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ABSTRACT
The myokine revolution has dramatically shifted the paradigm of integrated physiology, bridging exercise adaptations to the 
prevention of a wide range of chronic diseases. Exercise stimulates irisin synthesis and secretion, which not only regulates mus-
culoskeletal functions but also improves physical performance and metabolic homeostasis through its autocrine, paracrine and 
endocrine functions. This myogenic exerkine has now been recognized to be produced by multiple tissues and exert metabolic 
health benefits through pleiotropic effects, that is, promoting white adipose tissue browning, enhancing glycolipid metabolism, 
increasing energy expenditure and modulating insulin sensitivity. Evidence supports the emerging roles of irisin as a potential 
biomarker and treatment target for further investigation in Type 2 diabetes mellitus (T2DM), although the therapeutic effects 
may depend on tissue origin, metabolic status and other factors such as sex and body mass index. Moreover, methodological 
challenges remain in accurately measuring circulating irisin levels. Given the complex interplay among exercise, irisin and 
T2DM, this review aims to elucidate the molecular mechanisms by which irisin mediates organ crosstalk and ameliorates insulin 
resistance (IR) from a perspective of exercise biology. Our work provides a theoretical foundation for improving exercise-based 
T2DM prevention and treatment strategies. Although the pleiotropic effects of irisin position it as an intriguing molecular candi-
date, we also emphasize that direct causal evidence in humans remains scarce, and that irisin should currently be viewed as an 
experimental molecule rather than a validated clinical target for T2DM, given the lack of randomized controlled trials and the 
unresolved causal questions.

1   |   Introduction

Type 2 diabetes mellitus (T2DM) constitutes 90%–95% of diabetic 
cases globally, with the projected prevalence reaching 783 mil-
lion by 2045 (Sun et al. 2022). T2DM constitutes a growing global 
pandemic, with its pathogenesis centrally rooted in systemic 
insulin resistance (IR) (Galicia-Garcia et  al.  2020). Although 
exercise stands as the most popular non-pharmaceutical inter-
vention for T2DM, the underpinning molecular mechanisms, 

especially about how exercise ameliorates IR, have not been 
fully understood.

Exercise induces the release of various signaling molecules 
from multiple tissues, collectively termed exerkines, which 
mediate the systemic benefits of physical activity (Severinsen 
and Pedersen 2020; Hoffmann and Weigert 2017; Pedersen and 
Febbraio 2012). Irisin, an exercise-induced myokine derived from 
fibronectin Type III domain-containing protein 5 (FNDC5), has 
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emerged as a critical exerkine mediating systemic metabolic ben-
efits of exercise (Chi et al. 2022; Zhang et al. 2025). Our under-
standing of irisin shifted dramatically since its first identification 
in 2012, from its simple myogenic effect to complex endocrine 
metabolic benefits. More recently, irisin has also been recog-
nized as an exerkine originated from multiple tissues and exert 
cross-organ metabolic health benefits through pleiotropic ef-
fects. Notably, circulating irisin levels are frequently diminished 
in T2DM (Choi et  al.  2013; Martinez Munoz et  al.  2018; Song 
et al. 2019; Liu, Wong, et al. 2013). This deficiency is thought to 
reflect a loss of irisin-mediated beneficial effects, including the 
browning of white adipose and the enhancement of systemic in-
sulin sensitivity (García-Fontana et al. 2016; Guilford et al. 2017). 
Consequently, irisin is now actively investigated not only as a 
potential diagnostic biomarker but also as a potential therapeutic 
agent for several metabolic disorders (Al-Rawaf et al. 2021; Ma 
et al. 2021; Waseem et al. 2021; Kulthinee et al. 2022).

Here, we provide a systematic and mechanistic overview of 
how irisin acts as a central mediator in ameliorating IR, and 
therefore T2DM, through bridging muscular capacity and 
metabolic homeostasis. Mainly synthesized in the skeletal 
muscle during exercise, irisin mediates systemic cross-talk 
and thereby coordinates multi-tissue metabolic improve-
ments, which exemplifies the “myokine to exerkine” evolution 
of our view. Building upon this foundation, the review spe-
cifically examines how different exercise modalities differen-
tially regulate irisin, elucidating the complex links between 
exercise and irisin dynamics. Finally, the review focuses on 
the specific molecular pathways through which irisin exerts 
its metabolic benefits, thus positioning irisin as a potential 
treatment target of T2DM and other metabolic disorders for 
future studies.

2   |   Basic Biology of Irisin

2.1   |   Biosynthesis and Secretory Regulation 
of Irisin

As a major peripheral tissue essential for energy expenditure 
and locomotion, skeletal muscle exerts endocrine functions by 
secreting cytokines and bioactive peptides termed “myokines” 
(Severinsen and Pedersen 2020). Secretion of myokines is stim-
ulated by exercise to regulate local muscular functions through 
autocrine/paracrine mechanisms, and more importantly, to 
modulate systemic homeostasis and overall physiology via inter-
organ communication with tissues such as the liver, adipose 
tissue and the brain (Sharabi et  al.  2015; Petersen et  al.  2017; 
Lin and Accili  2011; Koo et  al.  2004; Ma et  al.  2015; Roberts 
et al. 2014; Quinn et al. 2005; Vaynman et al. 2003). Naturally, 
these muscle-derived factors have also been proposed to con-
tribute to the health benefits associated with exercise (Polyzos 
et al. 2013). Among these, irisin has emerged as a pivotal and 
most widely studied one. It is a myokine derived from FNDC5 
through protein hydrolase cleavage. Firstly identified by Boström 
et al., it is predominantly produced in the skeletal muscle during 
exercise in both humans and mice, with also minimal synthesis 
in the liver and adipose (Boström et al. 2012). Although FNDC5 
is detectable in almost all tissues, the highest mRNA expression 
is found in skeletal muscle (Huh et al. 2012; Flori et al.  2021; 
Varela-Rodríguez et  al.  2016) (Figure  1), which accounts for 
72% of all irisin production (Boström et al. 2012; Roca-Rivada 
et  al.  2013; Guo, Peng, et  al.  2024; O'Reilly et  al.  2022; Geng 
et  al.  2019; Zhao  2022; Us Altay et  al.  2024; Pan et  al.  2021; 
Nunkoo et  al.  2024; Jodeiri Farshbaf and Alviña  2021; Liu 
et al. 2023; Song et al. 2023; Inyushkin et al. 2023; Rodríguez 
et  al.  2015; Gonzalez-Gil et  al.  2019; Chen et  al.  2025; Wu 

FIGURE 1    |    Gene expression of FNDC5 in different tissues of human and rat. FNDC5 gene expression in percentage relative to expression in the 
skeletal muscle (100%) is presented. The number of filled boxes indicates mRNA levels of FNDC5. The results were derived from the quantitative 
analyzes using reverse transcription quantitative real-time PCR (RT-qPCR) methods, respectively (García-Fontana et al. 2016; Guilford et al. 2017; 
Al-Rawaf et al. 2021).
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et al. 2022; Molnár et al. 2022; Arhire et al. 2019; Liu et al. 2019; 
Andrade et al. 2019; He et al. 2022; Becerril et al. 2019; Moreno-
Navarrete et al. 2013; Norheim et al. 2014) (Table 1). It has been 
shown that skeletal muscle contraction induces FNDC5 expres-
sion and irisin secretion through pathways mastered by the 
peroxisome proliferator-activated receptor gamma coactivator 1 
alpha (PPARGC1A, encoding PGC-1α) (Cho et al. 2021).

