) transport signal needed for FNDC5 maturation and cleavage (Nie and Liu, 2017).
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FIGURE 1. Amino acid sequence and protein structure of FNDC5. (A) Comparison between FNDC5 amino acid sequences from different species. The highlighted region depicts N-terminus region of the protein. (B) Schematic structure of FNDC5. SS, signal sequence; FNDIII, fibronectin domain III; TMD, transmembrane domain. (C) FNDC5 and Irisin (underlined) amino acid sequence in human and mouse.


Different stimuli such as exercise and cold exposure induce FNDC5 cleavage at the ectodomain portion (Bostrom et al., 2012; Lee et al., 2014). The cleaved part produces a soluble segment named Irisin that consists of 112 amino acids. Protein sequence analysis of FNDC5 shows the cleavage site at position 28–29 in rodents (Figure 1C). However, in humans, the cleavage site is predicted in positions 31–32 (Figure 1C). Further proteolytic cleavage is performed between positions 140–141 (Nie and Liu, 2017). Therefore, the secreted part Irisin includes the N-terminal, FNIII domain and C-terminal tail (residues 29–140). Irisin molecular weight is ∼12 kD however analysis by X-ray crystallography showed dimerization of Irisin through FNIII domain (Schumacher et al., 2013). Other studies have shown a range of molecular weight from ∼12 to ∼35 kD (Bostrom et al., 2012; Nie and Liu, 2017). This difference may represent dimerization and post-translational modifications such as N-glycosylation, which can alter the number and/or structure of glycans attached to the protein (Nie and Liu, 2017; Korta et al., 2019). For example, after complete deglycosylation, Irisin was detected at ∼12 kD in human plasma (Jedrychowski et al., 2015) or 15 kDa in mice (Zhang et al., 2014). Other studies however, showed that deglycosylation reduced Irisin molecular weight below 12 kD (Schumacher et al., 2013; Nie and Liu, 2017). The signal sequence has a crucial role in post-translation modification of FNDC5. Removing the signal peptide, N-terminal, or cleavage site has significant effects on FNDC5 glycosylation, process that influences the stability of the protein and secretion Irisin (Nie and Liu, 2017). N-glycosylation of Irisin may have an important role in browning of white adipose tissue (Zhang et al., 2014). Therefore, while many important details are still unclear, glycosylation of Irisin not only changes its molecular mass but also can influence its stability and activity.

Several differences between rodent and human FNDC5 were found using genomic and transcriptomic analyses. For example, human fndc5 (gene) has an ATA as a start codon instead of ATG as in rodents (Raschke et al., 2013). Further, the human fndc5 transcript (with ATA as a start codon) has been reported to translated into protein with low efficiency (Raschke et al., 2013). In genes with non-AUG start codon, hairpin loop formation in downstream of the start codon increases the efficiency of translation (Kozak, 1990). Recently, it was shown that there are several transcripts for human fndc5 in skeletal muscle, due to non-canonical start codon (Albrecht et al., 2020). Further, the first ATG codon is downstream of the ATA codon and could be used as start codon to translate into the short version of FNDC5 (Raschke et al., 2013).

Using transcriptome profiling through RNA-sequencing (RNA-Seq), FNDC5 expression was analyzed in different tissues from both male and female juvenile mice (C57BL/6 strain), and humans (Functional Annotation of the Mammalian Genome/Genotype-Tissue Expression Project) (GTEx Consortium, 2015)1. Transcriptome analysis showed that in humans and mice the gene fndc5/Fndc5 has its highest expression in skeletal muscle, heart, and several regions in the brain, including hippocampus, cortex, medulla oblongata and in particularly high level, the human cerebellum (Figure 2). This pattern raises interesting questions about the possible role of FNDC5/Irisin in modulating the essential cerebellar function of motor control and planning, though future research is needed to expand these findings. Furthermore, this differential expression of FNDC5/Irisin might be regulated through various signaling pathways in different tissues and possibly in an activity dependent manner. The following section discussed recent advances on the mechanisms involved in regulating FNDC5/Irisin expression.
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FIGURE 2. Expression of fndc5 gene in human (A) and C57BL/6 mouse (B) brain. Data was obtained from publicly available databases from GTEx Consortium (2015; Perez-Lopez et al., 2018). The numbers represent TPM (transcripts per million) units.




Regulation of the Expression of FNDC5/Irisin


Expression in Skeletal Muscle

Both the expression of FNDC5 protein and secretion of Irisin are regulated by different external and internal stimuli, although basal expression of Fndc5 (gene) is different in different types of muscle fibers. For example, FNDC5 has a higher expression in slow twitch fibers in comparison to fast type fibers, and after 3 weeks of aerobic exercise (i.e., running wheel), FNDC5/Irisin expression increased in both fiber types (Roca-Rivada et al., 2013). Further studies have shown that FNDC5 expression is indeed modulated by the type and duration of exercise (Bostrom et al., 2012; Ellefsen et al., 2014; Tiano et al., 2015).

While the skeletal muscle showed abundant expression of FNDC5 in both rodents and humans (Bostrom et al., 2012; Huh et al., 2012), other studies have shown that different tissues from the CNS to placenta express FNDC5 (Varela-Rodriguez et al., 2016). However, the secretion of Irisin is restricted to few tissues. Namely, the majority of Irisin is secreted into the peripheral blood from skeletal muscle during exercise (Bostrom et al., 2012), while another important source are the subcutaneous and visceral adipose tissues (Bostrom et al., 2012; Roca-Rivada et al., 2013). Therefore, Irisin is not only secreted as a myokine from skeletal muscles, but also it has the potential to be released into the peripheral blood as an adipokine.

Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) is the main regulator of FNDC5 in skeletal muscles in rodents and humans (Bostrom et al., 2012; Huh et al., 2014b). As co-activator, PGC-1α interacts with a wide range of transcription factors and it is expressed in high energy demand tissues such as skeletal muscle, heart, and brain (Lin et al., 2002; Buroker et al., 2008; Katsouri et al., 2016). PGC-1α is involved in different responses to distinct stimuli, controls mitochondrial biogenesis and glucose/fatty acid metabolism (Lehman et al., 2000; Finck and Kelly, 2006). In response to exercise, PGC-1α expression is increased in skeletal muscle which expedites mitochondrial biogenesis and switching of fast to slow twitch fibers (Lin et al., 2002; Koves et al., 2005).

Exercise induces the expression of PGC-1α in skeletal muscles, in rodents and humans (Little et al., 2010; Wrann et al., 2013). During exercise, muscle contraction needs Ca2+ influx to function properly. Rising Ca2+ influx in skeletal muscle augments PGC-1α expression and activity (Baar et al., 2002). Therefore, the expression level of PGC-1α could be a marker for exercise and skeletal muscle contraction (Egan et al., 2010; Egan and Zierath, 2013; Brandt et al., 2017). Furthermore, increasing PGC-1α in skeletal muscle in response to exercise might be a strategy for balancing energy influx (Olesen et al., 2010).

PGC-1α binds and/or activates transcription factors that differentially induce FNDC5 expression (for review see Handschin and Spiegelman, 2006). For example, endurance exercise (voluntary running wheel), induces FNDC5 expression in skeletal muscles (quadriceps) through PGC-1α/estrogen-related receptor alpha (ERRα) pathway (Wrann et al., 2013). Further, it has been shown that cAMP response element-binding protein (CREB) act as a transcription factor that controls FNDC5 expression in C2C12 myotubes by binding to PGC-1α (Yang et al., 2018). Importantly, aerobic exercise can activate CREB in skeletal muscle (Popov et al., 2019). Activation of cAMP signaling during exercise in skeletal muscle activates CREB in response to metabolic adaptation (Berdeaux and Hutchins, 2019).

Treatment with retinoic acid (RA) increases FNDC5 expression in differentiated C2C12 myocytes (Amengual et al., 2018). RA is a natural ligand for retinoid X receptor (RXR). RXR is a ligand−activated transcription factor and binds to retinoic acid−responsive elements (RARE) in the regulatory sequences of genes dependent and independent of PGC-1α (le Maire et al., 2012). In C2C12 myocytes, induction of FNDC5 by RA is independent from PGC-1α (Amengual et al., 2018). Mouse Fndc5 gene has an RXR binding site in the promoter region (Seifi et al., 2014). Further investigations are needed to uncover the regulatory role of RXR in inducing FNDC5 expression in skeletal muscles.

Different proteins and conditions can suppress the expression of PGC-1α/FNDC5 in skeletal muscle. For example, PGC-1α expression in skeletal muscle is reduced in humans and diabetic models in rodents (Jove et al., 2004; Mensink et al., 2007). Reduced expression of PGC-1α in diabetic models correlates with low Irisin level in serum, while FNDC5 expression in skeletal muscle does not change (Kurdiova et al., 2014). Similarly, the protein Mothers against decapentaplegic homolog 3 (SMAD3) can suppress PGC-1α and FNDC5 expression in C2C12 mouse myoblasts, while in Smad3–/– mice, aerobic exercise increased serum Irisin in comparison to wild-type mice (Tiano et al., 2015). Myostatin is another factor which mediates the expression of PGC-1α/FNDC5 in skeletal muscle (Ge et al., 2017). Neutralizing myostatin in skeletal muscle increases PGC-1α and FNDC5 expressions at mRNA level (Shan et al., 2013). Myostatin is a myokine that inhibits myoblast differentiation, thus showing opposite actions to FNDC5 (Rios et al., 2001). Fasting for 48 h reduced FNDC5 expression in skeletal muscle and reduced circulating Irisin in serum, while intraperitoneal (i.p.) injection of insulin for 14 days showed similar effects on FNDC5 and Irisin levels in skeletal muscle and plasma (Varela-Rodriguez et al., 2016).

Membrane receptors transduce the information from external environment to the nucleus. Some receptors are internalized into the cytoplasm through endocytosis mechanism after binding to their ligands. Lourenco et al. (2019) showed that FNDC5/Irisin bound to unknown receptors on the surface of hippocampal neurons and astrocytes in culture. This evidence suggests a putative mechanism of endocytosis initiated by FNDC5/Irisin binding to its membrane receptor in the CNS, however, this is still unclear and such receptor has not been characterized. Further, Irisin uptake into A549 cells (human lung carcinoma cell line) is blocked by nystatin, an inhibitor of endocytosis (Chen et al., 2017). At the cellular level, Irisin influences endocytosis and exocytosis mechanisms differently. For example, in isolated mouse pancreatic islet cells, Irisin increased insulin secretion (i.e., exocytosis) in response to glucose (Zhang et al., 2018). Moreover, recombinant Irisin (50 nM) induced the secretion of lactate from primary human adipocytes in culture and stimulated glucose uptake in skeletal muscle (Huh et al., 2014a). Similarly, subcutaneous injection of Irisin increased glucose uptake in the brain which suggests it increased the endocytosis of glucose transporters (Wang and Pan, 2016).

In summary, diverse physiological conditions and environmental stimuli can modulate PGC-1α/FNDC5 pathway in skeletal muscle cells.



Expression of FNDC5/Irisin in the Brain

FNDC5 is highly expressed in several regions of the brain of rodents and humans (Figure 2). Interestingly, in rodent brains Irisin was detected in especially high level in Purkinje cells of the cerebellum and vestibular nuclei of the medulla oblongata, together with other areas such as hippocampus and cortex (Dun et al., 2013). In primates Irisin is highly expressed in hypothalamic arcuate and ventromedial nuclei (Wahab et al., 2019). However, the roles of endogenous FNDC5/Irisin in the CNS remain to be fully characterized.

Similar to skeletal muscle, FNDC5 expression in the brain is modulated by different physiological conditions and environmental stimuli. For example, hippocampal FNDC5 is increased with aerobic and resistance exercise in rodents (Wrann et al., 2013; Nokia et al., 2016), while it is not known if exercise modulates FNDC5 expression in other brain regions. Interestingly, environmental enrichment (EE) increases FNDC5 expression in the prefrontal cortex (Yu K. W. et al., 2020). Studies have shown EE protected neurons against injuries, induced neurogenesis, and increased brain activity (Zhang et al., 2017; Wang C. J. et al., 2019). Pathological conditions also change FNDC5 expression in different regions of the brain. In Alzheimer’s disease (AD) for example, FNDC5 expression is decreased not only in the hippocampus but also in prefrontal cortex (Lourenco et al., 2019). In individuals suffering from post-stroke depression, Irisin levels are low in the peripheral blood (Tu et al., 2018). In addition, Irisin administration into the lateral ventricle or hippocampus suppresses depression, acute stress-induced anxiety, and memory impairment (Siteneski et al., 2018; Jodeiri Farshbaf et al., 2020). Chronic treatment with insulin increases FNDC5 expression in the hypothalamus which is responsible for feeding behavior and energy homeostasis. More details of FNDC5/Irisin involvement in disease are in section “Role of FNDC5/Irisin in Neurological and Neuropsychiatric Disorders” of this review.

Details of how the expression of FNDC5/Irisin in the brain is regulated are emerging. It has been shown that PGC-1α controls FNDC5 expression in the hippocampus and primary neurons in culture (Wrann et al., 2013). In the hippocampus, this depends on the cAMP/PKA signaling pathway (Lourenco et al., 2019). Further, in the P19 cell line as well as differentiated C2C12 myocytes, RA treatment increased FNDC5 expression (Ostadsharif et al., 2011). Similarly, Lactate released from skeletal muscle during exercise induces FNDC5 expression in the hippocampus (El Hayek et al., 2019). Further analysis has shown a putative ERRα binding element (ERRE) located upstream to the fndc5 promoter (Wrann et al., 2013). In primary cortical neurons, PGC-1α activated ERRα and increased FNDC5 expression, which then negatively fed back onto PGC-1α/ERRα (Wrann et al., 2013). Additional analysis of upstream regulatory sequences of the fndc5 promoter could uncover putative binding elements that could be differentially regulated by activators, repressors, and transcription factors. This could elucidate different stimuli that could influence fndc5 expression in different tissues and conditions.




Signaling Pathways Involved and Function


Skeletal Muscle

FNDC5 was initially introduced as a regulator of myoblast differentiation (Ferrer-Martinez et al., 2002). Fndc5 knockdown in muscle stem cells decreased the expression of myogenic genes and myotube formation without any effects on muscle growth (Lee et al., 2019). Recently, it was shown that inhibiting Fndc5 expression induces autophagy and causes skeletal muscle atrophy (Pan et al., 2019). Further, loss-of-function mutation in the Fndc5 gene in skeletal muscles decreases maximal oxygen consumption during aerobic exercise (Xiong et al., 2019). In addition, the mutant Fndc5 mice showed higher glucose level after aerobic exercise in skeletal muscles while the blood glucose level did not change during fasting (Xiong et al., 2019). Fndc5 overexpression in hind-limb muscle increases glycogen content in muscle and Irisin level in peripheral blood (Farrash et al., 2020). Modulation of FNDC5 level in skeletal muscle correlates with secreted Irisin level in mice and C2C12 cells (Tiano et al., 2015; Chen et al., 2019; Rodriguez Lanzi et al., 2020). Human clinical studies have shown that single nucleotide polymorphism in Fndc5 is related to insulin level and sensitivity (Staiger et al., 2013).

Circulating Irisin acts via autocrine mechanisms on skeletal muscle fibers. For instance, Irisin induced muscle hypertrophy through activation of protein kinase B (also known as Akt), mammalian target of rapamycin (mTOR) and extracellular signal-regulated kinases (ERK) (Reza et al., 2017). Irisin-dependent hypertrophy was controlled by promoting protein synthesis and preventing protein turnover in skeletal muscle fibers. Interestingly, resistance exercise induced muscle hypertrophy as well through activation of mTOR signaling in mice and humans (Ogasawara et al., 2016; Song et al., 2017). This effect of resistance exercise on muscle mass through mTOR signaling pathway might be mediated by Irisin but this needs further investigation. In a recent human study, Irisin seemed to be a marker for improved muscle strength (Planella-Farrugia et al., 2019).

Irisin has been shown to control metabolism and energy expenditure in muscle cells. For instance, treating C2C12 cells with recombinant Irisin (5 nM) increased metabolism in a time and dose dependent manner. In the short-term (1–4 h), Irisin increased glycolytic metabolism whereas in long-term (24 h), incubation with recombinant Irisin resulted in increased mitochondrial biogenesis and oxidative metabolism (Vaughan et al., 2014). Further, recombinant Irisin increased glucose and lipid uptake in primary human skeletal muscle cells. Specifically, Irisin increased glucose transporter-4 (GLUT4) and hexokinase (HK) expression which are responsible for glucose uptake and use (Vaughan et al., 2014). Glycogen phosphorylase (PYGM), rate-limiting enzyme of glycogenolysis, was decreased by Irisin (50 nM) treatment in human skeletal muscle (Huh et al., 2014b).