2.2   |   Pleiotropic Biological Effects of Irisin 
and Underlying Molecular Mechanisms

Irisin orchestrates pleiotropic effects by activating multi-
ple cellular signaling pathways, most notably the mitogen-
activated protein kinase (MAPK) (Pang et al. 2017), adenosine 
5′-mono⁃phosphate (AMP)-activated protein kinase (AMPK) 
(Tang et al. 2016; Li et al. 2018), wingless/integrated (Wnt) (Li, 
Tian, et al. 2021), signal transducer and activator of transcription 
3 (STAT3) (Kim et al. 2023) and phosphatidylinositol 3-kinase 
(PI3K)/protein kinase B (AKT) pathways (Shi et al. 2017). These 
diverse signals are initiated upon irisin binding to its functional 
receptor complex, αV/β5 integrin, which mediates its cellular 
adhesion and downstream action (Lin et  al.  2021; Liu, Cui, 
et  al.  2022). In energy metabolism and glucose homeostasis, 
irisin activates the MAPK signaling to facilitate white adipose 
browning, neuronal differentiation, osteoblast proliferation, 
and pancreatic islet cell proliferation (Liu et  al.  2017; Qiao 
et  al.  2016; Hosseini Farahabadi et  al.  2015), an effect consis-
tently demonstrated in multiple rodent models and in vitro stud-
ies. The exerkine also enhances skeletal muscle glucose uptake 
(Xin et  al.  2016), insulin sensitivity, and regulates endothelial 
proliferation and neovascularization through the AMPK-Akt-
endothelial nitric oxide synthase (eNOS)-nitric oxide (NO) 
pathway (Yang et al. 2015), a pathway that has been known to 
improve wound healing, endothelial function, and blood pres-
sure in T2DM patients (Liu et al. 2017; Tepper et al. 2002; Fu 
et al. 2016). The mechanism is supported by human association 
studies, although the detailed molecular basis is mainly derived 
from animal experiments. In lipid metabolism, irisin inhib-
its adipocyte differentiation and stimulates the Wnt signaling 
during lipid metabolism (Ma et al. 2019), from both in vitro and 
rodent studies.

In neuroprotection (Sadier et al. 2024), irisin-mediated STAT3 
activation subsequent to blood–brain barrier penetration thereby 
mitigates pathogenesis of Alzheimer's disease (Kim et al. 2023; 
Huang et  al.  2019; Kim et  al.  2025). Moreover, irisin inhibits 
cancer progression by suppressing PI3K/AKT-mediated migra-
tion, proliferation, and invasion of lung cancer cells, and induces 
apoptosis and inhibits proliferation in pancreatic cancer cells 
(Zhang et al. 2019; Shao et al. 2017). Last but not least, in anti-
inflammation, the activation of the toll-like receptor 4 (TLR4)/
myeloid differentiation factor 88 (MyD88) signaling pathway 
has been linked to irisin's anti-inflammatory properties. Irisin 
also promotes M2 macrophage differentiation through janus 
kinase 2 (JAK2)/STAT6-dependent activation of the peroxisome 
proliferator-activated receptor gamma (PPARγ) and nuclear fac-
tor erythroid 2-related factor 2 (Nrf2)-associated transcriptional 
events (Tu et al. 2023). These anti-inflammatory and neuropro-
tective effects are well supported by rodent studies, whereas the 
anti-cancer evidence should be considered preliminary. The T
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multimodal characteristic of irisin has pinpointed it as a prom-
ising therapeutic target for metabolic and degenerative disorders 
such as T2DM (Mazur-Bialy et al. 2017).

2.3   |   Methodological Challenges in Measuring 
Circulating Irisin

Interpretation of circulating irisin levels in humans is compli-
cated by significant technical limitations. Most clinical studies 
rely on enzyme-linked immunosorbent assay (ELISA) kits, but 
concerns about antibody specificity, cross-reactivity with un-
related serum proteins, and lack of harmonization across plat-
forms have been repeatedly raised (Albrecht et al. 2015; Hirsch 
et al. 2015). Notably, Albrecht et al. questioned the validity of sev-
eral widely used commercial ELISA assays, demonstrating sub-
stantial antibody cross-reactivity with non-irisin serum proteins 
and arguing that some reported circulating irisin concentrations 
may not represent authentic irisin levels (Albrecht et al. 2015). 
Consequently, associations between circulating irisin and met-
abolic outcomes should be interpreted cautiously, particularly 
when based on studies lacking independent analytical valida-
tion. Furthermore, marked species differences exist in FNDC5/
irisin expression and regulation. Rodent skeletal muscle shows 
a more robust exercise-inducible increase in Fndc5 mRNA com-
pared to human skeletal muscle (Figure 1), and the circulating 
half-life of irisin differs substantially between mice and humans 
(Kazeminasab et al. 2022; Tsiani et al. 2021; Zhao et al. 2026). 
In addition, the tissue-specific contribution to circulating iri-
sin may vary across species and metabolic states, representing 
an aspect that remains inadequately characterized. Therefore, 
findings from rodent studies, especially those involving phar-
macological irisin injections, should be extrapolated to human 
physiology with caution. The concern regarding accurately mea-
suring circulating irisin extends beyond antibody specificity, as 
glycosylation heterogeneity further complicates irisin measure-
ment. Non-glycosylated irisin has been shown to be more po-
tent in improving insulin resistance (Mazur-Bialy 2019), raising 
the possibility that current immunoassays may not distinguish 
functionally different isoforms. Thus, the development of stan-
dardized and isoform-sensitive detection methods for irisin re-
mains a priority for future study.

3   |   Irisin as an Exerkine in Organ Crosstalk and IR 
Amelioration

3.1   |   How Exercise Improves T2DM: The General 
Picture

Exercise therapy has progressed from early empirical inves-
tigations to a cornerstone of T2DM management endorsed 
by international guidelines (Kanaley et  al.  2022; Cosentino 
et  al.  2020; Mendes et  al.  2016; Colberg et  al.  2010; Luo 
et  al.  2023). Given its sustained efficacy, safety, and cost-
effectiveness, exercise has also garnered significant re-
search interest as a non-pharmacological intervention for 
T2DM (Su et  al.  2022). Substantial evidence identifies phys-
ical inactivity as an independent risk factor for T2DM pro-
gression (Hu et al. 1999; Knowler et al. 2002), while regular 
exercise inversely correlates with IR (Seals et  al.  1984). The 

“exercise-deficient phenotype” is commonly characterized 
by distinct metabolic impairments in the skeletal muscle and 
systemic homeostasis (Booth et al. 2002). However, the exact 
molecular mechanisms underlying exercise's beneficial effects 
in T2DM prevention and control have not been elucidated.

Regular exercise ameliorates hyperglycemia in T2DM primarily 
by enhancing skeletal muscle insulin sensitivity through AMPK-
dependent glucose transporter-4 (GLUT4) translocation and nic-
otinic acid adenine dinucleotide phosphate (NAADP)-mediated 
Ca2+ signaling (Guo 2014; Gallardo-Gómez et al. 2024; Heister 
et al. 2021). Concurrently, it counteracts lipid dysregulation by 
increasing systemic fat oxidation through elevated fatty acid 
transport proteins and lipoprotein lipase (LPL) activity (Kiens 
et al. 1993, 1997; Turcotte et al. 1992; Tunstall et al. 2002; Yang 
et  al.  2019). Furthermore, chronic exercise training reduces 
key pro-inflammatory cytokines, including tumor necrosis 
factor-alpha (TNF-α), interleukin-1 beta (IL-1β), and interleu-
kin-6 (IL-6), thereby decreasing the systemic inflammation that 
drives IR (Rohm et  al.  2022; Xing et  al.  2022). Additionally, 
exercise exerts protective effects on gut microbiota by elevat-
ing short-chain fatty acid (SCFA) levels and reducing zonulin-
induced intestinal permeability, which collectively contribute 
to improved metabolic homeostasis (Yao et al. 2024; Valder and 
Brinkmann  2022). Collectively, exercise improves IR through 
key mechanisms involving glucose and lipid metabolism, in-
flammation, and gut microbiota (Figure 2), many of the path-
ways are potentially linked to the pleiotropic functions of irisin. 
These systemic adaptations necessitate a coordinated molecu-
lar dialogue between the exercising muscle and distant tissues. 
Unraveling the specific humoral mediators that facilitate this 
long-distance inter-organ communication is therefore funda-
mental. This search has converged on a class of exercise-induced 

FIGURE 2    |    Effects of exercise against insulin resistance. Exercise 
enhances systemic glucose and lipid metabolism, modulates gut micro-
biota composition and function, and influences inflammatory pathways 
through the downregulation of key signaling molecules. The integrat-
ed effect of these adaptations contributes to the improvement of insu-
lin sensitivity. Arrows (↑-increase; ↓-decrease) denote the directional 
changes observed following exercise intervention. LPL, lipoprotein 
lipase; FFA, free fatty acids; GLUT4, glucose transporter-4; NAADP, 
nicotinic acid adenine dinucleotide phosphate; SCFAs, short-chain fat-
ty acids; TNF-α, tumor necrosis factor-alpha; IL-1β, interleukin-1 beta; 
IL-6, interleukin-6.
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signaling molecules released by skeletal muscle itself, establish-
ing the paradigm of muscle as an endocrine organ and introduc-
ing myokines as central actors in this cross-talk.