One of the main downstream targets for FNDC5 in skeletal muscle cells is BDNF (Wrann et al., 2013; Wrann, 2015). The main roles for BDNF are regulating muscle regeneration and adapting myotubes to different metabolic conditions (Omura et al., 2005). BDNF also increases mitochondrial content and oxidative phosphorylation in C2C12 myotubes (Yang et al., 2019). Based on this evidence, Irisin may be important for metabolic flexibility and adaptation in skeletal muscles.

Both aerobic and resistance exercise types induce metabolic adaptation in skeletal muscles. AMP-activated protein kinase (AMPK) is the main cellular sensor for energy depletion and has a crucial role in metabolic adaptation (Winder and Hardie, 1996). Using high amounts of ATP during contraction increases AMP/ATP ratio in muscle cells which triggers AMPK activation and induces glucose uptake through GLUT-4 (Wright et al., 2004). In differentiated L6 muscle cells, acute treatment with Irisin (20–200 ng) increases glucose uptake through activation of AMPK after 15 min and up to 180 min (Wright et al., 2004). Injecting recombinant Irisin (100 μg/kg i.p. for 28 days) increases FNDC5 expression in skeletal muscle (Colaianni et al., 2015). Interestingly, acute exercise does not change AMPK level and activity in skeletal muscle, in fact acute exercise modulates glucose uptake and metabolism independent from AMPK pathway in skeletal muscle fibers (Mu et al., 2001; McConell et al., 2005). Acute exercise increases plasma levels of Irisin (∼100 ng/ml) in men without any change in women (Loffler et al., 2015). Therefore, Irisin may have an important role in inducing AMPK signaling pathway in skeletal muscle. Further, chronic activation of AMPK triggers mitochondrial biogenesis in skeletal muscle cells (Winder et al., 2000). Indeed, AMPK activates PGC-1α through direct or indirect pathways (Canto et al., 2009). A recent study showed that PGC-1α protein level was not changed after acute exercise while mRNA level greatly increased in skeletal muscle (Safdar et al., 2018). Interestingly, PGC-1α expression of mRNA and protein increased 1–3 h of recovery after acute exercise in skeletal muscles (Peng et al., 2017; Safdar et al., 2018). Chronic exercise training for 28 days gradually increased PGC-1α expression in skeletal muscle (Park et al., 2020). This evidence suggests that AMPK is upstream of FNDC5 expression in skeletal muscle cells (Lally et al., 2015). Therefore, AMPK may induce glucose uptake and glycolytic metabolism in skeletal muscle to restore ATP generation, and Irisin could be a mediator of metabolic adaptation in skeletal muscle during exercise. Interestingly, treatment for 24 h with Irisin in C2C12 cells increased oxygen consumption and ATP level (Vaughan et al., 2014). Therefore, it is possible to speculate that exercise and released Irisin impact glycolytic and oxidative metabolism during metabolic adaptation to maintain ATP levels. However, the signaling cascade including AMPK/PGC-1α/FNDC5 needs to be better understood in the context of skeletal muscle physiology.



Brain

Several studies have shown that the levels of FNDC5/Irisin can alter specific gene expression in neurons. For instance, the gene Fndc5 can influence the differentiation of mouse embryonic stem cells to neural cells (Hashemi et al., 2013; Forouzanfar et al., 2015). Further, Fndc5 overexpression induces the expression of Bdnf, Neuronal PAS Domain Protein 4 (Npas4), cFos, and Arc in primary cortical neurons (Wrann et al., 2013). Intriguingly, intracerebroventricular (i.c.v.) administration of Irisin (1 ng) in male mice increases BDNF mRNA level in the hippocampus but it decreases it in the prefrontal cortex (Siteneski et al., 2018).

An important question that remains unanswered is whether Irisin can control the expression of FNDC5 in the brain. A recent in vivo study showed that i.c.v. administration of Irisin leads to a short time decrease in FNDC5 expression in the prefrontal cortex and hippocampus after 1 h. However, the expression of FNDC5 was enhanced in the hippocampus without change in the prefrontal cortex 6 h after Irisin administration (Siteneski et al., 2018). The mechanisms of action for this change are not fully understood.

Additionally, Irisin can influence the function and activity of glial cells in different conditions. In pathological conditions, glial cells initiate the neuroinflammation responses to injuries through expression of cytokines such as IL-6 and tumor necrosis factor-α (TNF-α). Intravenous (I.V) injection of recombinant Irisin decreased the number of active microglia and TNF-α expression in the middle cerebral artery occlusion (MCAO) model (Li et al., 2017). Further, recombinant Irisin decreased TNF-α induced apoptosis in SH-SY5Y cells (Huang et al., 2020). Similarly, Irisin counteracted several changes induced in a model of streptozotocin-induced diabetes in mice. For instance, glial fibrillary acidic protein (GFAP), a marker for active astrocyte, was decreased in the hippocampus of Irisin-treated diabetic mice, change that was paralleled with a reduction in IL-6 level (Wang K. et al., 2019). Importantly, Irisin immunostaining has been observed in both neurons and glial cells (Aydin et al., 2014), including expression on the surface of astrocytes (Lourenco et al., 2019). Physiological concentration of Irisin (50–100 nM) increases proliferation of mouse H19-7 hippocampal cell lines through activating STAT3 signaling pathway (Moon et al., 2013). Further, in the focal cerebral ischemic stroke model, Irisin reduces the number of active microglia which protect neurons against inflammation (Li et al., 2017). This is important considering that neuroinflammation is one of the most important factors that accelerates brain injury in case of stroke (see review Jayaraj et al., 2019). In cultured astrocytes, Irisin increases ATP level and GLUT-4 expression (Wang and Pan, 2016).

Irisin was able to protect PC12 neuronal cells against cell death induced by oxygen/glucose deprivation (Li et al., 2017). Similarly, in an oxygen/glucose deprivation in vitro model, Irisin treatment protected neurons against apoptosis through an inflammatory signaling pathway (Peng et al., 2017). Furthermore, FNDC5 can bind to the N-terminus region of the amyloid precursor protein (APP) (Noda et al., 2018). APP is cleaved by β/γ-secretases and produces amyloid beta (Aβ) deposits which are one of the hallmark pathological signs of AD (Chow et al., 2010). Co-transfection of FNDC5 and APP into human embryonic kidney 293 (HEK293) cells decreased Aβ production (Noda et al., 2018). Therefore, this evidence suggests that FNDC5/Irisin may contribute to reduce APP cleavage and consequent Aβ secretion. More details of the involvement of FNDC5/Irisin in mechanism of neurodegenerative disorders are discussed in Section “Role of FNDC5/Irisin in Neurological and Neuropsychiatric Disorders” of this review.

Extensive research has shown that exercise increases memory and cognition (reviewed in Pedersen and Saltin, 2015; Vecchio et al., 2018). A recent report has shown that Irisin injected directly into the dentate gyrus (DG) in the hippocampus, increases long term potentiation (LTP) in male rats (Mohammadi et al., 2019). Moreover, blocking FNDC5/Irisin decreased the maximal LTP induced at Schaffer-CA1 synapses in mouse hippocampal slices (Lourenco et al., 2019). Inducing LTP correlates with synaptic plasticity and memory formation in the hippocampus, therefore, exercise may have beneficial effects on memory by altering mechanisms of synaptic plasticity, at least in the hippocampus. While these data are promising, the role of FNDC5/Irisin in mediating the beneficial effects of exercise on memory needs to be further investigated.

Different types of exercise induce the expression of FNDC5/Irisin in the CNS. Bostrom et al. (2012) showed that exercise (30 days of voluntary running or swimming for 14 days) can induce FNDC5 expression in skeletal muscles, and Irisin secretion into the peripheral blood in mice and human subjects. Further, FNDC5 expression also increased in the hippocampus of running mice, which results in increased BDNF expression (Wrann et al., 2013). These results confirmed previous studies showing that exercise increases BDNF level in the hippocampus (Neeper et al., 1995; Vaynman et al., 2004; Sleiman et al., 2016). This is relevant because hippocampal BDNF is associated with memory formation and cognition, and exercise and BDNF have crucial roles in inducing hippocampal neurogenesis, process that is also involved in memory function (reviewed in Spalding et al., 2013; Choi et al., 2018; Gonzalez et al., 2019). BDNF expression in the hippocampus is influenced by different factors that could mediate the connection between exercise and neurogenesis (Horowitz et al., 2020). For example, the PGC-1α/FNDC5/BDNF axis is activated in the hippocampus by voluntary running (Wrann et al., 2013). Moderate aerobic exercise increases PGC-1α/FNDC5/BDNF axis through activating AMPK signaling pathway in the hippocampus (Azimi et al., 2018). Interestingly, it has been shown that muscle contraction through electrical stimulation under anesthesia induces FNDC5/BDNF expression in the hippocampus without any change in skeletal muscle (Azimi et al., 2018).

As Irisin, lactate is released from skeletal muscle during exercise and can cross the BBB potentially acting as a neuroprotector (Berthet et al., 2009; Newman et al., 2011). In addition, lactate could be used as energy source by neurons (Quistorff et al., 2008). Interestingly, i.p. injection of lactate induces FNDC5/BDNF expression in the hippocampus (El Hayek et al., 2019). Similarly, Irisin i.p. injection (0.5 μg/g of body weight), used to imitate exercise, increases BDNF expression in the brain (Natalicchio et al., 2020). Therefore, this evidence indicates that Irisin (acting on unknown receptors in the brain) triggers BDNF expression and release, which could lead to memory and learning improvement. Furthermore, beside improving learning and memory, BDNF is also important for the brain to adapt metabolic challenges. Treatment with BDNF (10–40 ng/ml) increases mitochondrial biogenesis to maintain ATP level in hippocampal neurons in culture, by increasing the expression of PGC-1α (Cheng et al., 2012). This was also shown after chronic aerobic exercise in mice (8 weeks with a running wheel), which increased mitochondrial biogenesis through increasing PGC-1α in different regions of the brain (Steiner et al., 2011). In addition, BDNF induces glucose transportation in cortical neurons (Burkhalter et al., 2003), and exercise-induced hippocampal neurogenesis depends on BDNF controlled neuronal bioenergetic (reviewed in Mattson, 2012). One of the possibly involved signaling pathways, which has crucial role in memory and cognition, is the phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) signaling pathway (Shu et al., 2013). Curiously, treadmill exercise activates PI3K/Akt signaling pathway in the hippocampus (Wang and Baek, 2018). A recent study showed that human recombinant Irisin activates Akt in the brain (Li et al., 2017). PI3K/Akt signaling pathway is also activated by BDNF in neurons (Chen et al., 2013). Activation of PI3K/Akt controls glucose homeostasis, mitochondrial biogenesis, and integrity in neurons (Pearson-Leary et al., 2018). In other tissues such as injured lung alveoli, myocardial cell, and chondrocytes Irisin controls mitochondrial integrity and function (Chen et al., 2017; Wang et al., 2018, 2020). Nevertheless, the direct impact of the FNDC5/Irisin on mitochondrial integrity and function in neurons and/or glial cells remains to be fully elucidated.

A recent interesting discovery about Irisin function is related to autophagy (reviewed extensively in Pesce et al., 2020). Autophagy is an intracellular process that occurs to eliminate misfolded proteins and injured organelles, and in general to maintain the cellular homeostasis (reviewed in Glick et al., 2010). Autophagy is also involved in the pathology of neurodegenerative disorders such as AD, amyotrophic lateral sclerosis (ALS), and familial Parkinson’s disease (PD) (Nixon, 2013). Recent studies have shown that exercise stimulates autophagy in a variety of tissues, including skeletal muscles (Salminen and Vihko, 1984; Grumati et al., 2011), and several myokines have been recognized as autophagy regulators (Pesce et al., 2020). Irisin has been associated to autophagy induction in several cell types including myocytes, cardiomyocytes (Li et al., 2018), and hepatocytes (Bi et al., 2019, 2020). Further, Irisin increased autophagy in hepatic ischemia-reperfusion (IR) model and mitigated liver injury (Bi et al., 2020). Meanwhile, the knock down of FNDC5 results in autophagy and fatty acid oxidation impairment in mice, and enhancement of lipogenesis via the AMPK/mTOR pathway (Liu et al., 2016). However, future studies are needed to elucidate the potential role of FNDC5/Irisin in controlling autophagy in the brain. The implications for neurodegenerative disorders are extensive.





SEX DIMORPHISM IN EXERCISE AND FNDC5/IRISIN

Sexual dimorphism has been shown in a variety of physiological responses, pathological conditions and even in the effect of therapeutic agents. In neuroscience research, the role of sex hormones on neuronal activity and functions has not been studied in extensive detail. In addition to brain, skeletal muscles and myokines have also shown sex-dependent effects/functions in rodents and humans. In this section we review potential roles for estrogen, as one of the most prevalent circulating sex hormones, in modulating FNDC5/Irisin expression and function in skeletal muscle and CNS.


Sex Hormones and Skeletal Muscles

Steroid sex hormones include estrogens, androgens, and progestogens. Aside from their well-known fundamental roles in reproduction, they contribute to a variety of other physiological responses and exert their actions via autocrine, endocrine, and paracrine pathways.

Progesterone is initially made from cholesterol during the steroid sex-hormone biosynthesis pathway. Progesterone is then converted to testosterone and androstenedione which is ultimately converted into estrogens and estrone (reviewed in Schiffer et al., 2019). 17β-estradiol (E2) is the most abundant estrogen in females and its level in peripheral blood change during the human menstrual cycle and rodent estrous cycles (Nilsson et al., 2015). Most of the effects of E2 are mediated by estrogen receptor (ER) α and β, both members of the nuclear receptor family and located intracellularly (reviewed in Hewitt and Korach, 2018). A second family of ERs has been found at the cell membrane (mER). These mERs signal via modulation of intracellular signaling pathways (Soltysik and Czekaj, 2013). Additionally, based on their sequence similarity to ERα, the orphan nuclear receptors called estrogen-related receptors α and β (ERRα and ERRβ) were first identified. Then a third type was found (ERRγ) and together these three receptors form the ERR subfamily of the steroid nuclear receptor superfamily (Giguere et al., 1988; Zhang and Teng, 2007). Activation of ERα induces the expression of ERRα (Hu et al., 2008). The ERRs contain DNA-binding domains that target the receptor to a specific DNA sequence (TCAAGGTCA) called the estrogen-related response element (ERRE) (Vanacker et al., 1999). Interestingly, ERR deficiency in skeletal muscle impairs regeneration after injury, while treatment with E2 stimulate its regeneration and growth (Velders et al., 2012; LaBarge et al., 2014).

Studies have shown ERRα controls metabolic homeostasis through regulating mitochondrial biogenesis, oxidative phosphorylation, and Krebs cycle (Huss et al., 2004; Dufour et al., 2011). ERRα is activated by binding to PGC-1α as a co-activator (Schreiber et al., 2004). Fndc5 itself has an ERRE at 6 kb upstream of its promoter (Wrann et al., 2013). Therefore, it is possible to infer that ERRα activation or induction could influence FNDC5/Irisin levels. Indeed, studies have shown that the serum Irisin concentration is positively correlated with E2 levels in humans (Huh et al., 2012). Similarly, Irisin level in serum is lower in amenorrheic women in comparison to eumenorrheic young women (Singhal et al., 2014). In amenorrheic women E2 level is low because of less endogenous estrogen production). Furthermore, E2 is decreased during aging which correlates with Irisin decline and muscle mass loss (Brown, 2008; Huh et al., 2012). E2 may thus activate ERα/ERRα axis which could increase FNDC5 expression in skeletal muscle and Irisin level in serum. However, ovariectomy (OVX), which is the surgical removal of one or both ovaries, results in increased FNDC5 expression in skeletal muscle and Irisin level in serum (18 weeks after surgery) without affecting PGC-1α expression (Zugel et al., 2016). While these findings are unexpected based on previous human studies showing E2 and Irisin correlation, this discrepancy may be related to OVX-induced obesity (Asarian and Geary, 2006). In fact, circulating level of Irisin is higher in obese women (Zugel et al., 2016). Further, Irisin could also be secreted from adipose tissue in addition to skeletal muscle (Roca-Rivada et al., 2013).

E2 levels can also affect the main regulators of FNDC5 expression in skeletal muscle, namely AMPK and PGC-1α. For example, treatment with E2 increases AMPK phosphorylation in skeletal muscle and C2C12 cells (D’Eon et al., 2008; Rogers et al., 2009). Also, PGC-1α expression in skeletal muscle is decreased 9 weeks after OVX but recovered with E2 treatment (Capllonch-Amer et al., 2014). In human studies AMPK and PGC-1α expression in skeletal muscle changes over time after menopause. Studying samples from post menopause subjects showed that E2 treatment induces AMPK/PGC-1α axis in skeletal muscle only in early post menopause cases (less than 6 years post-menopause) (Park et al., 2017). Also, E2 treatment increases PGC-1α expression in skeletal muscle in men (Maher et al., 2010).

Skeletal muscle BDNF production has been shown to respond to metabolic adaptation in a sex-dependent manner (Yang et al., 2019). Further, plasma levels of BDNF and E2 have been shown to be positively correlated (Pluchino et al., 2009). Interestingly, a few exercise studies in rodents and humans have shown sex and gender-dependent differences. For example, aerobic exercise for 6 months does not result in increased Irisin level in young women with lower E2 level or amenorrheic subjects, in comparison to young women with normal menstrual period (Singhal et al., 2014). Furthermore, OVX mice subjected to exercise showed decreased endurance without changes in skeletal muscle mass, while mimicking estrous cycle with E2 injections recovered their deficiency for endurance exercise (Nagai et al., 2016). Based on this evidence, we could speculate that Irisin secretion/function may crosstalk with estradiol and/or ERs actions in female individuals. Our own data has shown interesting results when probing the anti-stress properties of irisin in male/female mice. We recently showed that Irisin successfully prevented the acute stress induced memory impairment observed in male mice only, with no protective effects in female mice (Jodeiri Farshbaf et al., 2020).



Sex Hormones and FNDC5/Irisin in the Brain

Strong evidence of sex dimorphism in the CNS has been shown at different levels, ranging from molecular, circuit-base and behavior. To date, morphological differences, cognitive functions and different signaling pathways involved, they have all been shown to be influenced by sex. As discussed earlier, there have been a few previous reports showing a possible sex-specific relation between FNDC5/Irisin and related signaling pathways, and the effect of exercise. For instance, Wrann et al. (2013) showed that ERRα can modulate PGC-1α and FNDC5 expression in the hippocampus of male mice. Thus, treating primary cortical neurons with an ERRα inhibitor (XCT-790), decreased fndc5 expression (Wrann et al., 2013). Remarkably, other studies have shown that PGC-1α can have sex-dependent effects. For example, nigral dopaminergic neurons of PGC-1α null mice display robust ultrastructural alterations in intracellular organelles such as ER and mitochondria, changes that result in increased vulnerability to α-synuclein specifically in male mice (Ciron et al., 2015). Also, PGC-1α deficiency leads to earlier onset and death in male animal models of ALS and male human subjects (Eschbach et al., 2013). Further, activation of the AMPK pathway protects memory function only in females in a mouse model of AD, while increasing dysfunction in males (DiTacchio et al., 2015).

As mentioned, PGC-1α binds to ERRα which is influenced by E2. OVX females show a reduced expression of PGC-1α in the brain (Zawada et al., 2015). In addition, mitochondrial function and dynamic are also affected in OVX females, effect that is reversed with E2 treatment (Yao et al., 2012). Treatment with E2 also increases PGC-1α expression and ameliorates mitochondrial dysfunction in Leber’s hereditary optic neuropathy (Giordano et al., 2011). Our studies have also shown that Irisin differentially rescues short-term memory in male versus female mice (Jodeiri Farshbaf et al., 2020). Different studies have shown that BDNF expression decreases in the brain after OVX, and E2 treatment leads to its recovery (Singh et al., 1995; Fortress et al., 2014). Other reports have corroborated these findings by showing that the protein level of BDNF is not increased in OVX female rats subjected to voluntary running wheel exercise for ∼2 weeks (Rashidy-Pour et al., 2019). This is relevant considering that after menopause, the risk of neurological and psychological disorders is increased in women (Brinton, 2008). Diverse studies have shown that E2 can have neuroprotective properties (Bonnefont et al., 1998; Platania et al., 2005). Further, astrocytes express α and β estrogen receptors (Kuo et al., 2010) and play a critical role in E2-induced neuroprotection (Spence et al., 2011). Several studies have shown that E2 induced the expression of various genes critical for neuroprotection such as nerve growth factor (NGF), BDNF and glial cell line derived neurotrophic factor (GDNF) (Platania et al., 2005; Xu et al., 2013). In addition to genomic changes, non-genomic pathways such as ERK and Akt mediate neuroprotection in response to E2 treatment (Nicole et al., 2001; Dhandapani et al., 2005). Therefore, E2 can mediate neuroprotection not only through neuronal pathways but also by mediating genomic and non-genomic mechanisms of action in astrocytes. An important question remains unanswered, does Irisin require glial cells to exert its putative neuroprotective functions?

Abruption of peripheral estrogens level and E2-dependent signaling pathways in the brain may play central role in increasing susceptibility of post-menopause women to neurological diseases. Because FNDC5/Irisin is one of the factors influenced by E2 levels, this suggests that FNDC5/Irisin might have an important role in protecting neurons against aging related CNS issues.




ROLE OF FNDC5/IRISIN IN NEUROLOGICAL AND NEUROPSYCHIATRIC DISORDERS

Different studies have shown that exercise can have neuroprotective effects in conditions of neurodegenerative diseases (reviewed in Ahlskog et al., 2011). Further, in mental health disorders exercise can also be used as a therapeutic strategy for prevention and treatment (Zschucke et al., 2013). While exercise can change and modify the expression of several genes in different tissues that can eventually affect the CNS, we will focus primarily on the skeletal muscle-brain axis and the potential for FNDC5/Irisin as a mediator of beneficial effects (Figure 3 and following sections).
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FIGURE 3. Summary of effects of changing FNDC5/Irisin levels in different brain regions. (A) Shows how several environmental factors lead to alterations in FNDC5/Irisin levels in different brain regions (red symbolizes reduction, green means increase). (B) Shows the effect of directly manipulating levels of FNDC5/Irisin on neurobehavior and neuroprotection.



FNDC5/Irisin in Neurological Diseases

Exercise induced neuroprotection has been demonstrated in rodents and humans. However, the underlying mechanisms and pathways involved are far from fully understood. In a landmark study, Lourenco et al., showed that the expression of FNDC5 in the hippocampus is decreased in both AD patients and AD mouse models (Lourenco et al., 2019). AD is the most prevalent neurodegenerative disorder in elderly people (Prince et al., 2013), therefore there are tremendous efforts dedicated to device therapeutic alternatives to delay or counteract AD’s devastating consequences. It has been also shown that AD patients have less circulating Irisin in their cerebrospinal fluid (CSF) (Lourenco et al., 2019, 2020). FNDC5 also decreases Aβ production by binding to the N-terminus of APP (Noda et al., 2018). While Aβ oligomers decrease the expression of components of the PGC-1α/FNDC5/BDNF axis in neuro-2a (n2a) cells, mice, and humans (Xia et al., 2017; Lourenco et al., 2019).

Several studies have shown that exercise can delay or improve the memory decline in AD patients (Winchester et al., 2013; Jia et al., 2019). Lourenco et al. (2019) showed that using neutralizing circulating Irisin antibodies suppressed exercise-induced memory improvement in AD mouse model. Furthermore, in PD exercise not only improved memory deficit but also has impacted psychological indicators such as depression, anxiety, and psychosis (Tanaka et al., 2009; Petzinger et al., 2013). While no studies have directly indicated a role for FNDC5/Irisin in alleviating PD pathology, it has been shown that PGC-1α and BDNF (upstream and downstream from FNDC5/Irisin, respectively) can alleviate PD symptoms (St-Pierre et al., 2006; Palasz et al., 2020). For example, aerobic exercise increases BNDF protein level in the substantia nigra of a PD model mouse, which leads to protection against further degeneration (Lau et al., 2011). BDNF level in peripheral blood and brain is decreased in PD rodent models and humans (Wang et al., 2016; Lin et al., 2017). In addition, PGC-1α expression is reduced in human PD brain samples (Zheng et al., 2010). Further, in animal models of PD overexpressing PGC-1α levels can result in suppression, while knocking out PGC-1α can accelerate neurodegeneration (St-Pierre et al., 2006; Jiang et al., 2016). Based on this evidence, FNDC5 could have an important role in alleviating PD pathology.

Exercise is showing promise as an effective strategy to protect neurons against degeneration not only in AD and PD, but also in Huntington’s disease (HD). Expansion of CAG repeats in Huntingtin (HTT) gene leads to neurodegeneration in striatum in HD (Vonsattel and DiFiglia, 1998). As in AD and PD, BDNF level is decreased in HD mouse model and human samples (Zuccato et al., 2001, 2005). Voluntary running wheel increases BDNF level in striatum and frontal cortex of HD mice, which results in improvement of behavioral deficits and cognitive decline (Pang et al., 2006). In the R6/2 HD model, PGC-1α expression is suppressed which leads to increased neurodegeneration in the striatum (Cui et al., 2006). Overexpression of PGC-1α in striatum and cortex ameliorate HD pathology in mice (Tsunemi et al., 2012). Interestingly, in HD model PGC-1α expression is decreased in skeletal muscle (Chaturvedi et al., 2009). FNDC5 expression and Irisin secretion from skeletal muscle are processes downstream from PGC-1α expression, it is currently unknown how this is regulated in skeletal muscle of PD subjects. Taken together, these results suggest that FNDC5/Irisin could have a potential role in rescuing HD pathology and symptoms.

FNDC5/Irisin has also shown neuroprotective properties in conditions of ischemia. In fact, Irisin treatment protected hippocampal neurons against injury and cell death in cerebral ischemia models through different signaling pathways and mechanisms such as Akt, ERK1/2, Notch, TLR4/MyD88 and by protecting BBB from disruption (Li et al., 2017; Guo et al., 2019; Jin et al., 2019; Yu Q. et al., 2020). FNDC5 expression in skeletal muscle and circulating Irisin levels were also decreased by cerebral ischemia (Yu Q. et al., 2020). In addition, different types of exercise have been shown to protect brain against ischemic insult. For example, acute treadmill running prior to stroke protected the brain by enhancing angiogenesis in rats (Pianta et al., 2019). Similarly, treadmill running for 14 days protected prefrontal cortex neurons against cerebral ischemic induced apoptosis (Pianta et al., 2019). Importantly, neutralizing Irisin in peripheral blood using an antibody, eliminated the positive effect that exercise had on neuroprotection against cerebral ischemia (Li et al., 2017).



FNDC5/Irisin in Neuropsychiatric Disorders

Neuropsychiatric disorders such as depression, anxiety, and schizophrenia, are high prevalent (Kessler et al., 2005). Thus, finding successful treatments against them is one of the main current challenges in neuroscience research. Exercise has been introduced as a potential treatment for preventing and alleviating neuropsychiatric disorders (Swenson et al., 2020). As revealed by several recent studies, FNDC5/Irisin could act as mediator for the skeletal muscle-brain axis that could be used as a therapeutic avenue in neuropsychiatric disorders.

I.c.v. injection of Irisin decreases immobility time in tail suspension and forced swimming tests in male mice, change that could be interpreted as anti-depressant in animal models (Siteneski et al., 2018). Similarly, Irisin level in prefrontal cortex is decreased by chronic stress in male Sprague–Dawley rats. Specifically, Irisin levels were correlated with chronic stress-induced depression behavior and recombinant Irisin injection for 14 days suppresses depressive-like behavior through controlling glucose metabolism in prefrontal cortex (Wang and Pan, 2016). Further, a human study showed that post-stroke depression is associated with decreased serum Irisin levels (Tu et al., 2018). The expression of PGC-1α is decreased in the hippocampus of mice with depressive-like behavior (Fu et al., 2020). BDNF level in the hippocampus and peripheral blood is correlated negatively with the severity of depression in rodents and humans (Lee et al., 2007; Serra et al., 2018). As discussed in previous sections, exercise induced FNDC5/Irisin increases BDNF expression in different regions of the brain, especially hippocampus.

Irisin injection into the brain decreases anxiety-like behavior in male mice (Siteneski et al., 2018). Our own data has shown that acute stress-induced anxiety like behavior is suppressed by injection of Irisin into the hippocampus in male mice only, without affecting female mice (Jodeiri Farshbaf et al., 2020). Further studies have shown that Irisin level is reduced in serum in subjects diagnosed with anxiety disorders (Szilasi et al., 2017). This is relevant considering different studies showing that exercise can reduce anxiety (reviewed in Anderson and Shivakumar, 2013). Furthermore, PGC-1α and BDNF levels have also been altered in rodents with anxiety-like behavior (Govindarajan et al., 2006; Szalardy et al., 2018), and both PGC-1α and BDNF can have anxiolytic properties (Agrawal et al., 2014; Xie et al., 2019). Exercise also reduces panic disorder, which is a type of anxiety disorder, through increasing BDNF concentration in serum (Strohle et al., 2010).




DISCUSSION

Altogether, there is solid evidence of the exercise-induced functional connection between skeletal muscles and the brain, and FNDC5/Irisin is a likely mediator. The multiple endocrine actions of Irisin in the CNS highlight the importance of this circulating myokine in neuroprotection against different injuries and insults, including neurodegenerative disorders.

Different myokines are released from skeletal muscles in conditions of physical activity and several can reach the CNS, likely mediating the multiple beneficial effects associated with exercise (see Table 1). Irisin is a recently discovered myokine that is secreted form skeletal muscle during exercise and can cross the blood brain barrier. Irisin and its precursor, FNDC5, have important roles in development and regeneration of muscle, and other metabolic processes (Figure 4). However, only recently FNDC5/Irisin has been investigated as possible mediator of exercise-induced benefits for brain function. Specifically, Irisin release induces BDNF expression in the hippocampus leading to improvement in learning and memory, and protection against injuries such as ischemia, acute stress, and neurodegenerative disorders such as AD. Intriguingly, several sex-depended differences have been described in the context of exercise effects on health and cognitive function, mirroring the specific effects of FNDC5/Irisin. These findings warrant the need for expanding our research to include sex as a biological variable in the context of exercise promoted neuroprotection.
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FIGURE 4. Schematic representation of muscle-brain connection through Irisin. Enhancement in FNDC5 expression by exercise leads to Irisin secretion into the peripheral blood. Irisin crosses the blood brain barrier and reaches different regions of the brain. Irisin controls gene expression and different signaling pathways in neurons and glial cells (see main text for details).


One of the areas of potential therapeutic relevance is the discovery of the receptor for Irisin in the brain, either in neurons and/or glial cells, and the specific mechanisms underlying its neuroprotective effects. To date, the only FNDC5/Irisin receptor that has been characterized occurs in bone and adipose tissue cells (Kim et al., 2018). It is possible to speculate about a similar type of receptor present in the CNS and with that knowledge many possible pharmacological interventions can be devised. This could be greatly relevant for aging related conditions such as neurodegenerative diseases, including AD. In this context, the possible identification of Irisin as an important mediator of the “muscle-brain axis” could have several implications for therapeutics development. The results summarized in this review indicate that FNDC5/Irisin could potentially be used as mimetic of exercise, in cases for example that physical activity is not recommended or not possible. Moreover, understanding what roles FNDC5/Irisin play as exercise intermediary could further cement exercise as non-pharmacological alternative intervention for individuals at risk, and even general aging population. Furthermore, the current knowledge in the field strongly indicates that Irisin (and possibly other myokines) could be considered and explored as a biomarker of unhealthy aging and neurodegeneration. This could have large consequences for public health initiatives considering that AD and related dementias affect to a large group of the aging population, and while enormous efforts have been dedicated to find a cure, there is currently no available treatment.



AUTHOR CONTRIBUTIONS

MJF and KA devised the original plan for the review. MJF wrote the initial draft, sketched initial figures, and revised the final draft. KA edited first draft and figures and finalized the manuscript and figures. Both authors contributed to the article and approved the submitted version.