3.2   |   The Shifting Paradigm of Exerkine

The concept of inter-organ crosstalk is central to understand-
ing physiological adaptations to exercise and disease progres-
sion (Berg  2025). Skeletal muscle is widely recognized as an 
endocrine organ capable of synthesizing and secreting various 
cytokines and peptides collectively known as myokines. This 
paradigm was conclusively established in the early 2000s, cul-
minating a century-long search for a humoral “exercise factor” 
released from contracting muscle into the bloodstream during 
exercise, which may directly or indirectly influence the func-
tion of organs such as adipose tissue, the liver, heart, blood ves-
sels, and brain (Severinsen and Pedersen 2020; Hoffmann and 
Weigert 2017; Pedersen and Febbraio 2012). The breakthrough 
came with the identification of IL-6 as the first documented 
myokine—a cytokine produced and released by contracting 
muscle to exert endocrine effects on remote tissues like the liver, 
thereby regulating systemic glucose homeostasis (Berg  2025; 
Pedersen 2013; Pedersen and Febbraio 2008).

This foundational work established the conceptual model of 
muscle-derived hormonal signaling and paved the way for the 
broader exerkine paradigm. Exerkines are defined as signal-
ing molecules elicited by exercise and produced by the skeletal 
muscle, cardiac muscle, adipose tissue, liver, and other organs, 
collectively mediating systemic cross-talk (Chow et  al.  2022; 
Walzik et  al.  2024). In a broader term, exerkines encompass 
all signaling molecules, including myokines, adipokines, hepa-
tokines et al., that are produced in response to acute or chronic 
exercise that mediate systemic adaptations (Novelli et al. 2024; 
Esteves and Stanford  2024). Irisin epitomizes this conceptual 
evolution. Initially characterized as a PGC-1α-dependent myo-
kine released from exercising muscles, irisin was originally con-
sidered a promising “exercise factor” or biomarker for muscular 
capacity and mitochondrial functions in humans and rodent 
models (Boström et al. 2012; Hu et al. 2024). Subsequently, irisin 
was found to exert pleiotropic effects on distant organs such as 
the liver, adipose tissue, and bone, suggesting a role in muscle-
to-organ crosstalk. More recently, studies have revealed that iri-
sin is also produced by non-muscle tissues, including adipose 
tissue, liver, and bone, under basal or exercise-stimulated con-
ditions, with evidence derived from cell-based assays, animal 
models, and emerging human data, solidifying it as an essential 
exerkine (Chi et al. 2022; Zhang et al. 2025; Li, Sun, et al. 2021; 
Tao et al. 2024).

3.3   |   Irisin Mediates Metabolic Organ Crosstalk

Irisin exemplifies the evolution from the myokine concept to 
the broader exerkine framework, acting as a systemic exercise-
induced endocrine mediator that orchestrates cross-tissue 
communication, exerting pleiotropic effects on metabolic ho-
meostasis, tissue protection, and regeneration as a pivotal en-
docrine mediator of inter-organ communication (Figure  3). 
When interpreting irisin's actions, it is important to distinguish 

its tissue origin. Although most mechanistic studies did not dif-
ferentiate the source of origin, several experimental approaches 
have provided evidence for this issue. Conditioned medium 
from exercised muscle explants or muscle-specific FNDC5 
overexpression presumably examined muscle-derived irisin ef-
fects (Boström et al. 2012; Moon et al. 2016; Kostka et al. 2024). 
Adipocyte- or hepatocyte-specific FNDC5 knockdown or 
overexpression assays addressed functions of irisin from non-
muscular sources (He et al. 2022; Ma et al. 2019; Pérez-Sotelo 
et  al.  2017; Liu, Zhao, et  al.  2022). In metabolic organs, evi-
dence from rodent models and cell-based studies indicates that 
irisin ameliorates hepatic steatosis and IR by AMPK activation 
(Tang et al. 2016; Li, Sun, et al. 2021; Zhu, Sahar, et al. 2021), 
promotes adipose tissue browning and thermogenesis to en-
hance energy expenditure (Shen et al. 2022; Shi et al. 2024), and 
supports pancreatic β-cell function to bolster glycemic control 
(Natalicchio et al. 2017; Yang et al. 2014; Tan et al. 2025). Beyond 
its metabolic health benefits, irisin confers neuroprotection by 
upregulating hippocampal brain-derived neurotrophic fac-
tor (BDNF) and promotes osteogenesis to increase bone mass 
(Hu et al. 2024; Natalicchio et al. 2017; Mottarlini et al. 2025; 
Valenzuela et al. 2020; Liu, Guo, et al. 2021; Zhao et al. 2025). 
Furthermore, it delivers cardioprotection by attenuating patho-
logical remodeling in the heart and improves endothelial func-
tion (Pan et al. 2021; Yan et al. 2022; Tang et al. 2024), and also 
exerts renoprotective effects by mitigating inflammation and 
fibrosis (Zhao et  al.  2025; Pang et  al.  2022; Peng et  al.  2025; 
Chen et al. 2024; Guo et al. 2025). Therefore, our view on irisin 
is now far beyond a mere messenger derived from muscle, and 
it is considered an important mediator of exercise-mediated sys-
temic adaptation with potential relevance for chronic diseases 
including T2DM.

3.4   |   Irisin Is Associated With IR Amelioration

Irisin has emerged as an important biomarker for IR and 
thereby T2DM. Circulating levels of irisin measured by ELISA 
are consistently lower in individuals with T2DM compared to 
healthy controls (Du et al. 2016). They also show negative cor-
relations with blood glucose fluctuations (Song et al. 2019), uri-
nary albumin excretion (Wang et al. 2015), and the presence of 
diabetic nephropathy (Shelbaya et al. 2018) or proliferative reti-
nopathy (Tang et al. 2016) meanwhile. By contrast, elevated cir-
culating irisin levels were observed in prediabetic individuals 
or those with metabolic syndrome (García-Fontana et al. 2016; 
Guilford et al. 2017; AlKhairi et al. 2019; Rana et al. 2017; Tok 
et  al.  2021), potentially reflecting an early compensatory re-
sponse to IR (Arhire et al. 2019) that increases energy expen-
diture to counteract weight gain (García-Fontana et  al.  2016; 
Guilford et al. 2017).

Preclinical evidence also supported irisin as a potential ther-
apeutic target for T2DM. Pharmacological administration of 
irisin in rodent models (e.g., 50 μg/kg/day intraperitoneal for 
10 days (Pang et al. 2017), or 8-week injections (Liu et al. 2017; 
Shoukry et al. 2016)) reduces fasting glucose and insulin levels, 
improves glucose tolerance, and lowers body weight. It should be 
noted that these doses generally achieve supraphysiological cir-
culating irisin levels, and whether they approximate the range 
reached after exercise in humans remains unclear. Moreover, 
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clinical evidence supporting irisin as a clinical target for T2DM 
remains scarce.

IR, characterized by reduced responsiveness to insulin in key 
metabolic tissues, that is, the liver, the skeletal muscle and 
the adipose tissue, is a core pathological feature of T2DM that 
prompts compensatory β-cell hyperinsulinemia (Galicia-Garcia 
et  al.  2020; Petersen et  al.  2017). Regular exercise is a critical 
non-pharmacological intervention for T2DM, enhancing energy 
expenditure, insulin sensitivity, and multiple metabolic pa-
rameters (Zou et al. 2016; Hawley 2004; Mucinski et al. 2024). 
However, the molecular mechanisms underlying exercise-
induced amelioration of IR remain unclear. Emerging evidence 
identifies irisin as an essential modulator of energy metabolism 
and IR, with its secretion tightly regulated by physical exer-
cise. Irisin enhances glucose uptake in skeletal muscle, reduces 
hepatic glucose production, promotes lipolysis, and mitigates 
inflammation and oxidative stress (Slate-Romano et  al.  2022; 

Askari et al. 2018). In rodent models, elevations in serum irisin 
induced by either pharmacological administration or exercise 
have been reported to improve insulin sensitivity and glucose 
homeostasis, with enhanced energy expenditure proposed as 
a contributing mechanism (Boström et  al.  2012). Collectively, 
irisin likely represents a potential mediator of the therapeutic 
effects of exercise, acting as a molecule that regulates IR and 
alleviates T2DM (Perakakis et al. 2017).