FOOTNOTES

1https://fantom.gsc.riken.jp/data


REFERENCES

Agrawal, R., Tyagi, E., Vergnes, L., Reue, K., and Gomez-Pinilla, F. (2014). Coupling energy homeostasis with a mechanism to support plasticity in brain trauma. Biochim. Biophys. Acta 1842, 535–546. doi: 10.1016/j.bbadis.2013.12.004

Ahlskog, J. E., Geda, Y. E., Graff-Radford, N. R., and Petersen, R. C. (2011). Physical exercise as a preventive or disease-modifying treatment of dementia and brain aging. Mayo Clin. Proc. 86, 876–884. doi: 10.4065/mcp.2011.0252

Albrecht, E., Schering, L., Buck, F., Vlach, K., Schober, H. C., Drevon, C. A., et al. (2020). Irisin: still chasing shadows. Mol. Metab. 34, 124–135. doi: 10.1016/j.molmet.2020.01.016

Amengual, J., Garcia-Carrizo, F. J., Arreguin, A., Musinovic, H., Granados, N., Palou, A., et al. (2018). Retinoic acid increases fatty acid oxidation and irisin expression in skeletal muscle cells and impacts irisin in vivo. Cell. Physiol. Biochem. 46, 187–202. doi: 10.1159/000488422

Anderson, E., and Shivakumar, G. (2013). Effects of exercise and physical activity on anxiety. Front. Psychiatry 4:27. doi: 10.3389/fpsyt.2013.00027

Asarian, L., and Geary, N. (2006). Modulation of appetite by gonadal steroid hormones. Philos. Trans. R. Soc. Lond. B Biol. Sci. 361, 1251–1263. doi: 10.1098/rstb.2006.1860

Aydin, S., Kuloglu, T., Aydin, S., Kalayci, M., Yilmaz, M., Cakmak, T., et al. (2014). A comprehensive immunohistochemical examination of the distribution of the fat-burning protein irisin in biological tissues. Peptides 61, 130–136. doi: 10.1016/j.peptides.2014.09.014

Azimi, M., Gharakhanlou, R., Naghdi, N., Khodadadi, D., and Heysieattalab, S. (2018). Moderate treadmill exercise ameliorates amyloid-beta-induced learning and memory impairment, possibly via increasing AMPK activity and up-regulation of the PGC-1alpha/FNDC5/BDNF pathway. Peptides 102, 78–88. doi: 10.1016/j.peptides.2017.12.027

Baar, K., Wende, A. R., Jones, T. E., Marison, M., Nolte, L. A., Chen, M., et al. (2002). Adaptations of skeletal muscle to exercise: rapid increase in the transcriptional coactivator PGC-1. FASEB J. 16, 1879–1886. doi: 10.1096/fj.02-0367com

Bae, J. Y. (2018). Aerobic exercise increases meteorin-like protein in muscle and adipose tissue of chronic high-fat diet-induced obese Mice. Biomed. Res. Int. 2018:6283932.

Banks, W. A., Kastin, A. J., and Gutierrez, E. G. (1994). Penetration of interleukin-6 across the murine blood-brain barrier. Neurosci. Lett. 179, 53–56. doi: 10.1016/0304-3940(94)90933-4

Berdeaux, R., and Hutchins, C. (2019). Anabolic and pro-metabolic functions of CREB-CRTC in skeletal muscle: advantages and obstacles for type 2 diabetes and cancer cachexia. Front. Endocrinol. 10:535. doi: 10.3389/fendo.2019.00535

Berthet, C., Lei, H., Thevenet, J., Gruetter, R., Magistretti, P. J., and Hirt, L. (2009). Neuroprotective role of lactate after cerebral ischemia. J. Cereb. Blood Flow Metab. 29, 1780–1789. doi: 10.1038/jcbfm.2009.97

Bi, J., Yang, L., Wang, T., Zhang, J., Li, T., Ren, Y., et al. (2020). Irisin improves autophagy of aged hepatocytes via increasing telomerase activity in liver injury. Oxid. Med. Cell Longev. 2020:6946037.

Bi, J., Zhang, J., Ren, Y., Du, Z., Li, Q., Wang, Y., et al. (2019). Irisin alleviates liver ischemia-reperfusion injury by inhibiting excessive mitochondrial fission, promoting mitochondrial biogenesis and decreasing oxidative stress. Redox Biol. 20, 296–306. doi: 10.1016/j.redox.2018.10.019

Bonnefont, A. B., Munoz, F. J., and Inestrosa, N. C. (1998). Estrogen protects neuronal cells from the cytotoxicity induced by acetylcholinesterase-amyloid complexes. FEBS Lett. 441, 220–224. doi: 10.1016/s0014-5793(98)01552-x

Bostrom, P., Wu, J., Jedrychowski, M. P., Korde, A., Ye, L., Lo, J. C., et al. (2012). A PGC1-alpha-dependent myokine that drives brown-fat-like development of white fat and thermogenesis. Nature 481, 463–468.

Bottinelli, R., Betto, R., Schiaffino, S., and Reggiani, C. (1994). Maximum shortening velocity and coexistence of myosin heavy chain isoforms in single skinned fast fibres of rat skeletal muscle. J. Muscle Res. Cell Motil. 15, 413–419. doi: 10.1007/bf00122115

Bourdeau Julien, I., Sephton, C. F., and Dutchak, P. A. (2018). Metabolic networks influencing skeletal muscle fiber composition. Front. Cell Dev. Biol. 6:125. doi: 10.3389/fcell.2018.00125

Brandt, N., Dethlefsen, M. M., Bangsbo, J., and Pilegaard, H. (2017). PGC-1alpha and exercise intensity dependent adaptations in mouse skeletal muscle. PLoS One 12:e0185993. doi: 10.1371/journal.pone.0185993

Briken, S., Rosenkranz, S. C., Keminer, O., Patra, S., Ketels, G., Heesen, C., et al. (2016). Effects of exercise on Irisin, BDNF and IL-6 serum levels in patients with progressive multiple sclerosis. J. Neuroimmunol. 299, 53–58. doi: 10.1016/j.jneuroim.2016.08.007

Brinton, R. D. (2008). The healthy cell bias of estrogen action: mitochondrial bioenergetics and neurological implications. Trends Neurosci. 31, 529–537. doi: 10.1016/j.tins.2008.07.003

Broholm, C., and Pedersen, B. K. (2010). Leukaemia inhibitory factor–an exercise-induced myokine. Exerc. Immunol. Rev. 16, 77–85.

Broholm, C., Laye, M. J., Brandt, C., Vadalasetty, R., Pilegaard, H., Pedersen, B. K., et al. (2011). LIF is a contraction-induced myokine stimulating human myocyte proliferation. J. Appl. Physiol. 111, 251–259. doi: 10.1152/japplphysiol.01399.2010

Brown, M. (2008). Skeletal muscle and bone: effect of sex steroids and aging. Adv. Physiol. Educ. 32, 120–126. doi: 10.1152/advan.90111.2008

Burkhalter, J., Fiumelli, H., Allaman, I., Chatton, J. Y., and Martin, J. L. (2003). Brain-derived neurotrophic factor stimulates energy metabolism in developing cortical neurons. J. Neurosci. 23, 8212–8220. doi: 10.1523/jneurosci.23-23-08212.2003

Burks, T. N., and Cohn, R. D. (2011). Role of TGF-beta signaling in inherited and acquired myopathies. Skelet. Muscle 1:19. doi: 10.1186/2044-5040-1-19

Buroker, N. E., Ning, X. H., and Portman, M. (2008). Cardiac PPARalpha protein expression is constant as alternate nuclear receptors and PGC-1 coordinately increase during the postnatal metabolic transition. PPAR Res. 2008:279531.

Cannon, J. G., and Kluger, M. J. (1983). Endogenous pyrogen activity in human plasma after exercise. Science 220, 617–619. doi: 10.1126/science.6836306

Canto, C., Gerhart-Hines, Z., Feige, J. N., Lagouge, M., Noriega, L., Milne, J. C., et al. (2009). AMPK regulates energy expenditure by modulating NAD+ metabolism and SIRT1 activity. Nature 458, 1056–1060. doi: 10.1038/nature07813

Capllonch-Amer, G., Sbert-Roig, M., Galmes-Pascual, B. M., Proenza, A. M., Llado, I., Gianotti, M., et al. (2014). Estradiol stimulates mitochondrial biogenesis and adiponectin expression in skeletal muscle. J. Endocrinol. 221, 391–403. doi: 10.1530/joe-14-0008

Carbone, J. W., McClung, J. P., and Pasiakos, S. M. (2012). Skeletal muscle responses to negative energy balance: effects of dietary protein. Adv. Nutr. 3, 119–126. doi: 10.3945/an.111.001792

Chaturvedi, R. K., Adhihetty, P., Shukla, S., Hennessy, T., Calingasan, N., Yang, L., et al. (2009). Impaired PGC-1alpha function in muscle in Huntington’s disease. Hum. Mol. Genet. 18, 3048–3065.

Chen, A., Xiong, L. J., Tong, Y., and Mao, M. (2013). Neuroprotective effect of brain-derived neurotrophic factor mediated by autophagy through the PI3K/Akt/mTOR pathway. Mol. Med. Rep. 8, 1011–1016. doi: 10.3892/mmr.2013.1628

Chen, K., Xu, Z., Liu, Y., Wang, Z., Li, Y., Xu, X., et al. (2017). Irisin protects mitochondria function during pulmonary ischemia/reperfusion injury. Sci. Transl. Med. 9:eaao6298. doi: 10.1126/scitranslmed.aao6298

Chen, S. Q., Ding, L. N., Zeng, N. X., Liu, H. M., Zheng, S. H., Xu, J. W., et al. (2019). Icariin induces irisin/FNDC5 expression in C2C12 cells via the AMPK pathway. Biomed. Pharmacother. 115:108930. doi: 10.1016/j.biopha.2019.108930

Cheng, A., Wan, R., Yang, J. L., Kamimura, N., Son, T. G., Ouyang, X., et al. (2012). Involvement of PGC-1alpha in the formation and maintenance of neuronal dendritic spines. Nat. Commun. 3:1250.

Choi, S. H., Bylykbashi, E., Chatila, Z. K., Lee, S. W., Pulli, B., Clemenson, G. D., et al. (2018). Combined adult neurogenesis and BDNF mimic exercise effects on cognition in an Alzheimer’s mouse model. Science 361:eaan8821. doi: 10.1126/science.aan8821

Chow, V. W., Mattson, M. P., Wong, P. C., and Gleichmann, M. (2010). An overview of APP processing enzymes and products. Neuromol. Med. 12, 1–12. doi: 10.1007/s12017-009-8104-z

Chowdhury, S., Schulz, L., Palmisano, B., Singh, P., Berger, J. M., Yadav, V. K., et al. (2020). Muscle-derived interleukin 6 increases exercise capacity by signaling in osteoblasts. J. Clin. Invest. 130, 2888–2902. doi: 10.1172/jci133572

Church, D. D., Hoffman, J. R., Mangine, G. T., Jajtner, A. R., Townsend, J. R., Beyer, K. S., et al. (2016). Comparison of high-intensity vs. high-volume resistance training on the BDNF response to exercise. J. Appl. Physiol. 121, 123–128. doi: 10.1152/japplphysiol.00233.2016

Ciaraldi, T. P., Ryan, A. J., Mudaliar, S. R., and Henry, R. R. (2016). Altered myokine secretion is an intrinsic property of skeletal muscle in type 2 diabetes. PLoS One 11:e0158209. doi: 10.1371/journal.pone.0158209

Ciron, C., Zheng, L., Bobela, W., Knott, G. W., Leone, T. C., Kelly, D. P., et al. (2015). PGC-1alpha activity in nigral dopamine neurons determines vulnerability to alpha-synuclein. Acta Neuropathol. Commun. 3:16.

Clow, C., and Jasmin, B. J. (2010). Brain-derived neurotrophic factor regulates satellite cell differentiation and skeltal muscle regeneration. Mol. Biol. Cell 21, 2182–2190. doi: 10.1091/mbc.e10-02-0154

Colaianni, G., Cuscito, C., Mongelli, T., Pignataro, P., Buccoliero, C., Liu, P., et al. (2015). The myokine irisin increases cortical bone mass. Proc. Natl. Acad. Sci. U.S.A. 112, 12157–12162. doi: 10.1073/pnas.1516622112

Cui, L., Jeong, H., Borovecki, F., Parkhurst, C. N., Tanese, N., and Krainc, D. (2006). Transcriptional repression of PGC-1alpha by mutant huntingtin leads to mitochondrial dysfunction and neurodegeneration. Cell 127, 59–69. doi: 10.1016/j.cell.2006.09.015

Delavar, H., Nogueira, L., Wagner, P. D., Hogan, M. C., Metzger, D., and Breen, E. C. (2014). Skeletal myofiber VEGF is essential for the exercise training response in adult mice. Am. J. Physiol. Regul. Integr. Comp. Physiol. 306, R586–R595.

D’Eon, T. M., Rogers, N. H., Stancheva, Z. S., and Greenberg, A. S. (2008). Estradiol and the estradiol metabolite, 2-hydroxyestradiol, activate AMP-activated protein kinase in C2C12 myotubes. Obesity 16, 1284–1288. doi: 10.1038/oby.2008.50

Deslandes, A. C. (2014). Exercise and mental health: what did we learn in the last 20 years? Front. Psychiatry 5:66. doi: 10.3389/fpsyt.2014.00066

Dhandapani, K. M., Wade, F. M., Mahesh, V. B., and Brann, D. W. (2005). Astrocyte-derived transforming growth factor-{beta} mediates the neuroprotective effects of 17{beta}-estradiol: involvement of nonclassical genomic signaling pathways. Endocrinology 146, 2749–2759. doi: 10.1210/en.2005-0014

DiTacchio, K. A., Heinemann, S. F., and Dziewczapolski, G. (2015). Metformin treatment alters memory function in a mouse model of Alzheimer’s disease. J. Alzheimers Dis. 44, 43–48. doi: 10.3233/jad-141332

Dufour, C. R., Levasseur, M. P., Pham, N. H., Eichner, L. J., Wilson, B. J., Charest-Marcotte, A., et al. (2011). Genomic convergence among ERRalpha, PROX1, and BMAL1 in the control of metabolic clock outputs. PLoS Genet. 7:e1002143. doi: 10.1371/journal.pgen.1002143

Dun, S. L., Lyu, R. M., Chen, Y. H., Chang, J. K., Luo, J. J., and Dun, N. J. (2013). Irisin-immunoreactivity in neural and non-neural cells of the rodent. Neuroscience 240, 155–162. doi: 10.1016/j.neuroscience.2013.02.050

Egan, B., and Zierath, J. R. (2013). Exercise metabolism and the molecular regulation of skeletal muscle adaptation. Cell Metab. 17, 162–184. doi: 10.1016/j.cmet.2012.12.012

Egan, B., Carson, B. P., Garcia-Roves, P. M., Chibalin, A. V., Sarsfield, F. M., Barron, N., et al. (2010). Exercise intensity-dependent regulation of peroxisome proliferator-activated receptor coactivator-1 mRNA abundance is associated with differential activation of upstream signalling kinases in human skeletal muscle. J. Physiol. 588, 1779–1790. doi: 10.1113/jphysiol.2010.188011

El Hayek, L., Khalifeh, M., Zibara, V., Abi Assaad, R., Emmanuel, N., Karnib, N., et al. (2019). Lactate mediates the effects of exercise on learning and memory through SIRT1-dependent activation of hippocampal brain-derived neurotrophic factor (BDNF). J. Neurosci. 39, 2369–2382.

Ellefsen, S., Vikmoen, O., Slettalokken, G., Whist, J. E., Nygaard, H., Hollan, I., et al. (2014). Irisin and FNDC5: effects of 12-week strength training, and relations to muscle phenotype and body mass composition in untrained women. Eur. J. Appl. Physiol. 114, 1875–1888. doi: 10.1007/s00421-014-2922-x

Eschbach, J., Schwalenstocker, B., Soyal, S. M., Bayer, H., Wiesner, D., Akimoto, C., et al. (2013). PGC-1alpha is a male-specific disease modifier of human and experimental amyotrophic lateral sclerosis. Hum. Mol. Genet. 22, 3477–3484. doi: 10.1093/hmg/ddt202

Farrash, W., Brook, M., Crossland, H., Phillips, B. E., Cegielski, J., Wilkinson, D. J., et al. (2020). Impacts of rat hindlimb Fndc5/irisin overexpression on muscle and adipose tissue metabolism. Am. J. Physiol. Endocrinol. Metab. 318, E943–E955.

Ferrer-Martinez, A., Ruiz-Lozano, P., and Chien, K. R. (2002). Mouse PeP: a novel peroxisomal protein linked to myoblast differentiation and development. Dev. Dyn. 224, 154–167. doi: 10.1002/dvdy.10099

Finck, B. N., and Kelly, D. P. (2006). PGC-1 coactivators: inducible regulators of energy metabolism in health and disease. J. Clin. Invest. 116, 615–622. doi: 10.1172/jci27794

Forouzanfar, M., Rabiee, F., Ghaedi, K., Beheshti, S., Tanhaei, S., Shoaraye Nejati, A., et al. (2015). Fndc5 overexpression facilitated neural differentiation of mouse embryonic stem cells. Cell Biol. Int. 39, 629–637.

Fortress, A. M., Kim, J., Poole, R. L., Gould, T. J., and Frick, K. M. (2014). 17beta-estradiol regulates histone alterations associated with memory consolidation and increases Bdnf promoter acetylation in middle-aged female mice. Learn. Mem. 21, 457–467. doi: 10.1101/lm.034033.113

Fu, X., Jiao, J., Qin, T., Yu, J., Fu, Q., Deng, X., et al. (2020). A new perspective on ameliorating depression-like behaviors: suppressing neuroinflammation by upregulating PGC-1alpha. Neurotox. Res. 38, 1–14.

Fuss, J., Ben Abdallah, N. M., Vogt, M. A., Touma, C., Pacifici, P. G., Palme, R., et al. (2010). Voluntary exercise induces anxiety-like behavior in adult C57BL/6J mice correlating with hippocampal neurogenesis. Hippocampus 20, 364–376.