4   |   Regulation of Irisin by Exercise Modalities: 
Implications for Metabolic Health

4.1   |   Aerobic Exercise

Animal studies have consistently demonstrated the power-
ful induction of irisin by various types of aerobic exercise. An 
8-week swimming program or 12 weeks of treadmill running 

FIGURE 3    |    Irisin as a pivotal exerkine mediating multi-organ communications. Irisin is mainly produced in the skeletal muscle by muscle con-
traction during exercise. As a key exerkine, circulating irisin targets multiple distant organs, including the liver, pancreas, adipose tissue, brain, 
heart, bone, and kidney, to exert broad pleiotropic metabolic health benefits. Arrows (↑-increase; ↓-decrease) denote the directional change in biolog-
ical effects that irisin exerts on distal organs. Evidence levels are indicated by color-coded dots below each target organ: Yellow dot—ex vivo study 
using isolated human primary preadipocytes; pink dot—in vitro study using cultured cell lines; blue dot—animal study; green dot—human study.
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significantly elevates circulating irisin and upregulates skel-
etal muscle FNDC5 gene expression (Wang et  al.  2025). Since 
FNDC5 is the precursor protein of irisin, its enhanced synthe-
sis and subsequent cleavage by hydrolases likely contribute to 
exercise-induced irisin secretion (Boström et al. 2012). However, 
the metabolic benefits of aerobic exercise may not always de-
pend on the FNDC5/irisin pathway. In HFD-induced obese 
mice, chronic voluntary rotarod exercise improved metabolic 
health through PGC-1α expression, rather than FNDC5/irisin 
pathway (Cho et al. 2023). This discrepancy suggests that irisin's 
role in metabolic regulation may be influenced by the overall 
metabolic state of the animal. Human studies have reported 
similar findings. After a 90-min run at 60% VO2max, serum iri-
sin increased by 20.4% in males, 20.3% in early follicular-phase 
women and 24.6% in mid-luteal-phase females at 1 h post exer-
cise (Kraemer et al. 2014). Chronic aerobic training (8–12 weeks) 
has been associated with higher basal irisin levels, reduced 
visceral adiposity, and improved insulin sensitivity (Amanat 
et al. 2020; Korkmaz et al. 2019; Miyamoto-Mikami et al. 2015; 
Lu et al. 2016) (Table 2). Therefore, aerobic exercise may safely 
benefit most metabolic syndrome patients by enhancing irisin's 
glucose-regulating and energy-balancing effects. However, most 
of these human studies have been conducted in healthy or over-
weight/obese individuals without diabetes, leaving it unclear 
whether T2DM status blunts or amplifies the irisin response. 
Moreover, some animal models have shown that the meta-
bolic benefits of aerobic exercise may not always depend on the 
FNDC5/irisin pathway (Cho et al. 2023), suggesting that irisin 
may not be the sole obligatory mediator.

4.2   |   Resistance Exercise

Resistance training potently activates PGC-1α (Kim and 
Song 2017), with quantitative data in healthy volunteers report-
ing a 3.5-fold increase in PGC-1α expression compared to 2.1-fold 
with endurance exercise, respectively, in the skeletal muscle, 
which occurred with concomitant elevation of irisin levels in 
the plasma. Nygaard et  al. therefore concluded that irisin up-
regulation is PGC-1α-dependent, with strength training induc-
ing a greater irisin response than endurance training (Nygaard 
et  al.  2015). Mechanistically, intracellular ATP depletion after 
resistance exercise may trigger irisin release, with activation 
of the PGC-1α/FNDC5/irisin axis via muscle contraction pro-
moting uncoupling protein 1 (UCP1)-mediated adipose brown-
ing and thermogenesis, thereby increasing caloric expenditure 
and improving IR (Boström et al. 2012; Perakakis et al. 2017). 
Long-term concurrent strength and endurance training in-
creased FNDC5 mRNA expression in the skeletal muscle, with 
pre-diabetic subjects showing higher expression than healthy 
controls (Norheim et al. 2014). The muscular overexpression of 
FNDC5, however, may not necessarily convert to irisin in the 
circulation. Conversely, high-intensity resistance exercise has 
been shown to upregulate FNDC5 mRNA in the skeletal muscle 
but not affect irisin level in the serum (Pekkala et al. 2013). In 
a mouse model of T2DM, Hassan et  al. reported that diabetic 
conditions upregulated circulating irisin production, and that 
resistance training reversed this upregulation (Reisi et al. 2016). 
Such preclinical findings suggest that resistance exercise may 
attenuate aberrant irisin elevations under conditions of met-
abolic imbalance, potentially through improving glucose and 

lipid metabolic disorders (Tavassoli et al. 2022). Therefore, re-
sistance exercise training can prevent the occurrence of irisin 
resistance, which is usually a prelude to the incidence of T2DM. 
Pekkala et  al. reported that high-volume resistance exercise 
for each muscle group uniformly increased muscular irisin 
levels (Perakakis et  al.  2017; Pekkala et  al.  2013; Guo, Shen, 
et al. 2024). However, the impact of resistance training on irisin 
levels relative to changes in HbA1c or muscle strength has not 
been systematically evaluated.

4.3   |   High-Intensity Interval Training (HIIT)

Amri et  al. reported that HIIT could significantly upregulate 
serum irisin levels although the data was based on a single de-
mographic group (Amri et al. 2019). Animal study demonstrated 
that 10 weeks of HIIT significantly increased plasma levels of 
irisin (Shirvani and Rahmati-Ahmadabad 2019). Compared to 
moderate-intensity endurance training, HIIT appeared to be 
more effective in elevating not only irisin, but also betatrophin 
and insulin levels (Enteshary et al. 2019). Furthermore, pretreat-
ment with HIIT activates the FNDC5/irisin pathway in the rat 
with Alzheimer's disease, triggering a neuroprotective gene pro-
gram that includes BDNF (Puoyan-Majd et al. 2025). However, 
evidence for HIIT-induced irisin changes in T2DM patients is 
virtually absent; available data derive exclusively from healthy 
young adults or animal models. Whether HIIT confers addi-
tional metabolic benefits over aerobic or resistance training spe-
cifically through irisin-mediated pathways remains speculative.

4.4   |   Temporal Dynamics and Controversies

Chronic exercise (≥ 8 weeks) generally causes a sustained ele-
vation in basal irisin levels (Kazeminasab et al. 2022), whereas 
acute exercise induces a rapid but transient rise that peaks 
within 1–6 h and returns to baseline within 24–30 min in hu-
mans (Pang et  al.  2018; Huh et  al.  2014; Ellefsen et  al.  2014). 
Thus, while acute exercise may not sustain elevated irisin lev-
els in humans, chronic exercise promotes persistent irisin se-
cretion through FNDC5 transcriptional activation to facilitate 
long-term metabolic benefits. Resistance training elicited a 
more pronounced irisin response in obese adults compared to 
aerobic exercise, highlighting a modality-dependent effect (Pang 
et al. 2018; Tsuchiya et al. 2015; Löffler et al. 2015).

Controversial findings exist for the regulation and physiologi-
cal significance of exercise-induced FNDC5/irisin signaling. In 
aerobic/endurance training programs lasting for several weeks, 
several studies have found no significant changes in FNDC5 
mRNA or irisin levels (Huh et al. 2012, 2014; Pekkala et al. 2013; 
Ellefsen et  al.  2014; Hecksteden et  al.  2013; Dianatinasab 
et  al.  2020). Furthermore, some longitudinal studies showed 
that blood irisin levels declined after 12 weeks of exercise 
(Ozbay et al. 2020; Tsuchiya et al. 2016). These inconsistencies 
may stem from differences in population characteristics, exer-
cise protocols, or analytical methods. Analytical issues related 
to ELISA variability (Section  2.3) further contribute to incon-
sistent findings (Oranger et  al.  2023). Regarding exercise pro-
tocols, discrepancies may also arise from variations in exercise 
modality, intensity, frequency, and duration, as well as whether 
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the participants were trained or untrained, all of which can 
influence FNDC5 expression and irisin secretion differently. 
Notwithstanding such inconsistent findings, the FNDC5/irisin 
axis has been proposed to contribute to exercise-related benefits 
through lipid profile modulation and muscle power augmen-
tation (Norheim et al. 2014; Kim et al. 2015; Pardo et al. 2014; 
Stengel et al. 2013). Beyond exercise itself, diet factors were also 
known to modulate irisin levels, with high-carb/high-fat diets 
reducing irisin production, whereas high-protein diets promoted 
irisin production (de Macêdo et al. 2017). Environmental stimuli 
such as cold exposure have also been linked to irisin secretion 
in several studies (Shen et al. 2022; Ko et al. 2016; Yildiz Kopuz 
et al. 2022). Thus, in addition to the nature of exercise stimuli, 
irisin responses are influenced by a combination of dietary and 
environmental factors. Collectively, these observations indicate 
that irisin responses are shaped by a combination of exercise 
modality, temporal dynamics, and additional physiological and 
environmental factors.

4.5   |   Implications for T2DM and Clinical 
Endpoints

Based on the extensive evidence, both aerobic and resistance 
training improve glycemic control and cardiorespiratory fit-
ness (VO2max), but whether these improvements are causally 
mediated by irisin requires strict validation in humans. No 
study has demonstrated that exercise-induced irisin elevation 
independently predicts clinical outcomes after control of many 
other factors of exercise adaptations. Importantly, circulating 
irisin level has been rarely used as a co-primary clinical end-
point in T2DM alongside conventional metabolic outcomes such 
as HbA1c and HOMA-IR. So far, no randomized clinical trials 
or Mendelian randomization studies have been carried out in 
humans to establish a causal role of irisin in the development or 
progression of T2DM. Therefore, irisin should only be viewed as 
a potential candidate, rather than a validated surrogate media-
tor, for the beneficial effects of exercise in T2DM at this stage. 
Considering the extensive biological effects of irisin in skeletal 
muscle and metabolic health, as discussed in detail in the next 
section, future studies are warranted to establish causality be-
tween irisin and IR improvement, and to guide evidence-based 
exercise recommendations.

5   |   Exercise-Irisin Crosstalk: from Physical 
Performance to Systemic Metabolic Health

5.1   |   Irisin Improves Physical Performance by 
Exerting Pleiotropic Effects

Physical activity involves cyclic contraction-relaxation of the 
skeletal muscles that generate mechanical movements. The 
musculoskeletal system functions synergistically to facilitate 
locomotion and therefore substantially determines physical ca-
pacity. Pathophysiological alterations in the muscular system, 
including muscle fiber atrophy, shifts in fiber-type composi-
tion and the loss of motor units, result in measurable declines 
in function and performance, that is, movement speed, power 
and strength. In the context of T2DM, sarcopenia is a common 
complication that exacerbates physical decline and increases 

fall risk. Aging-related skeletal muscle degeneration manifests 
as progressive atrophy with annual degrading rates of 0.37% in 
women and 0.47% in men, respectively, which is further accel-
erated by physical inactivity (Tieland et al. 2018). Bone remod-
eling, a lifelong process of skeletal renewal, is also regulated by 
physical activity. Multiple studies have shown that circulating 
level of irisin strongly correlates with reduced muscle fibrosis 
and osteoporosis, suggesting that irisin may enhance physical 
capacity by exerting pleiotropic effects on musculoskeletal func-
tions and potentially also on other systems. Moreover, among 
heart failure patients undergoing aerobic training, muscular 
PGC-1α/FNDC5 expression was associated with VO2max, a find-
ing not observed in untrained controls. It suggested a potential 
association between irisin and VO2max through modifying the 
cardiovascular system (Lecker et  al.  2012; Zhang et  al.  2023). 
Collectively, these findings suggest that irisin may contribute to 
physical performance not only through musculoskeletal effects 
but also via systemic adaptations relevant to T2DM complica-
tions (Figure 4).

5.1.1   |   Specific Effects of Irisin on the Skeletal Muscles

Skeletal muscle fibrosis represents a hallmark pathological 
manifestation of age-related sarcopenia, which is also associ-
ated with increased risks of falls and fractures, physical decline 
and increased mortality (Horii et  al.  2018; Shang et  al.  2020). 
In T2DM patients, sarcopenia is further exacerbated by insulin 
resistance and chronic inflammation, leading to greater func-
tional impairment (Munshi et  al.  2016; Quan et  al.  2024; Li 
et  al.  2024). In both aging murine models and human cohort 
studies, resistance exercise has been found to enhance irisin 
synthesis and attenuate age-related muscle function deteriora-
tion (Kim et al. 2015; Guo et al. 2023). Mechanistically, it has 
been shown that irisin prevents glucocorticoid-induced atrophy 
by inhibiting forkhead box protein O1 (FOXO1)-mediated hy-
peractivation of the ubiquitin-proteasome system in the skeletal 
muscle (Chang and Kong 2020). Moreover, irisin may promote 
muscle growth and metabolism (Reza et al. 2017), enhance in-
sulin sensitivity under basal and lipotoxic conditions (Yang 
et al. 2015; Guo et al. 2019; Ye et al. 2019; Yano et al. 2020), and 
protect myocytes from cytotoxicity induced by high glucose or 
fatty acid synthase (FAS) levels (Yano et al. 2020).

5.1.2   |   Specific Effects of Irisin on Bone Remodeling

While the precise molecular mechanism requires elucidation, 
exercise substantially stimulates bone growth, improves bone 
density, and reduces fracture risk (Colaianni et al. 2015; Epstein 
et al. 2003). Additionally, T2DM patients had elevated fracture 
risk compared to healthy individuals (Moayeri et al. 2017), po-
tentially due to diminished bone turnover (Hygum et al. 2017). 
Irisin, as a key regulator of bone metabolism (Bushinsky and 
Krieger 2022), has been shown to potentially originate from bone 
tissue (Hu et al. 2024; Zhu, Li, et al. 2021). Moreover, accumu-
lating evidence has demonstrated inverse correlations between 
circulating irisin and risk of fracture, along with osteoarthritis 
and other bone pathologies (Yan et al. 2018; Mao et al. 2016; Sun 
et al. 2023; Palermo et al. 2019; Faienza et al. 2018; Colaianni 
et  al.  2021; Liu, Jing, et  al.  2021; Palermo et  al.  2015). These 
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studies demonstrated significant irisin-BMD correlations and 
inspired further studies to investigate the underpinning cellu-
lar and molecular mechanisms. Mechanistically, irisin has been 
shown to promote osteoblast differentiation and bone forma-
tion while also influencing osteoclast activity (Qiao et al. 2016; 
Zhao et  al.  2025; Colaianni et  al.  2015; Zhu, Li, et  al.  2021; 
Zhang et al. 2017; Tucci et al. 2016; Cheng et al. 2000; Karadag 
et al. 2006; Ma et al. 2018; Estell et al. 2020). However, conflict-
ing results exist regarding irisin's role in bone metabolism, par-
ticularly in terms of promoting or inhibiting osteoclastogenesis. 

A structured examination of these discrepancies reveals sev-
eral contributing factors, including species and cell model dif-
ferences, as most pro-osteoclastogenic effects were observed 
in murine RAW264.7 macrophages or primary mouse bone 
marrow-derived macrophages, whereas human osteoclast pre-
cursors have shown divergent responses. Irisin concentration 
and treatment duration also play a role, as low nanomolar con-
centrations often promote osteoclast differentiation in  vitro 
while higher concentrations or prolonged exposure may exert 
inhibitory effects. Despite these uncertainties, the existing 

FIGURE 4    |    The exercise-irisin axis in counteracting IR. This model illustrates the crosstalk through which exercise-induced irisin secretion 
ameliorates systemic IR. Exercise stimulates skeletal muscle production of PGC-1α, which upregulates FNDC5 expression and subsequent irisin 
cleavage and release. Circulating irisin then acts on key metabolic tissues via the following integrated mechanisms: (1) lipid metabolism; (2) glucose 
metabolism; (3) pancreatic β-cell function; (4) anti-inflammatory effects; (5) anti-oxidant stress. Together, these pleiotropic actions converge to re-
store systemic insulin sensitivity, highlighting irisin as a key exercise-mediated endocrine effector.
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evidence suggests that irisin may serve as a protective factor 
against T2DM-associated bone fragility, although this conclu-
sion remains tentative and further studies are required to con-
firm its precise role in this context.

5.2   |   Irisin Mediates T2DM Improvement via 
Various Molecular Mechanisms

As discussed in Section 2, exercise enhances systemic metabo-
lism, while as discussed in Section 3, exercise serves as a potent 
physiological stimulus for irisin secretion in a modality-specific 
manner. Evidence indicates that irisin may play a pivotal role 
in mediating the systemic benefits induced by exercise, partic-
ularly the amelioration of IR, via various molecular pathways. 
Notably, the association between irisin and IR varies by popula-
tion: meta-analyzes show a positive correlation in non-diabetic 
individuals but an inverse association in obese or T2DM popula-
tions (Qiu et al. 2016; Shi et al. 2016; Belviranli et al. 2016). This 
discrepancy likely reflects context-dependent regulation—ele-
vated irisin in healthy, insulin-sensitive individuals may repre-
sent a compensatory response to mild metabolic stress, whereas 
chronic inflammation and hyperinsulinemia in obesity or 
T2DM may downregulate irisin secretion or induce irisin resis-
tance (Moreno-Navarrete et al. 2013; Shi et al. 2016; Belviranli 
et al. 2016; Al-Daghri et al. 2014; Cai et al. 2020). Animal stud-
ies have further revealed that HFD-induced obesity reduces 
irisin secretion (Yang et  al.  2015) and exacerbates IR (Wang 
et al. 2023); and non-glycosylated irisin ameliorates IR more ef-
fectively than its glycosylated counterpart (Mazur-Bialy 2019). 
The following subsections detail the molecular mechanisms un-
derlying these effects (Table 3).