Gavin, T. P., Drew, J. L., Kubik, C. J., Pofahl, W. E., and Hickner, R. C. (2007). Acute resistance exercise increases skeletal muscle angiogenic growth factor expression. Acta Physiol. 191, 139–146. doi: 10.1111/j.1748-1716.2007.01723.x

Ge, X., Sathiakumar, D., Lua, B. J., Kukreti, H., Lee, M., and McFarlane, C. (2017). Myostatin signals through miR-34a to regulate Fndc5 expression and browning of white adipocytes. Int. J. Obes. 41, 137–148. doi: 10.1038/ijo.2016.110

Giguere, V., Yang, N., Segui, P., and Evans, R. M. (1988). Identification of a new class of steroid hormone receptors. Nature 331, 91–94. doi: 10.1038/331091a0

Giordano, C., Montopoli, M., Perli, E., Orlandi, M., Fantin, M., Ross-Cisneros, F. N., et al. (2011). Oestrogens ameliorate mitochondrial dysfunction in Leber’s hereditary optic neuropathy. Brain 134, 220–234.

Glick, D., Barth, S., and Macleod, K. F. (2010). Autophagy: cellular and molecular mechanisms. J. Pathol. 221, 3–12. doi: 10.1002/path.2697

Gonzalez, M. C., Radiske, A., and Cammarota, M. (2019). On the involvement of BDNF signaling in memory reconsolidation. Front. Cell. Neurosci. 13:383. doi: 10.3389/fncel.2019.00383

Govindarajan, A., Rao, B. S., Nair, D., Trinh, M., Mawjee, N., Tonegawa, S., et al. (2006). Transgenic brain-derived neurotrophic factor expression causes both anxiogenic and antidepressant effects. Proc. Natl. Acad. Sci. U.S.A. 103, 13208–13213. doi: 10.1073/pnas.0605180103

Grumati, P., Coletto, L., Schiavinato, A., Castagnaro, S., Bertaggia, E., Sandri, M., et al. (2011). Physical exercise stimulates autophagy in normal skeletal muscles but is detrimental for collagen VI-deficient muscles. Autophagy 7, 1415–1423. doi: 10.4161/auto.7.12.17877

GTEx Consortium (2015). Human genomics. the genotype-tissue expression (GTEx) pilot analysis: multitissue gene regulation in humans. Science 348, 648–660.

Guo, P., Jin, Z., Wu, H., Li, X., Ke, J., Zhang, Z., et al. (2019). Effects of irisin on the dysfunction of blood-brain barrier in rats after focal cerebral ischemia/reperfusion. Brain Behav. 9:e01425.

Handschin, C., and Spiegelman, B. M. (2006). Peroxisome proliferator-activated receptor gamma coactivator 1 coactivators, energy homeostasis, and metabolism. Endocr. Rev. 27, 728–735. doi: 10.1210/er.2006-0037

Hashemi, M. S., Ghaedi, K., Salamian, A., Karbalaie, K., Emadi-Baygi, M., Tanhaei, S., et al. (2013). Fndc5 knockdown significantly decreased neural differentiation rate of mouse embryonic stem cells. Neuroscience 231, 296–304. doi: 10.1016/j.neuroscience.2012.11.041

Hewitt, S. C., and Korach, K. S. (2018). Estrogen receptors: new directions in the new millennium. Endocr. Rev. 39, 664–675. doi: 10.1210/er.2018-00087

Hoppeler, H. (1986). Exercise-induced ultrastructural changes in skeletal muscle. Int. J. Sports Med. 7, 187–204. doi: 10.1055/s-2008-1025758

Horowitz, A. M., Fan, X., Bieri, G., Smith, L. K., Sanchez-Diaz, C. I., Schroer, A. B., et al. (2020). Blood factors transfer beneficial effects of exercise on neurogenesis and cognition to the aged brain. Science 369, 167–173. doi: 10.1126/science.aaw2622

Hsuchou, H., Pan, W., and Kastin, A. J. (2007). The fasting polypeptide FGF21 can enter brain from blood. Peptides 28, 2382–2386. doi: 10.1016/j.peptides.2007.10.007

Hu, P., Kinyamu, H. K., Wang, L., Martin, J., Archer, T. K., and Teng, C. (2008). Estrogen induces estrogen-related receptor alpha gene expression and chromatin structural changes in estrogen receptor (ER)-positive and ER-negative breast cancer cells. J. Biol. Chem. 283, 6752–6763. doi: 10.1074/jbc.m705937200

Huang, S. H., Yang, S. M., Lo, J. J., Wu, S. H., and Tai, M. H. (2020). Irisin gene delivery ameliorates burn-induced sensory and motor neuropathy. Int. J. Mol. Sci. 21:7798. doi: 10.3390/ijms21207798

Huh, J. Y. (2018). The role of exercise-induced myokines in regulating metabolism. Arch. Pharm. Res. 41, 14–29. doi: 10.1007/s12272-017-0994-y

Huh, J. Y., Dincer, F., Mesfum, E., and Mantzoros, C. S. (2014a). Irisin stimulates muscle growth-related genes and regulates adipocyte differentiation and metabolism in humans. Int. J. Obes. 38, 1538–1544. doi: 10.1038/ijo.2014.42

Huh, J. Y., Mougios, V., Kabasakalis, A., Fatouros, I., Siopi, A., Douroudos, I. I., et al. (2014b). Exercise-induced irisin secretion is independent of age or fitness level and increased irisin may directly modulate muscle metabolism through AMPK activation. J. Clin. Endocrinol. Metab. 99, E2154–E2161.

Huh, J. Y., Panagiotou, G., Mougios, V., Brinkoetter, M., Vamvini, M. T., Schneider, B. E., et al. (2012). FNDC5 and irisin in humans: I. Predictors of circulating concentrations in serum and plasma and II. mRNA expression and circulating concentrations in response to weight loss and exercise. Metabolism 61, 1725–1738. doi: 10.1016/j.metabol.2012.09.002

Huh, J. Y., Siopi, A., Mougios, V., Park, K. H., and Mantzoros, C. S. (2015). Irisin in response to exercise in humans with and without metabolic syndrome. J. Clin. Endocrinol. Metab. 100, E453–E457.

Huss, J. M. I, Torra, P., Staels, B., Giguere, V., and Kelly, D. P. (2004). Estrogen-related receptor alpha directs peroxisome proliferator-activated receptor alpha signaling in the transcriptional control of energy metabolism in cardiac and skeletal muscle. Mol. Cell. Biol. 24, 9079–9091. doi: 10.1128/mcb.24.20.9079-9091.2004

Jayaraj, R. L., Azimullah, S., Beiram, R., Jalal, F. Y., and Rosenberg, G. A. (2019). Neuroinflammation: friend and foe for ischemic stroke. J. Neuroinflammation 16:142.

Jedrychowski, M. P., Wrann, C. D., Paulo, J. A., Gerber, K. K., Szpyt, J., Robinson, M. M., et al. (2015). Detection and quantitation of circulating human irisin by tandem mass spectrometry. Cell Metab 22, 734–740. doi: 10.1016/j.cmet.2015.08.001

Jia, R. X., Liang, J. H., Xu, Y., and Wang, Y. Q. (2019). Effects of physical activity and exercise on the cognitive function of patients with Alzheimer disease: a meta-analysis. BMC Geriatr. 19:181. doi: 10.1186/s12877-019-1175-2

Jiang, H., Kang, S. U., Zhang, S., Karuppagounder, S., Xu, J., Lee, Y. K., et al. (2016). Adult conditional knockout of PGC-1alpha leads to loss of dopamine neurons. eNeuro 3, 1–8.

Jimenez-Maldonado, A., de Alvarez-Buylla, E. R., Montero, S., Melnikov, V., Castro-Rodriguez, E., Gamboa-Dominguez, A., et al. (2014). Chronic exercise increases plasma brain-derived neurotrophic factor levels, pancreatic islet size, and insulin tolerance in a TrkB-dependent manner. PLoS One 9:e115177. doi: 10.1371/journal.pone.0115177

Jin, Z., Guo, P., Li, X., Ke, J., Wang, Y., and Wu, H. (2019). Neuroprotective effects of irisin against cerebral ischemia/reperfusion injury via Notch signaling pathway. Biomed. Pharmacother. 120:109452. doi: 10.1016/j.biopha.2019.109452

Jodeiri Farshbaf, M., Garasia, S., Moussoki, D. P. K., Mondal, A. K., Cherkowsky, D., Manal, N., et al. (2020). Hippocampal injection of the exercise-induced myokine irisin suppresses acute stress-induced neurobehavioral impairment in a sex-dependent manner. Behav. Neurosci. 134, 233–247. doi: 10.1037/bne0000367

Jove, M., Salla, J., Planavila, A., Cabrero, A., Michalik, L., Wahli, W., et al. (2004). Impaired expression of NADH dehydrogenase subunit 1 and PPARgamma coactivator-1 in skeletal muscle of ZDF rats: restoration by troglitazone. J. Lipid Res. 45, 113–123. doi: 10.1194/jlr.m300208-jlr200

Kanzleiter, T., Rath, M., Gorgens, S. W., Jensen, J., Tangen, D. S., Kolnes, A. J., et al. (2014). The myokine decorin is regulated by contraction and involved in muscle hypertrophy. Biochem. Biophys. Res. Commun. 450, 1089–1094. doi: 10.1016/j.bbrc.2014.06.123

Katsouri, L., Lim, Y. M., Blondrath, K., Eleftheriadou, I., Lombardero, L., Birch, A. M., et al. (2016). PPARgamma-coactivator-1alpha gene transfer reduces neuronal loss and amyloid-beta generation by reducing beta-secretase in an Alzheimer’s disease model. Proc. Natl. Acad. Sci. U.S.A. 113, 12292–12297. doi: 10.1073/pnas.1606171113

Kessler, R. C., Chiu, W. T., Demler, O., Merikangas, K. R., and Walters, E. E. (2005). Prevalence, severity, and comorbidity of 12-month DSM-IV disorders in the National comorbidity survey replication. Arch. Gen. Psychiatry 62, 617–627. doi: 10.1001/archpsyc.62.6.617

Kim, H. J., and Song, W. (2017). Resistance training increases fibroblast growth factor-21 and irisin levels in the skeletal muscle of Zucker diabetic fatty rats. J. Exerc. Nutr. Biochem. 21, 50–54. doi: 10.20463/jenb.2017.0008

Kim, H. J., So, B., Choi, M., Kang, D., and Song, W. (2015). Resistance exercise training increases the expression of irisin concomitant with improvement of muscle function in aging mice and humans. Exp. Gerontol. 70, 11–17. doi: 10.1016/j.exger.2015.07.006

Kim, H., Wrann, C. D., Jedrychowski, M., Vidoni, S., Kitase, Y., Nagano, K., et al. (2018). Irisin mediates effects on bone and fat via alphaV integrin receptors. Cell 175, 1756–1768.e17.

Kim, K. H., Kim, S. H., Min, Y. K., Yang, H. M., Lee, J. B., and Lee, M. S. (2013). Acute exercise induces FGF21 expression in mice and in healthy humans. PLoS One 8:e63517. doi: 10.1371/journal.pone.0063517

Kim, T. W., Park, S. S., Park, J. Y., and Park, H. S. (2020). Infusion of plasma from exercised mice ameliorates cognitive dysfunction by increasing hippocampal neuroplasticity and mitochondrial functions in 3xTg-AD mice. Int. J. Mol. Sci. 21:3291. doi: 10.3390/ijms21093291

Kleinert, M., Clemmensen, C., Sjoberg, K. A., Carl, C. S., Jeppesen, J. F., Wojtaszewski, J. F. P., et al. (2018). Exercise increases circulating GDF15 in humans. Mol. Metab. 9, 187–191. doi: 10.1016/j.molmet.2017.12.016

Kline, C. E. (2014). The bidirectional relationship between exercise and sleep: Implications for exercise adherence and sleep improvement. Am. J. Lifestyle Med. 8, 375–379. doi: 10.1177/1559827614544437

Korta, P., Pochec, E., and Mazur-Bialy, A. (2019). Irisin as a multifunctional protein: implications for health and certain diseases. Medicina 55:485. doi: 10.3390/medicina55080485

Koves, T. R., Li, P., An, J., Akimoto, T., Slentz, D., Ilkayeva, O., et al. (2005). Peroxisome proliferator-activated receptor-gamma co-activator 1alpha-mediated metabolic remodeling of skeletal myocytes mimics exercise training and reverses lipid-induced mitochondrial inefficiency. J. Biol. Chem. 280, 33588–33598. doi: 10.1074/jbc.m507621200

Kozak, M. (1990). Downstream secondary structure facilitates recognition of initiator codons by eukaryotic ribosomes. Proc. Natl. Acad. Sci. U.S.A. 87, 8301–8305. doi: 10.1073/pnas.87.21.8301

Kraemer, R. R., Shockett, P., Webb, N. D., Shah, U., and Castracane, V. D. (2014). A transient elevated irisin blood concentration in response to prolonged, moderate aerobic exercise in young men and women. Horm. Metab. Res. 46, 150–154. doi: 10.1055/s-0033-1355381

Kuo, J., Hamid, N., Bondar, G., Prossnitz, E. R., and Micevych, P. (2010). Membrane estrogen receptors stimulate intracellular calcium release and progesterone synthesis in hypothalamic astrocytes. J. Neurosci. 30, 12950–12957. doi: 10.1523/jneurosci.1158-10.2010

Kurdiova, T., Balaz, M., Vician, M., Maderova, D., Vlcek, M., Valkovic, L., et al. (2014). Effects of obesity, diabetes and exercise on Fndc5 gene expression and irisin release in human skeletal muscle and adipose tissue: in vivo and in vitro studies. J. Physiol. 592, 1091–1107. doi: 10.1113/jphysiol.2013.264655

LaBarge, S., McDonald, M., Smith-Powell, L., Auwerx, J., and Huss, J. M. (2014). Estrogen-related receptor-alpha (ERRalpha) deficiency in skeletal muscle impairs regeneration in response to injury. FASEB J. 28, 1082–1097. doi: 10.1096/fj.13-229211

Lally, J. S., Ford, R. J., Johar, J., Crane, J. D., Kemp, B. E., and Steinberg, G. R. (2015). Skeletal muscle AMPK is essential for the maintenance of FNDC5 expression. Physiol. Rep. 3:e12343. doi: 10.14814/phy2.12343

Lau, Y. S., Patki, G., Das-Panja, K., Le, W. D., and Ahmad, S. O. (2011). Neuroprotective effects and mechanisms of exercise in a chronic mouse model of Parkinson’s disease with moderate neurodegeneration. Eur. J. Neurosci. 33, 1264–1274. doi: 10.1111/j.1460-9568.2011.07626.x

le Maire, A., Alvarez, S., Shankaranarayanan, P., Lera, A. R., Bourguet, W., and Gronemeyer, H. (2012). Retinoid receptors and therapeutic applications of RAR/RXR modulators. Curr. Top. Med. Chem. 12, 505–527. doi: 10.2174/156802612799436687

Lee, B. H., Kim, H., Park, S. H., and Kim, Y. K. (2007). Decreased plasma BDNF level in depressive patients. J. Affect. Disord. 101, 239–244. doi: 10.1016/j.jad.2006.11.005

Lee, E. J., Shaikh, S., Choi, D., Ahmad, K., Baig, M. H., Lim, J. H., et al. (2019). Transthyretin maintains muscle homeostasis through the novel shuttle pathway of thyroid hormones during myoblast differentiation. Cells 8:1565. doi: 10.3390/cells8121565

Lee, P., Linderman, J. D., Smith, S., Brychta, R. J., Wang, J., Idelson, C., et al. (2014). Irisin and FGF21 are cold-induced endocrine activators of brown fat function in humans. Cell Metab. 19, 302–309. doi: 10.1016/j.cmet.2013.12.017

Lehman, J. J., Barger, P. M., Kovacs, A., Saffitz, J. E., Medeiros, D. M., and Kelly, D. P. (2000). Peroxisome proliferator-activated receptor gamma coactivator-1 promotes cardiac mitochondrial biogenesis. J. Clin. Invest. 106, 847–856. doi: 10.1172/jci10268

Li, D. J., Li, Y. H., Yuan, H. B., Qu, L. F., and Wang, P. (2017). The novel exercise-induced hormone irisin protects against neuronal injury via activation of the Akt and ERK1/2 signaling pathways and contributes to the neuroprotection of physical exercise in cerebral ischemia. Metabolism 68, 31–42. doi: 10.1016/j.metabol.2016.12.003

Li, R. L., Wu, S. S., Wu, Y., Wang, X. X., Chen, H. Y., Xin, J. J., et al. (2018). Irisin alleviates pressure overload-induced cardiac hypertrophy by inducing protective autophagy via mTOR-independent activation of the AMPK-ULK1 pathway. J. Mol. Cell. Cardiol. 121, 242–255. doi: 10.1016/j.yjmcc.2018.07.250

Lin, J. G., Chen, C. J., Yang, H. B., Chen, Y. H., and Hung, S. Y. (2017). Electroacupuncture promotes recovery of motor function and reduces dopaminergic neuron degeneration in rodent models of Parkinson’s disease. Int. J. Mol. Sci. 18:1846. doi: 10.3390/ijms18091846

Lin, J., Wu, H., Tarr, P. T., Zhang, C. Y., Wu, Z., Boss, O., et al. (2002). Transcriptional co-activator PGC-1 alpha drives the formation of slow-twitch muscle fibres. Nature 418, 797–801. doi: 10.1038/nature00904

Little, J. P., Safdar, A., Cermak, N., Tarnopolsky, M. A., and Gibala, M. J. (2010). Acute endurance exercise increases the nuclear abundance of PGC-1alpha in trained human skeletal muscle. Am. J. Physiol. Regul. Integr. Comp. Physiol. 298, R912–R917.