5.2.1   |   Irisin Regulates Lipid Metabolism and Promotes 
Energy Expenditure

Both cold exposure and physical exercise increase brown adi-
pose tissue volume (Ouellet et al. 2012; De Matteis et al. 2013), 
which can be quantified by positron emission tomography 
(PET) scanning (Yoneshiro et al. 2011; van Marken Lichtenbelt 
et  al.  2009). Brown adipose tissue primarily drives calorie ex-
penditure through UCP1-mediated uncoupling of mitochondrial 
respiration for energy dissipation and therefore confers protec-
tion against metabolic disorders such as T2DM (Hansen and 
Kristiansen 2006; Feng et al. 2013). There are two distinct types 
of thermogenic fat, that is, brown adipocytes originated from 
myogenic mesenchymal stromal cells in the cervical/supracla-
vicular, axillary, and mediastinal regions and “beige” adipocytes 
embedded in white adipose tissue (Giralt and Villarroya 2013). 
With low basal UCP1 expression, beige adipocytes can upreg-
ulate UCP1 and mitochondrial activity similar to brown ad-
ipocytes via cAMP-dependent pathways. These cells display 
a gene expression profile modulated by physical exercise that 
distinguishes them from the white adipocytes and aids weight 
loss and glucose metabolism of the host (Harms and Seale 2013; 
Sharp et al. 2012; Liu, Shan, et al. 2013). Interestingly, in vitro 
studies have shown that FNDC5/irisin-treated adipocytes ex-
hibit a beige or brown-like phenotype, characterized by multi-
compartmental lipid microdroplets, increased mitochondrial 
density and increased energy expenditure (Polyzos et al. 2013).

Irisin, which functions dually as an exerkine derived from skele-
tal muscle and an adipokine secreted from white adipose tissue, 
has been implicated in both hepatic IR and β-cell dysfunction. 
The underlying pathophysiology involves synergistic glucose 
and lipid overload, which promotes ectopic lipid deposition in 
hepatocytes, β-cells, and other tissues by exceeding their storage 
and oxidative capacities (Li, Sun, et al. 2021; Choe et al. 2007). 
Evidence from rodent primary hepatocytes and obese mouse 
models shows that irisin modulates key adipogenic regula-
tors, including liver X receptor α (LXRα) and sterol regulatory 
element-binding transcription factor 1c (SREBP1c), thereby 
preventing palmitic acid-induced lipid accumulation and ame-
liorating hepatic IR (Mo et al. 2016; Liu, Xiong, et al. 2016; So 
and Leung 2016). Furthermore, irisin inhibits critical enzymes 
involved in de novo lipogenesis, such as acetyl-CoA carboxy-
lase (ACC) and FAS, and activates AMPK signaling, which in 
turn suppresses SREBP2 and FAS, collectively reducing cho-
lesterol content in both murine primary hepatocytes and obese 
mice (Tang et  al.  2016). A comparable effect was observed in 
pancreatic β-cells, where irisin treatment activated the AMPK 
pathway and suppressed ACC and FAS expression under high 
glucose and saturated fatty acid conditions. By alleviating lipid 
overload, irisin counteracted glucolipotoxicity and enhanced 
β-cell viability (Zhang et al. 2018). Additionally, FNDC5/irisin 
upregulates WNT ligand expression through PPARγ, CCAAT 
enhancer binding protein alpha (C/EBPα), and fatty acid bind-
ing protein 4 (FABP4) axis (Gonzalez-Gil et al. 2019), with ca-
nonical WNT signaling mediating its anti-adipogenic effects 
(Rosen and MacDougald 2006). Therefore, irisin plays a crucial 
role in preventing lipid deposition and modulating adipose tis-
sue metabolism through suppression of adipocyte synthesis and 
differentiation.

Most of these mechanistic findings derive from cell culture and 
rodent models, while in  vivo evidence from humans remains 
limited. The distinction between physiological and pharma-
cological irisin concentrations, as well as potential species dif-
ferences in lipid regulatory pathways, has not been adequately 
addressed. The circulating irisin levels were progressively re-
duced as intrahepatic triglyceride content increased among 
obese Chinese patients with NAFLD (Zhang et  al.  2013). 
Subsequent rodent studies have demonstrated that irisin exerts 
protective effects against hepatic steatosis by enhancing auto-
phagy. Mechanistically, irisin upregulates sirtuin 3 (SIRT3) 
and activates AMPK signaling, leading to mammalian target of 
rapamycin (mTOR) inhibition, transcription factor EB (TFEB) 
nuclear translocation, and increased autophagic degradation, 
thereby alleviating hepatic lipid accumulation (Zhao et al. 2026). 
Consistent with this notion, exercise stimulates the release of 
extracellular vesicles containing irisin, which enhances energy 
metabolism and thermogenesis of the adipose tissue. Such a 
process promotes the browning of white adipose tissue and con-
tributes to weight loss in mice, underscoring the exercise–irisin 
axis as a critical modulator of systemic lipid homeostasis (Shi 
et al. 2024). Recent mechanistic studies on how irisin counter-
acts insulin resistance have further shown that irisin increases 
energy expenditure and subcutaneous thermogenesis via the 
IL-33/ST2 axis, thereby linking adipose tissue inflammation to 
beiging (A et al. 2026). However, whether these findings trans-
late directly to humans, and what concentrations of irisin are 
required for therapeutic effects, remain open questions. Beyond 
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the lack of human clinical data, the mechanistic question of 
how irisin crosses or signals across the hepatocyte membrane, 
for instance via a surface receptor or internalization, remains 
unresolved and represents a critical gap for understanding its 
lipid-lowering actions in the liver.

5.2.2   |   Irisin Improves Glucose Homeostasis

Physiological glucose homeostasis maintains blood glucose 
concentrations within a narrow range (3.89–6.11 mmol/L) 
through tightly coordinated interplay of neural and humoral 
mechanisms. Upon oral glucose intake, hypothalamic glucose-
inhibited neurons are activated, leading to vagus nerve stimu-
lation that enhances insulin secretion from pancreatic β-cells. 
The vagus nerve also facilitates the release of gastrointestinal 
hormones, such as gastrin and GLP-1, to further potentiate in-
sulin release. Together, the neural and endocrine signals ensure 
precise regulation of glycemia, a process that depends critically 
on the integrated cooperation of multiple organs, that is, the 
pancreas, liver, skeletal muscle, adipose tissue and other organs 
(Dimitriadis et al. 2021; Edgerton et al. 2021; Han et al. 2016; 
Tups et al. 2017).

5.2.2.1   |   GLUT4-Mediated Glucose Homeostasis in 
the Skeletal Muscle.  Skeletal muscles constitute 40%–50% 
of total body mass in healthy adults. Exercise-induced muscle 
fiber contraction triggers release of myokines, which exert com-
plex autocrine, paracrine, and endocrine effects (Chow et al. 2022; 
Zunner et al. 2022; Tamaki 2020). Impaired glucose absorption, 
transport, and metabolism in skeletal muscle represent critical 
extra-pancreatic manifestations of T2DM. The skeletal muscle 
is therefore designated as the primary target tissue for insulin 
action (Petersen and Shulman 2002). Insulin-stimulated glucose 
uptake into muscle is largely dependent on the translocation 
of GLUT4 to the plasma membrane. This transporter is predom-
inantly expressed in skeletal muscle and adipose tissue, where it 
mediates the majority of insulin-regulated glucose disposal into 
the cell (Holloszy 2011).

In primary human skeletal muscle cells, treatment with recom-
binant irisin has been shown to induce a 30%–40% increase 
in glucose and fatty acid absorption, and a 30%–80% upreg-
ulation of GLUT4, hexokinase 2 (HK2), and PPARα genes in 
primary human skeletal muscle cells (Huh et al. 2014). In par-
ticular, irisin-treated C2C12 myocytes exhibited concentration-
dependent AMPK phosphorylation, thereby enhancing GLUT4 
translocation (Xin et  al.  2016; Huh et  al.  2014). Recombinant 
irisin was shown to counteract palmitic acid-induced inhibition 
on glucose uptake and IR in C2C12 cells in a time-dependent 
manner, and reversed high glucose-induced IR by enhancing 
GLUT4 translocation in the skeletal muscle in a p38MAPK/
PGC-1α-dependent way (Ye et  al.  2019). Interestingly, AMPK 
and p38MAPK signaling pathways interact with each other 
rather than function independently (Kim et al. 2016), suggest-
ing that irisin enhances glucose uptake by activating p38MAPK 
phosphorylation via an AMPK-mediated signaling pathway 
that is regulated by the reactive oxygen species (ROS) (Lee 
et al. 2015). Despite strong cell-based and rodent evidence, di-
rect human in  vivo proof that irisin acutely increases muscle 
glucose uptake is lacking. Furthermore, the physiological versus 

pharmacological concentrations used in many studies, and 
whether chronic irisin elevation causes desensitization, remain 
unknown.

5.2.2.2   |   UCP-1-Mediated Glucose Homeostasis in 
the Fat Tissue.  White and brown adipocytes represent 
the two primary forms of adipocytes, characterized by sparse 
mitochondria and low basal metabolic rate in white adipocytes, 
versus abundant mitochondria and high metabolic activity in 
brown adipocytes. Notably, brown adipocytes counteract met-
abolic disorders by promoting thermogenesis through uncou-
pled respiration (Guo et al. 2019; Heinonen et al. 2020). There 
is also a third inducible type, termed “beige” adipocytes, which 
differentiates from white adipocytes but exhibits elevated UCP1 
expression and mitochondrial bioactivity (Pisani et  al.  2018; 
Zoico et  al.  2019; Keinan et  al.  2021). Rodent studies have 
demonstrated that white adipose tissue browning plays a cru-
cial role in maintaining glucose homeostasis. Irisin contributes 
significantly to this process by promoting adipocyte browning, 
enhancing insulin sensitivity, and stimulating glucose uptake in 
adipose tissue (Hankir and Klingenspor 2018).

In vitro studies using human subcutaneous mature adipocytes 
showed that irisin rapidly upregulated brown adipose markers, 
that is, PGC⁃1α and UCP-1, via the p38MAPK and ERK signal-
ing pathways. This promoted white-to-beige conversion, ele-
vated basal metabolic rate, and improved insulin sensitivity in 
the peripheral tissue (Zhang et al. 2016). It was also proposed 
that irisin activated the P62/NRF2/heme oxygenase-1 (HO⁃1) 
pathway, leading to upregulation of key brown fat markers such 
as PGC⁃1α, PR domain-containing 16 (PRDM16) and UCP-1 
(Tsai et  al.  2020). Collectively, these findings supported that 
irisin induces white fat browning and enhances glucose uptake 
through multiple molecular pathways, although key aspects of 
such effects remain unclear. For instance, the tissue-specific 
dose–response relationship and temporal dynamics of pathway 
activation underlying the protective effects of irisin are yet to 
be elucidated. These findings are derived exclusively from cell 
and rodent models; human in vivo evidence for irisin-induced 
browning and its contribution to glucose homeostasis is still 
indirect and correlative. The translational relevance of murine 
findings to human physiology also requires validation.

5.2.2.3   |   Pepck and G6pase-Mediated Glucose Homeo-
stasis in the Liver.  The liver plays a major role in systemic 
glucose homeostasis, primarily through the regulation of gly-
cogen synthesis and gluconeogenesis. Key enzymes involved 
include glycogen synthase kinase⁃3 (GSK3), glycogen syn-
thase (GS), phosphoenolpyruvate carboxykinase (PEPCK), 
and glucose⁃6⁃phosphatase (G6pase). Hepatic gluconeogene-
sis accounts for 80%–90% of endogenous glucose production 
during fasting (Nordlie et al. 1999). In T2DM, gluconeogenesis 
is often aberrantly activated, contributing significantly to both 
fasting and postprandial hyperglycemia. Suppression of exces-
sive hepatic gluconeogenesis is therefore considered a promis-
ing therapeutic strategy (Yoon et al. 2001; Wu et al. 2005; Basu 
et  al.  2005). Although the liver expresses much lower levels 
of FNDC5 compared to the skeletal muscle or adipose tissue 
(Huh et al. 2012), it actively produces irisin, as demonstrated by 
single-photon emission computed tomography with 125I-label-
ling (Lv et al. 2015).
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Studies in rodent models and hepatocyte cell lines have shown 
that irisin exerts dual effects on hepatic glucose metabolism 
through suppression of key gluconeogenic enzymes such as 
PEPCK and G6pase via the PI3K/AKT/FOXO1 pathway and 
activation of glycogen synthase via the PI3K/AKT/GSK3 axis 
(Liu et al. 2015). Consistent with this, in vitro and in vivo stud-
ies have demonstrated that irisin activates the AMPK pathway, 
which also leads to downregulation of Pepck and G6Pase, in-
hibition of gluconeogenesis, and enhancement of glucose up-
take in the skeletal muscle of diabetic mice (Xin et al. 2016; Mo 
et al. 2016). Therefore, it is not surprising that chronic adminis-
tration of irisin reduces fasting blood glucose and improves IR in 
STZ/HFD-induced T2DM mice. Although irisin shares similar 
downstream signaling pathways to insulin, it may offer thera-
peutic advantages by avoiding side effects such as weight gain 
commonly associated with insulin treatment (Liu et al. 2015). 
Despite these promising preclinical data, human in  vivo evi-
dence for irisin directly suppressing hepatic gluconeogenesis is 
lacking. Moreover, the potential species differences in hepatic 
irisin sensitivity and the question of whether irisin crosses the 
hepatocyte membrane or acts via surface receptors remain to be 
clarified.

5.2.3   |   Irisin Regulates Pancreatic β-Cell Function

Beyond classical insulin target tissues, pancreatic β-cells them-
selves can develop IR, which is a central feature of the pathogen-
esis of T2DM (Accili 2018; Kulkarni et al. 1999). Genome-wide 
association studies have shown that the majority of T2DM 
susceptibility genes are linked to β-cell functions, particularly 
insulin receptor signaling modulating the proliferation and 
secretory activity of β-cells (McCarthy  2010). Rodent models 
with β-cell-specific insulin receptor knockout (βIRKO) recapit-
ulated key aspects of human T2DM, including impaired Phase 
I glucose-stimulated insulin secretion (GSIS), progressive glu-
cose intolerance, and age-dependent diabetes onset (Kulkarni 
et  al.  1999). Conversely, reconstitution of insulin signaling in 
β-cells rescued these defects and enhanced β-cell proliferation 
(Ansarullah et al. 2021). This was further supported by the re-
cent identification of an insulin inhibitory receptor in β cells, 
namely insulin inhibitory receptor (inceptor, encoded by the 
gene IIR/ELAPOR), which modulates insulin secretion and β-
cell proliferation through interaction with canonical insulin 
signaling (Ansarullah et al. 2021; Marrano et al. 2020; Siehler 
et al. 2024). Therefore, mitigating β-cell IR and promoting func-
tional regeneration represent potential therapeutic strategies. 
While the inceptor/IIR pathway provides a mechanistic ratio-
nale for targeting β-cell IR, its relevance to exercise- or irisin-
mediated β-cell protection has not yet been explored. It remains 
an open question whether irisin directly modulates the inceptor/
IIR pathway in β-cells, or whether its protective effects on β-
cell survival and function are mediated through cross-talk with 
inceptor signaling, which represents a genuine mechanistic gap 
that warrants future investigation. On the other hand, this sec-
tion discusses currently known effects of irisin on β-cell func-
tions, with the caveat that most of the mechanistic data were 
derived from rodent and cell-based models, whereas in  vivo 
evidence from humans remained sparse (Boström et  al.  2013; 
Colberg 2007; Hawley and Lessard 2008; Hoene et al. 2009; Pold 
et al. 2005; Calegari et al. 2011).