Liu, T. Y., Xiong, X. Q., Ren, X. S., Zhao, M. X., Shi, C. X., Wang, J. J., et al. (2016). FNDC5 alleviates hepatosteatosis by restoring AMPK/mTOR-mediated autophagy, fatty acid oxidation, and lipogenesis in mice. Diabetes 65, 3262–3275. doi: 10.2337/db16-0356

Lloyd, P. G., Prior, B. M., Yang, H. T., and Terjung, R. L. (2003). Angiogenic growth factor expression in rat skeletal muscle in response to exercise training. Am. J. Physiol. Heart Circ. Physiol. 284, H1668–H1678.

Loffler, D., Muller, U., Scheuermann, K., Friebe, D., Gesing, J., Bielitz, J., et al. (2015). Serum irisin levels are regulated by acute strenuous exercise. J. Clin. Endocrinol. Metab. 100, 1289–1299. doi: 10.1210/jc.2014-2932

Lourenco, M. V., Frozza, R. L., de Freitas, G. B., Zhang, H., Kincheski, G. C., Ribeiro, F. C., et al. (2019). Exercise-linked FNDC5/irisin rescues synaptic plasticity and memory defects in Alzheimer’s models. Nat. Med. 25, 165–175. doi: 10.1038/s41591-018-0275-4

Lourenco, M. V., Ribeiro, F. C., Sudo, F. K., Drummond, C., Assuncao, N., Vanderborght, B., et al. (2020). Cerebrospinal fluid irisin correlates with amyloid-beta, BDNF, and cognition in Alzheimer’s disease. Alzheimers Dement. 12:e12034.

Maher, A. C., Akhtar, M., and Tarnopolsky, M. A. (2010). Men supplemented with 17beta-estradiol have increased beta-oxidation capacity in skeletal muscle. Physiol. Genomics 42, 342–347. doi: 10.1152/physiolgenomics.00016.2010

Marasco, M. R., Conteh, A. M., Reissaus, C. A., Cupit, J. E. T., Appleman, E. M., Mirmira, R. G., et al. (2018). Interleukin-6 reduces beta-cell oxidative stress by linking autophagy with the antioxidant response. Diabetes 67, 1576–1588. doi: 10.2337/db17-1280

Marqueti, R. C., Durigan, J. L. Q., Oliveira, A. J. S., Mekaro, M. S., Guzzoni, V., Aro, A. A., et al. (2018). Effects of aging and resistance training in rat tendon remodeling. FASEB J. 32, 353–368. doi: 10.1096/fj.201700543r

Matsakas, A., Macharia, R., Otto, A., Elashry, M. I., Mouisel, E., Romanello, V., et al. (2012). Exercise training attenuates the hypermuscular phenotype and restores skeletal muscle function in the myostatin null mouse. Exp. Physiol. 97, 125–140. doi: 10.1113/expphysiol.2011.063008

Mattson, M. P. (2012). Energy intake and exercise as determinants of brain health and vulnerability to injury and disease. Cell Metab. 16, 706–722. doi: 10.1016/j.cmet.2012.08.012

McConell, G. K., Lee-Young, R. S., Chen, Z. P., Stepto, N. K., Huynh, N. N., Stephens, T. J., et al. (2005). Short-term exercise training in humans reduces AMPK signalling during prolonged exercise independent of muscle glycogen. J. Physiol. 568, 665–676. doi: 10.1113/jphysiol.2005.089839

McPherron, A. C., Lawler, A. M., and Lee, S. J. (1997). Regulation of skeletal muscle mass in mice by a new TGF-beta superfamily member. Nature 387, 83–90. doi: 10.1038/387083a0

Mendoza, G., and Merchant, H. (2014). Motor system evolution and the emergence of high cognitive functions. Prog. Neurobiol. 122, 73–93. doi: 10.1016/j.pneurobio.2014.09.001

Mensink, M., Hesselink, M. K., Russell, A. P., Schaart, G., Sels, J. P., and Schrauwen, P. (2007). Improved skeletal muscle oxidative enzyme activity and restoration of PGC-1 alpha and PPAR beta/delta gene expression upon rosiglitazone treatment in obese patients with type 2 diabetes mellitus. Int. J. Obes. 31, 1302–1310. doi: 10.1038/sj.ijo.0803567

Mohammadi, S., Oryan, S., Komaki, A., Eidi, A., and Zarei, M. (2019). Effects of intra-dentate gyrus microinjection of myokine irisin on long-term potentiation in male rats. Arq. Neuropsiquiatr. 77, 881–887. doi: 10.1590/0004-282x20190184

Mohr, T., Andersen, J. L., Biering-Sorensen, F., Galbo, H., Bangsbo, J., Wagner, A., et al. (1997). Long-term adaptation to electrically induced cycle training in severe spinal cord injured individuals. Spinal Cord 35, 1–16. doi: 10.1038/sj.sc.3100343

Moon, H. S., Dincer, F., and Mantzoros, C. S. (2013). Pharmacological concentrations of irisin increase cell proliferation without influencing markers of neurite outgrowth and synaptogenesis in mouse H19-7 hippocampal cell lines. Metabolism 62, 1131–1136. doi: 10.1016/j.metabol.2013.04.007

Mu, J., Brozinick, J. T. Jr., Valladares, O., Bucan, M., and Birnbaum, M. J. (2001). A role for AMP-activated protein kinase in contraction- and hypoxia-regulated glucose transport in skeletal muscle. Mol. Cell 7, 1085–1094. doi: 10.1016/s1097-2765(01)00251-9

Nagai, S., Ikeda, K., Horie-Inoue, K., Shiba, S., Nagasawa, S., Takeda, S., et al. (2016). Estrogen modulates exercise endurance along with mitochondrial uncoupling protein 3 downregulation in skeletal muscle of female mice. Biochem. Biophys. Res. Commun. 480, 758–764. doi: 10.1016/j.bbrc.2016.10.129

Natalicchio, A., Marrano, N., Biondi, G., Dipaola, L., Spagnuolo, R., Cignarelli, A., et al. (2020). Irisin increases the expression of anorexigenic and neurotrophic genes in mouse brain. Diabetes Metab. Res. Rev. 36:e3238.

Neeper, S. A., Gomez-Pinilla, F., Choi, J., and Cotman, C. (1995). Exercise and brain neurotrophins. Nature 373:109. doi: 10.1038/373109a0

Newman, L. A., Korol, D. L., and Gold, P. E. (2011). Lactate produced by glycogenolysis in astrocytes regulates memory processing. PLoS One 6:e28427. doi: 10.1371/journal.pone.0028427

Nicole, O., Ali, C., Docagne, F., Plawinski, L., MacKenzie, E. T., Vivien, D., et al. (2001). Neuroprotection mediated by glial cell line-derived neurotrophic factor: involvement of a reduction of NMDA-induced calcium influx by the mitogen-activated protein kinase pathway. J. Neurosci. 21, 3024–3033. doi: 10.1523/jneurosci.21-09-03024.2001

Nie, Y., and Liu, D. (2017). N-Glycosylation is required for FDNC5 stabilization and irisin secretion. Biochem. J. 474, 3167–3177. doi: 10.1042/bcj20170241

Nilsson, J., Ekblom, O., Ekblom, M., Lebedev, A., Tarassova, O., Moberg, M., et al. (2020). Acute increases in brain-derived neurotrophic factor in plasma following physical exercise relates to subsequent learning in older adults. Sci. Rep. 10:4395.

Nilsson, M. E., Vandenput, L., Tivesten, A., Norlen, A. K., Lagerquist, M. K., Windahl, S. H., et al. (2015). Measurement of a comprehensive sex steroid profile in rodent serum by high-sensitive gas chromatography-tandem mass spectrometry. Endocrinology 156, 2492–2502. doi: 10.1210/en.2014-1890

Nixon, R. A. (2013). The role of autophagy in neurodegenerative disease. Nat. Med. 19, 983–997. doi: 10.1038/nm.3232

Noakes, T., and Spedding, M. (2012). Olympics: run for your life. Nature 487, 295–296. doi: 10.1038/487295a

Noda, Y., Kuzuya, A., Tanigawa, K., Araki, M., Kawai, R., Ma, B., et al. (2018). Fibronectin type III domain-containing protein 5 interacts with APP and decreases amyloid beta production in Alzheimer’s disease. Mol. Brain 11:61.

Nokia, M. S., Lensu, S., Ahtiainen, J. P., Johansson, P. P., Koch, L. G., Britton, S. L., et al. (2016). Physical exercise increases adult hippocampal neurogenesis in male rats provided it is aerobic and sustained. J. Physiol. 594, 1855–1873. doi: 10.1113/jp271552

Ogasawara, R., Fujita, S., Hornberger, T. A., Kitaoka, Y., Makanae, Y., Nakazato, K., et al. (2016). The role of mTOR signalling in the regulation of skeletal muscle mass in a rodent model of resistance exercise. Sci. Rep. 6:31142.

Olesen, J., Kiilerich, K., and Pilegaard, H. (2010). PGC-1alpha-mediated adaptations in skeletal muscle. Pflugers Arch. 460, 153–162. doi: 10.1007/s00424-010-0834-0

Omura, T., Sano, M., Omura, K., Hasegawa, T., Doi, M., Sawada, T., et al. (2005). Different expressions of BDNF, NT3, and NT4 in muscle and nerve after various types of peripheral nerve injuries. J. Peripher. Nerv. Syst. 10, 293–300. doi: 10.1111/j.1085-9489.2005.10307.x

Ostadsharif, M., Ghaedi, K., Hossein Nasr-Esfahani, M., Mojbafan, M., Tanhaie, S., Karbalaie, K., et al. (2011). The expression of peroxisomal protein transcripts increased by retinoic acid during neural differentiation. Differentiation 81, 127–132. doi: 10.1016/j.diff.2010.11.003

Otaka, N., Shibata, R., Ohashi, K., Uemura, Y., Kambara, T., Enomoto, T., et al. (2018). Myonectin is an exercise-induced myokine that protects the heart from ischemia-reperfusion injury. Circ. Res. 123, 1326–1338. doi: 10.1161/circresaha.118.313777

Palasz, E., Wysocka, A., Gasiorowska, A., Chalimoniuk, M., Niewiadomski, W., and Niewiadomska, G. (2020). BDNF as a promising therapeutic agent in Parkinson’s disease. Int. J. Mol. Sci. 21:1170. doi: 10.3390/ijms21031170

Pan, W., Banks, W. A., Fasold, M. B., Bluth, J., and Kastin, A. J. (1998). Transport of brain-derived neurotrophic factor across the blood-brain barrier. Neuropharmacology 37, 1553–1561. doi: 10.1016/s0028-3908(98)00141-5

Pan, Y. J., Zhou, S. J., Feng, J., Bai, Q., La Ta, A., and Zhang, A. H. (2019). Urotensin II induces mice skeletal muscle atrophy associated with enhanced autophagy and inhibited irisin precursor (Fibronectin Type III Domain Containing 5) expression in chronic renal failure. Kidney Blood Press. Res. 44, 479–495. doi: 10.1159/000499880

Pang, T. Y. C., Stam, N. C., Nithianantharajah, J., Howard, M. L., and Hannan, A. J. (2006). Differential effects of voluntary physical exercise on behavioral and brain-derived neurotrophic factor expression deficits in Huntington’s disease transgenic mice. Neuroscience 141, 569–584. doi: 10.1016/j.neuroscience.2006.04.013

Park, J. S., Holloszy, J. O., Kim, K., and Koh, J. H. (2020). Exercise training-induced PPARbeta increases PGC-1alpha protein stability and improves insulin-induced glucose uptake in rodent muscles. Nutrients 12:652. doi: 10.3390/nu12030652

Park, Y. M., Pereira, R. I., Erickson, C. B., Swibas, T. A., Kang, C., and Van Pelt, R. E. (2017). Time since menopause and skeletal muscle estrogen receptors, PGC-1alpha, and AMPK. Menopause 24, 815–823. doi: 10.1097/gme.0000000000000829

Pearson-Leary, J., Jahagirdar, V., Sage, J., and McNay, E. C. (2018). Insulin modulates hippocampally-mediated spatial working memory via glucose transporter-4. Behav. Brain Res. 338, 32–39. doi: 10.1016/j.bbr.2017.09.033

Pedersen, B. K., and Saltin, B. (2015). Exercise as medicine – evidence for prescribing exercise as therapy in 26 different chronic diseases. Scand. J. Med. Sci. Sports 25(Suppl. 3), 1–72. doi: 10.1111/sms.12581

Pedersen, L., and Hojman, P. (2012). Muscle-to-organ cross talk mediated by myokines. Adipocyte 1, 164–167. doi: 10.4161/adip.20344

Peng, J., Deng, X., Huang, W., Yu, J. H., Wang, J. X., Wang, J. P., et al. (2017). Irisin protects against neuronal injury induced by oxygen-glucose deprivation in part depends on the inhibition of ROS-NLRP3 inflammatory signaling pathway. Mol. Immunol. 91, 185–194. doi: 10.1016/j.molimm.2017.09.014

Perez-Lopez, A., McKendry, J., Martin-Rincon, M., Morales-Alamo, D., Perez-Kohler, B., Valades, D., et al. (2018). Skeletal muscle IL-15/IL-15Ralpha and myofibrillar protein synthesis after resistance exercise. Scand. J. Med. Sci. Sports 28, 116–125. doi: 10.1111/sms.12901

Pesce, M., Ballerini, P., Paolucci, T., Puca, I., Farzaei, M. H., and Patruno, A. (2020). Irisin and autophagy: first update. Int. J. Mol. Sci. 21:7587.

Petersson, S. J., Jorgensen, L. H., Andersen, D. C., Norgaard, R. C., Jensen, C. H., and Schroder, H. D. (2013). SPARC is up-regulated during skeletal muscle regeneration and inhibits myoblast differentiation. Histol. Histopathol. 28, 1451–1460.

Pette, D. (1985). Metabolic heterogeneity of muscle fibres. J. Exp. Biol. 115, 179–189.

Pette, D., and Staron, R. S. (2000). Myosin isoforms, muscle fiber types, and transitions. Microsc. Res. Tech. 50, 500–509.

Petzinger, G. M., Fisher, B. E., McEwen, S., Beeler, J. A., Walsh, J. P., and Jakowec, M. W. (2013). Exercise-enhanced neuroplasticity targeting motor and cognitive circuitry in Parkinson’s disease. Lancet Neurol. 12, 716–726.

Pianta, S., Lee, J. Y., Tuazon, J. P., Castelli, V., Mantohac, L. M., Tajiri, N., et al. (2019). A short bout of exercise prior to stroke improves functional outcomes by enhancing angiogenesis. Neuromol. Med 21, 517–528.

Pietropaolo, S., Sun, Y., Li, R., Brana, C., Feldon, J., and Yee, B. K. (2008). The impact of voluntary exercise on mental health in rodents: a neuroplasticity perspective. Behav. Brain Res. 192, 42–60.

Planella-Farrugia, C., Comas, F., Sabater-Masdeu, M., Moreno, M., Moreno-Navarrete, J. M., Rovira, O., et al. (2019). Circulating irisin and myostatin as markers of muscle strength and physical condition in elderly subjects. Front. Physiol. 10:871. doi: 10.3389/fphys.2019.00871

Platania, P., Seminara, G., Aronica, E., Troost, D., Vincenza Catania, M., and Angela Sortino, M. (2005). 17beta-estradiol rescues spinal motoneurons from AMPA-induced toxicity: a role for glial cells. Neurobiol. Dis. 20, 461–470.

Pluchino, N., Cubeddu, A., Begliuomini, S., Merlini, S., Giannini, A., Bucci, F., et al. (2009). Daily variation of brain-derived neurotrophic factor and cortisol in women with normal menstrual cycles, undergoing oral contraception and in postmenopause. Hum. Reprod. 24, 2303–2309.