Although skeletal muscle is the primary source (~72%) of cir-
culating irisin (Boström et  al.  2012), pancreatic islets also ex-
press and secrete irisin, suggesting its possible autocrine/
paracrine functions (Li et  al.  2019; Aydin et  al.  2014). In cul-
tured β-cells and rodent islets, irisin has been shown to down-
regulate pro-apoptotic proteins (i.e., caspase-3, −9, Bad, Bax) 
and upregulate anti-apoptotic factors (i.e., Bcl-2, Bcl-xL) under 
high-glucose culturing condition in  vitro. It also activates 
ERK/p38 MAPK signaling to stimulate β-cell proliferation, 
functionality and insulin secretion under glucolipotoxicity 
(Liu et  al.  2017; Zhang et  al.  2018). These effects appeared to 
be PKA-dependent, as demonstrated by treatment with PKA 
inhibitor H-89242. Consistent with such findings, 2 weeks of 
irisin treatment in obese mice significantly increased β-cell 
proliferation and the β:α cell ratio (Natalicchio et  al.  2017). 
Furthermore, irisin counteracts adipose toxicity by increas-
ing glucose-stimulated insulin production and alleviating IR, 
which may also promote pancreatic β-cell survival (Natalicchio 
et al. 2017; Zhang et al. 2014). Irisin also upregulates betatro-
phin, a hepatokine and adipokine known to stimulate β-cell pro-
liferation and improve glucose homeostasis in mice (Natalicchio 
et al. 2017; Lickert 2013; Crunkhorn 2013; Holloway et al. 2015; 
Zhang 2012; Yi et al. 2013), suggesting the existence of a bene-
ficial irisin-betatrophin endocrine axis. However, in the patho-
logical context of T2DM, this regulatory axis appears to be 
disrupted. Moreover, circulating betatrophin levels are elevated 
while irisin levels are reduced in T2DM patients, suggesting a 
disrupted irisin-betatrophin axis that may contribute to disease 
progression (Liu, Xiong, et  al.  2016). Targeting this endocrine 
loop to restore the normal function and communication of the 
irisin-betatrophin axis represents a potentially promising thera-
peutic avenue for enhancing β-cell mass and function in T2DM 
(Sanchis-Gomar and Perez-Quilis 2014).

5.2.4   |   Irisin Exerts Anti-Inflammatory 
and Antioxidant Effects

Irisin exhibits significant immunomodulatory properties 
across multiple metabolic tissues. Evidence comes largely 
from cell culture (e.g., RAW264.7 macrophages, 3 T3-L1 
adipocytes, H9c2 cardiomyocytes) and animal models of 
obesity, Parkinson's disease, and acute inflammation. In bi-
opsies of adipose tissue, irisin levels inversely correlate with 
pro-inflammatory markers such as TNF-α and IL-6, but pos-
itively associated with anti-inflammatory cytokines. Irisin 
also attenuates macrophage migration in conditioned media 
added with culturing supernatant of 3 T3-L1 adipocytes (Shen 
et  al.  2022). In LPS-stimulated RAW264.7 macrophages, iri-
sin pretreatment downregulates TLR4 and MyD88 levels, sup-
presses phosphorylation of NFκB, elevates expression of the 
antioxidant mediators Nrf2 and HO-1, while also downreg-
ulating high mobility group box-1 protein 1 (Hmgb1). These 
molecular changes collectively diminish the secretion of key 
pro-inflammatory cytokines and chemokines, including IL-6, 
TNF-α, IL-1β, C-X-C motif chemokine ligand 1 (CXCL1)/kielin 
cysteine rich BMP regulator (KC) and C-C Motif Chemokine 
Ligand 2 (CCL2)/monocyte chemoattractant protein-1 
(MCP-1), which underscores irisin's dual role in mitigating in-
flammation and oxidative stress. In addition, irisin suppresses 
MAPK pathway activation, notably reduces phosphorylation 
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of JNK and ERK without affecting p38, further contributes 
to its anti-inflammatory function (Mazur-Bialy et  al.  2017). 
Obesity-associated inflammation is also modulated by irisin 
through upregulation of macrophage polarization markers, 
including CD206, IL-10, TNF-α, and leptin (Moreno-Navarrete 
et al. 2013). Irisin could also inhibit neutrophil extracellular 
traps (NETs) formation, which further elucidated the pro-
tective effect of exercise on acute inflammatory injury (Han 
et al. 2023). A recent study revealed that irisin acts via an IL-
33/ST2 axis to preserve adipose regulatory T cells, suppress 
inflammation, and promote thermogenesis, thereby improv-
ing insulin resistance and obesity without affecting food in-
take or muscle mass (A et al. 2026).

Beyond inflammation, irisin enhances mitochondrial function 
and reduces oxidative damage. In H9c2 cardiomyocytes, irisin 
promotes the expression of UCP3, enhances mitochondrial bio-
logical functions, accelerates glucose oxidative metabolism, and 
stimulates the PI3K/Akt pathway. It thereby induces excessive au-
tophagy and ameliorates IR (Vaughan et al. 2014). In a Parkinson's 
disease model, exogenous irisin alleviates apoptosis and oxidative 
stress, attenuates mitochondrial fragmentation, and promotes 
oxidative phosphorylation (OXPHO) capacity and mitochondrial 
biogenesis through integrin receptor-dependent activation of AKT 
and ERK1 (Zhang et al. 2023). Despite these extensive mechanistic 
data, in vivo evidence from humans for irisin's anti-inflammatory 
and antioxidant effects is largely based on correlative studies (e.g., 
inverse associations with circulating cytokines). Moreover, it is un-
clear that whether chronic elevation of irisin in humans leads to 
desensitization of these protective pathways.

5.2.5   |   Irisin Interacts With Hormones to Ameliorate IR

It has been reported that irisin influences energy homeosta-
sis through central appetite regulatory pathways, with detect-
able central effects in animal models (Shen et  al.  2022; Butt 
et  al.  2017). Irisin shares several functional similarities with 
GLP-1, a well-established enteric insulinotropic hormone 
(Marrano et al. 2021). Although some studies suggest crosstalk 
between irisin and GLP-1 (e.g., metformin stimulates both, and 
the GLP-1 receptor agonist exenatide elevates circulating irisin 
in T2DM patients) (Li et al. 2019; Nauck and Meier 2016; Bahne 
et  al.  2016; Liu, Hu, et  al.  2016). The proposed “gut-muscle-
endocrine pancreas” axis remains hypothetical, and whether 
irisin directly modulates gut microbiota or gut barrier function 
in humans is unknown (Sun et al. 2024).

Emerging evidence also implicates irisin in the modulation of 
asprosin, a hormone that promotes feeding behavior (Romere 
et al. 2016; Duerrschmid et al. 2017; Beutler and Knight 2018). 
Observations that irisin administration increases asprosin 
levels in a sex-dependent manner in obese rats, and that as-
prosin levels are elevated in T2DM patients, are intriguing but 
based on limited animal and human data (Romere et al. 2016; 
Duwaerts and Maher  2019; Wang et  al.  2018; Ugur and 
Aydin 2019; Zhang et al. 2020). Critically, the irisin–asprosin 
axis has not been investigated beyond cross-sectional correl-
ative studies in humans. Future causal or interventional data 
are necessary to establish whether this axis meaningfully con-
tributes to IR amelioration.

6   |   Conclusions

Irisin, the emerging exerkine, has demonstrated pleiotropic biolog-
ical effects with therapeutic potential across a spectrum of diseases 
including osteoporosis, cancer, cardiovascular and cerebrovascu-
lar disorders, and T2DM. Particularly, its central role in glucose 
homeostasis and IR underscores its relevance in the management 
of hyperglycemic diseases such as T2DM. Although the effect of 
exercise to reduce IR and improve T2DM is well-established, the 
underlying mechanisms are not fully elucidated. In this context, 
irisin's ability to activate multiple signaling pathways offers com-
pelling mechanistic insight. Elucidating the molecular cascades 
modulated by irisin will not only clarify the crosstalk between ex-
ercise, irisin, metabolic health, and T2DM, but also inform on the 
development of novel therapeutics.

However, several unresolved issues temper the translational 
enthusiasm. First, methodological challenges (e.g., ELISA 
variability, species differences) remain unresolved and limit 
translational progress. Second, exercise-induced irisin re-
sponses are highly inconsistent across studies, likely due to 
variable exercise modalities (type, intensity, duration, fre-
quency) as well as differences in study populations. Third, 
it is critical to distinguish between mechanistic plausibility, 
which is largely derived from rodent and cell-based models, 
and demonstrated clinical efficacy of irisin to treat T2DM. 
And fourth, the short in vivo half-life of irisin and the absence 
of effective delivery strategies remain major obstacles for fu-
ture clinical trials.

To advance the field, future research should prioritize the 
standardization of irisin assays to address analytical inconsis-
tencies, along with well-powered randomized controlled trials 
with proper clinical endpoints and accurate irisin measurement. 
Genetic and mechanistic studies designed to establish causality 
and clarify the complex interactions among exercise, irisin, and 
metabolic outcomes in humans will be essential to rigorously 
evaluate the therapeutic potential of irisin in IR-induced dis-
eases such as T2DM.
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