Popov, D. V., Makhnovskii, P. A., Shagimardanova, E. I., Gazizova, G. R., Lysenko, E. A., Gusev, O. A., et al. (2019). Contractile activity-specific transcriptome response to acute endurance exercise and training in human skeletal muscle. Am. J. Physiol. Endocrinol. Metab. 316, E605–E614.

Pourranjbar, M., Arabnejad, N., Naderipour, K., and Rafie, F. (2018). Effects of aerobic exercises on serum levels of myonectin and insulin resistance in obese and overweight women. J. Med. Life 11, 381–386.

Prince, M., Bryce, R., Albanese, E., Wimo, A., Ribeiro, W., and Ferri, C. P. (2013). The global prevalence of dementia: a systematic review and metaanalysis. Alzheimers Dement. 9, 63–75.e2.

Qin, W., Sun, L., Cao, J., Peng, Y., Collier, L., Wu, Y., et al. (2013). The central nervous system (CNS)-independent anti-bone-resorptive activity of muscle contraction and the underlying molecular and cellular signatures. J. Biol. Chem. 288, 13511–13521.

Quinn, L. S., and Anderson, B. G. (2011). Interleukin-15, IL-15 receptor-alpha, and obesity: concordance of laboratory animal and human genetic studies. J. Obes. 2011:456347.

Quistorff, B., Secher, N. H., and Van Lieshout, J. J. (2008). Lactate fuels the human brain during exercise. FASEB J. 22, 3443–3449.

Rao, R. R., Long, J. Z., White, J. P., Svensson, K. J., Lou, J., Lokurkar, I., et al. (2014). Meteorin-like is a hormone that regulates immune-adipose interactions to increase beige fat thermogenesis. Cell 157, 1279–1291.

Raschke, S., Elsen, M., Gassenhuber, H., Sommerfeld, M., Schwahn, U., Brockmann, B., et al. (2013). Evidence against a beneficial effect of irisin in humans. PLoS One 8:e73680. doi: 10.1371/journal.pone.0073680

Rashidy-Pour, A., Bavarsad, K., Miladi-Gorji, H., Seraj, Z., and Vafaei, A. A. (2019). Voluntary exercise and estradiol reverse ovariectomy-induced spatial learning and memory deficits and reduction in hippocampal brain-derived neurotrophic factor in rats. Pharmacol. Biochem. Behav. 187:172819.

Reza, M. M., Subramaniyam, N., Sim, C. M., Ge, X., Sathiakumar, D., McFarlane, C., et al. (2017). Irisin is a pro-myogenic factor that induces skeletal muscle hypertrophy and rescues denervation-induced atrophy. Nat. Commun. 8:1104.

Rios, R., Carneiro, I., Arce, V. M., and Devesa, J. (2001). Myostatin regulates cell survival during C2C12 myogenesis. Biochem. Biophys. Res. Commun. 280, 561–566.

Roberts, L. D., Ashmore, T., McNally, B. D., Murfitt, S. A., Fernandez, B. O., Feelisch, M., et al. (2017). Inorganic nitrate mimics exercise-stimulated muscular fiber-type switching and myokine and gamma-aminobutyric acid release. Diabetes 66, 674–688.

Roca-Rivada, A., Castelao, C., Senin, L. L., Landrove, M. O., Baltar, J., Belen Crujeiras, A., et al. (2013). FNDC5/irisin is not only a myokine but also an adipokine. PLoS One 8:e60563. doi: 10.1371/journal.pone.0060563

Rodriguez Lanzi, C., Perdicaro, D. J., Gambarte Tudela, J., Muscia, V., Fontana, A. R., Oteiza, P. I., et al. (2020). Grape pomace extract supplementation activates FNDC5/irisin in muscle and promotes white adipose browning in rats fed a high-fat diet. Food Funct. 11, 1537–1546.

Rogers, N. H., Witczak, C. A., Hirshman, M. F., Goodyear, L. J., and Greenberg, A. S. (2009). Estradiol stimulates Akt, AMP-activated protein kinase (AMPK) and TBC1D1/4, but not glucose uptake in rat soleus. Biochem. Biophys. Res. Commun. 382, 646–650.

Ruan, Q., Huang, Y., Yang, L., Ruan, J., Gu, W., Zhang, X., et al. (2019). The effects of both age and sex on irisin levels in paired plasma and cerebrospinal fluid in healthy humans. Peptides 113, 41–51.

Safdar, A., Little, J. P., Stokl, A. J., Hettinga, B. P., Akhtar, M., and Tarnopolsky, M. A. (2018). Exercise increases mitochondrial PGC-1 alpha content and promotes nuclear-mitochondrial cross-talk to coordinate mitochondrial biogenesis. J. Biol. Chem. 293:4953.

Salminen, A., and Vihko, V. (1984). Autophagic response to strenuous exercise in mouse skeletal muscle fibers. Virchows Arch. B Cell. Pathol. Incl. Mol. Pathol. 45, 97–106.

Schiaffino, S., and Reggiani, C. (1994). Myosin isoforms in mammalian skeletal muscle. J. Appl. Physiol. 77, 493–501.

Schiffer, L., Barnard, L., Baranowski, E. S., Gilligan, L. C., Taylor, A. E., Arlt, W., et al. (2019). Human steroid biosynthesis, metabolism and excretion are differentially reflected by serum and urine steroid metabolomes: a comprehensive review. J. Steroid. Biochem. Mol. Biol. 194:105439.

Schreiber, S. N., Emter, R., Hock, M. B., Knutti, D., Cardenas, J., Podvinec, M., et al. (2004). The estrogen-related receptor alpha (ERRalpha) functions in PPARgamma coactivator 1alpha (PGC-1alpha)-induced mitochondrial biogenesis. Proc. Natl. Acad. Sci. U.S.A. 101, 6472–6477.

Schulkin, J. (2016). Evolutionary basis of human running and its impact on neural function. Front. Syst. Neurosci. 10:59. doi: 10.3389/fnsys.2016.00059

Schumacher, M. A., Chinnam, N., Ohashi, T., Shah, R. S., and Erickson, H. P. (2013). The structure of irisin reveals a novel intersubunit beta-sheet fibronectin type III (FNIII) dimer: implications for receptor activation. J. Biol. Chem. 288, 33738–33744.

Seifi, T., Ghaedi, K., Tanhaei, S., Karamali, F., Kiani-Esfahani, A., Peymani, M., et al. (2014). Identification, cloning, and functional analysis of the TATA-less mouse FNDC5 promoter during neural differentiation. Cell. Mol. Neurobiol. 34, 715–725.

Sepa-Kishi, D. M., Sotoudeh-Nia, Y., Iqbal, A., Bikopoulos, G., and Ceddia, R. B. (2017). Cold acclimation causes fiber type-specific responses in glucose and fat metabolism in rat skeletal muscles. Sci. Rep. 7:15430.

Serra, M. P., Poddighe, L., Boi, M., Sanna, F., Piludu, M. A., Sanna, F., et al. (2018). Effect of acute stress on the expression of BDNF, trkB, and PSA-NCAM in the hippocampus of the roman rats: a genetic model of vulnerability/resistance to stress-induced depression. Int. J. Mol. Sci. 19:3745.

Shan, T., Liang, X., Bi, P., and Kuang, S. (2013). Myostatin knockout drives browning of white adipose tissue through activating the AMPK-PGC1alpha-Fndc5 pathway in muscle. FASEB J. 27, 1981–1989.

Shirvani, H., and Rahmati-Ahmadabad, S. (2019). Irisin interaction with adipose tissue secretions by exercise training and flaxseed oil supplement. Lipids Health Dis. 18:15.

Shu, Y., Zhang, H., Kang, T., Zhang, J. J., Yang, Y., Liu, H., et al. (2013). PI3K/Akt signal pathway involved in the cognitive impairment caused by chronic cerebral hypoperfusion in rats. PLoS One 8:e81901. doi: 10.1371/journal.pone.0081901

Singh, M., Meyer, E. M., and Simpkins, J. W. (1995). The effect of ovariectomy and estradiol replacement on brain-derived neurotrophic factor messenger ribonucleic acid expression in cortical and hippocampal brain regions of female Sprague-Dawley rats. Endocrinology 136, 2320–2324.

Singhal, V., Lawson, E. A., Ackerman, K. E., Fazeli, P. K., Clarke, H., Lee, H., et al. (2014). Irisin levels are lower in young amenorrheic athletes compared with eumenorrheic athletes and non-athletes and are associated with bone density and strength estimates. PLoS One 9:e100218. doi: 10.1371/journal.pone.0100218

Siteneski, A., Cunha, M. P., Lieberknecht, V., Pazini, F. L., Gruhn, K., Brocardo, P. S., et al. (2018). Central irisin administration affords antidepressant-like effect and modulates neuroplasticity-related genes in the hippocampus and prefrontal cortex of mice. Prog. Neuropsychopharmacol. Biol. Psychiatry 84, 294–303.

Sleiman, S. F., Henry, J., Al-Haddad, R., El Hayek, L., Abou Haidar, E., Stringer, T., et al. (2016). Exercise promotes the expression of brain derived neurotrophic factor (BDNF) through the action of the ketone body beta-hydroxybutyrate. Elife 5:e15092.

Soltysik, K., and Czekaj, P. (2013). Membrane estrogen receptors – is it an alternative way of estrogen action? J. Physiol. Pharmacol. 64, 129–142.

Song, Z., Moore, D. R., Hodson, N., Ward, C., Dent, J. R., O’Leary, M. F., et al. (2017). Resistance exercise initiates mechanistic target of rapamycin (mTOR) translocation and protein complex co-localisation in human skeletal muscle. Sci. Rep. 7:5028.

Spalding, K. L., Bergmann, O., Alkass, K., Bernard, S., Salehpour, M., Huttner, H. B., et al. (2013). Dynamics of hippocampal neurogenesis in adult humans. Cell 153, 1219–1227.

Spence, R. D., Hamby, M. E., Umeda, E., Itoh, N., Du, S., Wisdom, A. J., et al. (2011). Neuroprotection mediated through estrogen receptor-alpha in astrocytes. Proc. Natl. Acad. Sci. U.S.A. 108, 8867–8872.

Staiger, H., Bohm, A., Scheler, M., Berti, L., Machann, J., Schick, F., et al. (2013). Common genetic variation in the human FNDC5 locus, encoding the novel muscle-derived ‘browning’ factor irisin, determines insulin sensitivity. PLoS One 8:e61903. doi: 10.1371/journal.pone.0061903

Steensberg, A., van Hall, G., Osada, T., Sacchetti, M., Saltin, B., and Klarlund Pedersen, B. (2000). Production of interleukin-6 in contracting human skeletal muscles can account for the exercise-induced increase in plasma interleukin-6. J. Physiol. 529(Pt 1), 237–242. doi: 10.1111/j.1469-7793.2000.00237.x

Steiner, J. L., Murphy, E. A., McClellan, J. L., Carmichael, M. D., and Davis, J. M. (2011). Exercise training increases mitochondrial biogenesis in the brain. J. Appl. Physiol. 111, 1066–1071. doi: 10.1152/japplphysiol.00343.2011

St-Pierre, J., Drori, S., Uldry, M., Silvaggi, J. M., Rhee, J., Jager, S., et al. (2006). Suppression of reactive oxygen species and neurodegeneration by the PGC-1 transcriptional coactivators. Cell 127, 397–408. doi: 10.1016/j.cell.2006.09.024

Strohle, A., Stoy, M., Graetz, B., Scheel, M., Wittmann, A., Gallinat, J., et al. (2010). Acute exercise ameliorates reduced brain-derived neurotrophic factor in patients with panic disorder. Psychoneuroendocrinology 35, 364–368. doi: 10.1016/j.psyneuen.2009.07.013

Swenson, S., Blum, K., McLaughlin, T., Gold, M. S., and Thanos, P. K. (2020). The therapeutic potential of exercise for neuropsychiatric diseases: a review. J. Neurol. Sci. 412:116763. doi: 10.1016/j.jns.2020.116763

Szalardy, L., Molnar, M. F., Zadori, D., Cseh, E. K., Veres, G., Kovacs, G. G., et al. (2018). Non-motor behavioral alterations of PGC-1alpha-deficient mice – a peculiar phenotype with slight male preponderance and no apparent progression. Front. Behav. Neurosci. 12:180. doi: 10.3389/fnbeh.2018.00180

Szilasi, M. E., Pak, K., Kardos, L., Varga, V. E., Seres, I., Mikaczo, A., et al. (2017). The alteration of irisin-brain-derived neurotrophic factor axis parallels severity of distress disorder in bronchial asthma patients. Front. Neurosci. 11:653. doi: 10.3389/fnins.2017.00653

Tanaka, K., Quadros, A. C. Jr., Santos, R. F., Stella, F., Gobbi, L. T., and Gobbi, S. (2009). Benefits of physical exercise on executive functions in older people with Parkinson’s disease. Brain Cogn. 69, 435–441. doi: 10.1016/j.bandc.2008.09.008

Teufel, A., Malik, N., Mukhopadhyay, M., and Westphal, H. (2002). Frcp1 and Frcp2, two novel fibronectin type III repeat containing genes. Gene 297, 79–83. doi: 10.1016/S0378-1119(02)00828-4

Thackray, A. E., Deighton, K., King, J. A., and Stensel, D. J. (2016). Exercise, appetite and weight control: are there differences between men and women? Nutrients 8:583. doi: 10.3390/nu8090583

Tiano, J. P., Springer, D. A., and Rane, S. G. (2015). SMAD3 negatively regulates serum irisin and skeletal muscle FNDC5 and peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1alpha) during exercise. J. Biol. Chem. 290, 7671–7684. doi: 10.1074/jbc.M114.617399

Tine Kartinah, N., Rosalyn Sianipar, I., Nafi’ah, and Rabia (2018). The effects of exercise regimens on irisin levels in obese rats model: comparing high-intensity intermittent with continuous moderate-intensity training. Biomed. Res. Int. 2018:4708287. doi: 10.1155/2018/4708287

Trayhurn, P., Drevon, C. A., and Eckel, J. (2011). Secreted proteins from adipose tissue and skeletal muscle – adipokines, myokines and adipose/muscle cross-talk. Arch. Physiol. Biochem. 117, 47–56. doi: 10.3109/13813455.2010.535835

Trenerry, M. K., Della Gatta, P. A., Larsen, A. E., Garnham, A. P., and Cameron-Smith, D. (2011). Impact of resistance exercise training on interleukin-6 and JAK/STAT in young men. Muscle Nerve 43, 385–392. doi: 10.1002/mus.21875

Tsuchiya, Y., Ando, D., Takamatsu, K., and Goto, K. (2015). Resistance exercise induces a greater irisin response than endurance exercise. Metabolism 64, 1042–1050. doi: 10.1016/j.metabol.2015.05.010

Tsunemi, T., Ashe, T. D., Morrison, B. E., Soriano, K. R., Au, J., Roque, R. A., et al. (2012). PGC-1alpha rescues Huntington’s disease proteotoxicity by preventing oxidative stress and promoting TFEB function. Sci. Transl. Med. 4:142ra97. doi: 10.1126/scitranslmed.3003799

Tu, W. J., Qiu, H. C., Liu, Q., Li, X., Zhao, J. Z., and Zeng, X. (2018). Decreased level of irisin, a skeletal muscle cell-derived myokine, is associated with post-stroke depression in the ischemic stroke population. J. Neuroinflammation 15:133. doi: 10.1186/s12974-018-1177-6

Vanacker, J. M., Bonnelye, E., Chopin-Delannoy, S., Delmarre, C., Cavailles, V., and Laudet, V. (1999). Transcriptional activities of the orphan nuclear receptor ERR alpha (estrogen receptor-related receptor-alpha). Mol. Endocrinol. 13, 764–773. doi: 10.1210/mend.13.5.0281

Varela-Rodriguez, B. M., Pena-Bello, L., Juiz-Valina, P., Vidal-Bretal, B., Cordido, F., and Sangiao-Alvarellos, S. (2016). FNDC5 expression and circulating irisin levels are modified by diet and hormonal conditions in hypothalamus, adipose tissue and muscle. Sci. Rep. 6:29898. doi: 10.1038/srep29898

Vaughan, R. A., Gannon, N. P., Barberena, M. A., Garcia-Smith, R., Bisoffi, M., Mermier, C. M., et al. (2014). Characterization of the metabolic effects of irisin on skeletal muscle in vitro. Diabetes Obes. Metab. 16, 711–718. doi: 10.1111/dom.12268

Vaynman, S., Ying, Z., and Gomez-Pinilla, F. (2004). Hippocampal BDNF mediates the efficacy of exercise on synaptic plasticity and cognition. Eur. J. Neurosci. 20, 2580–2590. doi: 10.1111/j.1460-9568.2004.03720.x

Vecchio, L. M., Meng, Y., Xhima, K., Lipsman, N., Hamani, C., and Aubert, I. (2018). The neuroprotective effects of exercise: maintaining a healthy brain throughout aging. Brain Plast. 4, 17–52. doi: 10.3233/BPL-180069

Velders, M., Schleipen, B., Fritzemeier, K. H., Zierau, O., and Diel, P. (2012). Selective estrogen receptor-beta activation stimulates skeletal muscle growth and regeneration. FASEB J. 26, 1909–1920. doi: 10.1096/fj.11-194779

Vonsattel, J. P., and DiFiglia, M. (1998). Huntington disease. J. Neuropathol. Exp. Neurol. 57, 369–384. doi: 10.1097/00005072-199805000-00001

Wahab, F., Khan, I. U., Polo, R., Zubair, H., Drummer, C., Shahab, M., et al. (2019). Irisin in the primate hypothalamus and its effect on GnRH in vitro. J. Endocrinol. 241, 175–187. doi: 10.1530/JOE-18-0574

Wang, C. J., Wu, Y., Zhang, Q., Yu, K. W., and Wang, Y. Y. (2019). An enriched environment promotes synaptic plasticity and cognitive recovery after permanent middle cerebral artery occlusion in mice. Neural. Regen. Res. 14, 462–469. doi: 10.4103/1673-5374.245470

Wang, F. S., Kuo, C. W., Ko, J. Y., Chen, Y. S., Wang, S. Y., Ke, H. J., et al. (2020). Irisin mitigates oxidative stress, chondrocyte dysfunction and osteoarthritis development through regulating mitochondrial integrity and autophagy. Antioxidants 9:810. doi: 10.3390/antiox9090810

Wang, K., Song, F., Xu, K., Liu, Z., Han, S., Li, F., et al. (2019). Irisin attenuates neuroinflammation and prevents the memory and cognitive deterioration in streptozotocin-induced diabetic mice. Mediators Inflamm. 2019:1567179. doi: 10.1155/2019/1567179

Wang, L. R., and Baek, S. S. (2018). Treadmill exercise activates PI3K/Akt signaling pathway leading to GSK-3beta inhibition in the social isolated rat pups. J. Exerc. Rehabil. 14, 4–9. doi: 10.12965/jer.1836054.027

Wang, S., and Pan, J. (2016). Irisin ameliorates depressive-like behaviors in rats by regulating energy metabolism. Biochem. Biophys. Res. Commun. 474, 22–28. doi: 10.1016/j.bbrc.2016.04.047

Wang, Y., Liu, H., Zhang, B. S., Soares, J. C., and Zhang, X. Y. (2016). Low BDNF is associated with cognitive impairments in patients with Parkinson’s disease. Parkinsonism Relat. Disord. 29, 66–71. doi: 10.1016/j.parkreldis.2016.05.023

Wang, Z., Chen, K., Han, Y., Zhu, H., Zhou, X., Tan, T., et al. (2018). Irisin protects heart against ischemia-reperfusion injury through a SOD2-dependent mitochondria mechanism. J. Cardiovasc. Pharmacol. 72, 259–269. doi: 10.1097/FJC.0000000000000608

Winchester, J., Dick, M. B., Gillen, D., Reed, B., Miller, B., Tinklenberg, J., et al. (2013). Walking stabilizes cognitive functioning in Alzheimer’s disease (AD) across one year. Arch. Gerontol. Geriatr. 56, 96–103. doi: 10.1016/j.archger.2012.06.016

Winder, W. W., and Hardie, D. G. (1996). Inactivation of acetyl-CoA carboxylase and activation of AMP-activated protein kinase in muscle during exercise. Am. J. Physiol. 270, E299–E304. doi: 10.1152/ajpendo.1996.270.2.E299

Winder, W. W., Holmes, B. F., Rubink, D. S., Jensen, E. B., Chen, M., and Holloszy, J. O. (2000). Activation of AMP-activated protein kinase increases mitochondrial enzymes in skeletal muscle. J. Appl. Physiol. 88, 2219–2226. doi: 10.1152/jappl.2000.88.6.2219

Wrann, C. D. (2015). FNDC5/irisin – their role in the nervous system and as a mediator for beneficial effects of exercise on the brain. Brain Plast. 1, 55–61. doi: 10.3233/BPL-150019

Wrann, C. D., White, J. P., Salogiannnis, J., Laznik-Bogoslavski, D., Wu, J., Ma, D., et al. (2013). Exercise induces hippocampal BDNF through a PGC-1alpha/FNDC5 pathway. Cell Metab. 18, 649–659. doi: 10.1016/j.cmet.2013.09.008

Wright, D. C., Hucker, K. A., Holloszy, J. O., and Han, D. H. (2004). Ca2+ and AMPK both mediate stimulation of glucose transport by muscle contractions. Diabetes 53, 330–335. doi: 10.2337/diabetes.53.2.330

Xia, D. Y., Huang, X., Bi, C. F., Mao, L. L., Peng, L. J., and Qian, H. R. (2017). PGC-1alpha or FNDC5 is involved in modulating the effects of abeta1-42 oligomers on suppressing the expression of BDNF, a beneficial factor for inhibiting neuronal apoptosis, abeta deposition and cognitive decline of APP/PS1 Tg mice. Front. Aging Neurosci. 9:65. doi: 10.3389/fnagi.2017.00065

Xie, X., Yang, H., An, J. J., Houtz, J., Tan, J. W., Xu, H., et al. (2019). Activation of anxiogenic circuits instigates resistance to diet-induced obesity via increased energy expenditure. Cell Metab. 29, 917–931.e4. doi: 10.1016/j.cmet.2018.12.018

Xiong, Y., Wu, Z., Zhang, B., Wang, C., Mao, F., Liu, X., et al. (2019). Fndc5 loss-of-function attenuates exercise-induced browning of white adipose tissue in mice. FASEB J. 33, 5876–5886. doi: 10.1096/fj.201801754RR

Xu, S. L., Bi, C. W., Choi, R. C., Zhu, K. Y., Miernisha, A., Dong, T. T., et al. (2013). Flavonoids induce the synthesis and secretion of neurotrophic factors in cultured rat astrocytes: a signaling response mediated by estrogen receptor. Evid. Based Complement. Alternat. Med. 2013:127075. doi: 10.1155/2013/127075

Yang, X. Y., Tse, M. C. L., Hu, X., Jia, W. H., Du, G. H., and Chan, C. B. (2018). Interaction of CREB and PGC-1alpha induces fibronectin type III domain-containing protein 5 expression in C2C12 myotubes. Cell. Physiol. Biochem. 50, 1574–1584. doi: 10.1159/000494655

Yang, X., Brobst, D., Chan, W. S., Tse, M. C. L., Herlea-Pana, O., Ahuja, P., et al. (2019). Muscle-generated BDNF is a sexually dimorphic myokine that controls metabolic flexibility. Sci. Signal. 12:eaau1468. doi: 10.1126/scisignal.aau1468

Yao, J., Irwin, R., Chen, S., Hamilton, R., Cadenas, E., and Brinton, R. D. (2012). Ovarian hormone loss induces bioenergetic deficits and mitochondrial beta-amyloid. Neurobiol. Aging 33, 1507–1521. doi: 10.1016/j.neurobiolaging.2011.03.001

Yu, K. W., Wang, C. J., Wu, Y., Wang, Y. Y., Wang, N. H., Kuang, S. Y., et al. (2020). An enriched environment increases the expression of fibronectin type III domain-containing protein 5 and brain-derived neurotrophic factor in the cerebral cortex of the ischemic mouse brain. Neural. Regen. Res. 15, 1671–1677. doi: 10.4103/1673-5374.276339

Yu, Q., Li, G., Ding, Q., Tao, L., Li, J., Sun, L., et al. (2020). Irisin protects brain against ischemia/reperfusion injury through suppressing TLR4/MyD88 pathway. Cerebrovasc. Dis. 49, 346–354. doi: 10.1159/000505961

Zawada, I., Masternak, M. M., List, E. O., Stout, M. B., Berryman, D. E., Lewinski, A., et al. (2015). Gene expression of key regulators of mitochondrial biogenesis is sex dependent in mice with growth hormone receptor deletion in liver. Aging 7, 195–204. doi: 10.18632/aging.100733

Zhang, D., Xie, T., and Leung, P. S. (2018). Irisin ameliorates glucolipotoxicity-associated beta-cell dysfunction and apoptosis via AMPK signaling and anti-inflammatory actions. Cell Physiol. Biochem. 51, 924–937. doi: 10.1159/000495395

Zhang, X., Chen, X. P., Lin, J. B., Xiong, Y., Liao, W. J., and Wan, Q. (2017). Effect of enriched environment on angiogenesis and neurological functions in rats with focal cerebral ischemia. Brain Res. 1655, 176–185. doi: 10.1016/j.brainres.2016.11.001

Zhang, Y., Li, R., Meng, Y., Li, S., Donelan, W., Zhao, Y., et al. (2014). Irisin stimulates browning of white adipocytes through mitogen-activated protein kinase p38 MAP kinase and ERK MAP kinase signaling. Diabetes 63, 514–525. doi: 10.2337/db13-1106

Zhang, Z., and Teng, C. T. (2007). Interplay between estrogen-related receptor alpha (ERRalpha) and gamma (ERRgamma) on the regulation of ERRalpha gene expression. Mol. Cell. Endocrinol. 264, 128–141. doi: 10.1016/j.mce.2006.11.002

Zhao, J., Su, Z., Qu, C., and Dong, Y. (2017). Effects of 12 weeks resistance training on serum irisin in older male adults. Front Physiol 8:171. doi: 10.3389/fphys.2017.00171

Zheng, B., Liao, Z., Locascio, J. J., Lesniak, K. A., Roderick, S. S., Watt, M. L., et al. (2010). PGC-1alpha, a potential therapeutic target for early intervention in Parkinson’s disease. Sci. Transl. Med. 2:52ra73. doi: 10.1126/scitranslmed.3001059

Zschucke, E., Gaudlitz, K., and Strohle, A. (2013). Exercise and physical activity in mental disorders: clinical and experimental evidence. J. Prev. Med. Public Health 46(Suppl. 1), S12–S21. doi: 10.3961/jpmph.2013.46.S.S12

Zuccato, C., Ciammola, A., Rigamonti, D., Leavitt, B. R., Goffredo, D., Conti, L., et al. (2001). Loss of huntingtin-mediated BDNF gene transcription in Huntington’s disease. Science 293, 493–498. doi: 10.1126/science.1059581

Zuccato, C., Liber, D., Ramos, C., Tarditi, A., Rigamonti, D., Tartari, M., et al. (2005). Progressive loss of BDNF in a mouse model of Huntington’s disease and rescue by BDNF delivery. Pharmacol. Res. 52, 133–139. doi: 10.1016/j.phrs.2005.01.001

Zugel, M., Qiu, S., Laszlo, R., Bosnyak, E., Weigt, C., Muller, D., et al. (2016). The role of sex, adiposity, and gonadectomy in the regulation of irisin secretion. Endocrine 54, 101–110. doi: 


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 Jodeiri Farshbaf and Alviña. 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.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Multiple Roles in Neuroprotection for the Exercise Derived Myokine Irisin



		INTRODUCTION



		IMPACT OF EXERCISE ON SKELETAL MUSCLE



		THE MYOKINE IRISIN



		Structure



		Regulation of the Expression of FNDC5/Irisin



		Expression in Skeletal Muscle



		Expression of FNDC5/Irisin in the Brain







		Signaling Pathways Involved and Function



		Skeletal Muscle



		Brain











		SEX DIMORPHISM IN EXERCISE AND FNDC5/IRISIN



		Sex Hormones and Skeletal Muscles



		Sex Hormones and FNDC5/Irisin in the Brain







		ROLE OF FNDC5/IRISIN IN NEUROLOGICAL AND NEUROPSYCHIATRIC DISORDERS



		FNDC5/Irisin in Neurological Diseases



		FNDC5/Irisin in Neuropsychiatric Disorders







		DISCUSSION



		AUTHOR CONTRIBUTIONS



		FOOTNOTES



		REFERENCES

















OPS/images/fnagi-13-649929-g003.jpg
Enriched ——
environment Xercise
Chronic stress =<~
z = \
4 1
7_ Cortex / \ \
[ P4 T
M J—"’ N w3 =
T R e 3" Cerebellum *
Olfactory bulb Hippocampus U
Insulin JT—
/, ™ N
\ .
™ Hypothalamus
\\ ’/
~ - -

W\

Cerebellum *

Hippocampus

Olfactory bulb

Hypothalamus





OPS/images/cover.jpg
, frontiers
in Aging Neuroscience






OPS/images/fnagi-13-649929-g002.jpg
A Human

Cervical spinal cord n
Amygdala [ 10 |
Caudate nucleus
Cerebellum 115
Cerebral cortex
Hippocampus
Hypothalamus
Nucleus Accumbens
Pituitary gland
Putamen
Substantia Nigra
B Mouse C57BL/6

Cerebral cortex
Superior/inferior colliculus _
Striatum _
Superior/inferior colliculus —

Hippocampus






OPS/images/fnagi-13-649929-g001.jpg
Human MHPGSPSAWPPRARBALRLWLGCVCFALVQADSPSAPVINVTVRHLKANSAVVSWOVLEDE 60
Mouse -MPPGPCAWPPR - -PALRLWLGCVCFALVQADSPSAPVNVTVRHLKANSAVVSWOVLEDE 57
Rat -MPPGPCAWPPR - -BALRLWLGCVCFALVQADSPSAPVINVTVRHLKANSAVVSWOVLEDE 57
R e T P e P
Human WIGFAISQQKKOVRMLRFIQEVNTTTRSCALWOLEEDTEYIVHVQAISIQGQSPASEPY 120
Mouse WIGFAISQQKKOVRMLRFIQEVNTTTRSCALWOLEEDTEYIVHVQAISIQGQSPASEPV 117
Rat WIGFAISQQKKOVRMLRFIQEVNTTTRSCALWOLEEDTEYIVHVQAISIQGQSPASEPV 117
B D T e e e
Human LFKTPREAEKMASKNKDEVTMKEMGRNQQLRTGEVLIIVWLFMWAGVIALFCRQYDIIK 180
Mouse LFKTPREAEKMASKNKDEVTMKEMGRNQQLRTGEVLI IVWILFMWAGVIALFCRQYDIIK 177
Rat LFKTPREAE KEMGRNQQLRTGEVLIIVWLFMWAGVIALFCRQYDIIK 177

Human DNEPNNNKEKTKSASETSTPEHQGGGLLRSKI 212

Mouse DNEPNNNKEKTKSASETSTPEHQGGGLLRSKI 209

Rat DNEPNNNKEKTKSASETSTPEHQGGGLLRSKI 209
AR AR EA AR AR RER AR E R

B

=) C-terminal

1-29 30-123 124-151  152-170 171-209
| J L J
Extracellular Cytoplasmic

Human

MHPGSPSAWPPRARAALRLWLGCVCFALVQADSPSAPVNVTVRHLKANSAVVSWDVLEDE
VVIGFAIS QQKKDVRMLRFIQEVNTTTRSCALWDLEEDTEYIVHVQAISIQGQSPASEPVLFK

TPREAEKMASKNKDEVTMKEMGRNQQLRTGEVUIVVVLFMWAGVIALFCRQYDIIKDNEPN
NNKEKTKSASETSTPEHQGGGLLRSKI

Mouse

MPPGPCAWPPRAALRLWLGCVCFALVQADSPSAPVNVTVRHLKANSAVVSWDVLEDEWI
GFAISQQKKDVRMLRFIQEVNTTTRSCALWDLEEDTEYIVHVQAISIQGQSPASEPVLFKTPR
EAEKMASKNKDEVTMKEMGRNQQLRTGEVLUIVVVLFMWAGVIALFCRQYDIIKDNEPNNNK
EKTKSASETSTPEHQGGGLLRSKI









OPS/images/fnagi-13-649929-g004.jpg
Improved function ERK1/2

Bdnf o
—FndcS FNDC5/lIrisin

receptor

Microglia






OPS/images/logo.jpg
’ frontiers
in Aging Neuroscience





OPS/images/fnagi-13-649929-t001.jpg
Myokine Type of exercise Species References
Irisin Aerobic/Resistance Rodents/Human Wrann et al., 2013; Huh et al.,
2015; Tsuchiya et al., 2015;
Tine Kartinah et al., 2018
Fibroblast growth factor-21 (FGF21) Aerobic/Resistance Rodents/Human Kim et al., 2013; Kim and
Song, 2017
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2007; Delavar et al., 2014
Growth differentiation factor 15 (GDF-15) Aerobic Human Kleinert et al., 2018
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2014; Church et al., 2016; Kim
et al., 2020; Nilsson et al., 2020
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etal., 2018
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