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Exercise-induced modulation of
myokine irisin in bone and
cartilage tissue—Positive e�ects
on osteoarthritis: A narrative
review

Ke Ning, Zhuo Wang* and Xin-an Zhang*

College of Kinesiology, Shenyang Sport University, Shenyang, China

Osteoarthritis is a chronic degenerative musculoskeletal disease characterized

by pathological changes in joint structures along with the incidence of

which increases with age. Exercise is recommended for all clinical treatment

guidelines of osteoarthritis, but the exact molecular mechanisms are still

unknown. Irisin is a newly discovered myokine released mainly by skeletal

muscle in recent years—a biologically active protein capable of being released

into the bloodstream as an endocrine factor, the synthesis and secretion

of which is specifically induced by exercise-induced muscle contraction.

Although the discovery of irisin is relatively recent, its role in a�ecting bone

density and cartilage homeostasis has been reported. Here, we review the

production and structural characteristics of irisin and discuss the e�ects of the

di�erent types of exercise involved in the current study on irisin and the role

of irisin in anti-aging. In addition, the role of irisin in the regulation of bone

mineral density, bone metabolism, and its role in chondrocyte homeostasis

and metabolism is reviewed. A series of studies on irisin have provided new

insights into the mechanisms of exercise training in improving bone density,

resisting cartilage degeneration, and maintaining the overall environmental

homeostasis of the joint. These studies further contribute to the understanding

of the role of exercise in the fight against osteoarthritis and will provide an

important reference and aid in the development of the field of osteoarthritis

prevention and treatment.
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Introduction

Osteoarthritis (OA) is the most common musculoskeletal disease. According to

incomplete statistics, OA affects ∼240 million people worldwide, representing∼3.8% of

the total population worldwide. The prevalence of osteoarthritis is significantly higher in

older adults, and that the prevalence in adults older than 65 years is accounting for more

than 1/3 of the total population (Hawker, 2019). Its prevalence is expected to continue

to rise significantly in the future, along with the increasing aging of the population.
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Osteoarthritis has become a global public health problem

(Kloppenburg and Berenbaum, 2020). It is characterized

clinically by loss of articular cartilage and subchondral bone

changes (Donell, 2019), causing outcomes, including joint space

narrowing, joint pain, stiffness, deformity, and even disability

(Suri et al., 2012; Kraus et al., 2015; Katz et al., 2021). OA greatly

affects the quality of life of patients and places a considerable

medical burden on individuals and society (Sharif et al., 2015),

so the medical burden on individuals and society is considerable

(Sharif et al., 2015).

Exercise is considered to be a key factor in treating

osteoarthritis (Nelson et al., 2014) and is central to a non-

pharmacological treatment (Regnaux et al., 2015). Physical

activity is based on the skeletal muscle activity (Rannou and

Poiraudeau, 2010). Exercise therapy (Fransen and McConnell,

2009) can be effective in reducing the pain associated with

osteoarthritis, improving physical function, and (Penninx et al.,

2001; Latham and Liu, 2010) significantly reducing the risk of

disability in osteoarthritis (Alghamdi et al., 2004). Notably, age

does not appear to affect the benefits of exercise training (Nelson

et al., 2014), and the improvements in joint function following

training are similar in older and younger people. Despite the

decline in dependency among the elderly, exercise has been

generally shown to delay skeletal sarcopenia and osteopenia and

to reduce the risk of diseases, such as mechanical arthritis of

the knee and hip, that accompany the process of muscle loss

(Bains, 2020). Therefore, exercise deserves further attention as

a relatively safe treatment method (Bricca et al., 2020), but

the mechanisms that exercise modulating osteoarthritis are, as

yet, unclear.

Current research studies have found that exercise can act as a

secretory organ by stimulating the skeletal muscle system in vivo

(Pratesi et al., 2013), causing the release of myokines (Pedersen,

2011; So et al., 2014) and providing new ideas to explain the

beneficial effects of exercise in the treatment of osteoarthritis.

Myokines, a class of cytokines or peptides synthesized and

secreted by muscle fibers during muscle contraction (Pedersen

et al., 2003), act on the muscle itself and other organs in

an autocrine, paracrine, and endocrine form (Pedersen and

Febbraio, 2012). Myokines are involved in regulating metabolic

processes and achieving coordination between skeletal muscle

and organs (Trayhurn et al., 2011; Pedersen and Hojman,

2012; Severinsen and Pedersen, 2020). In 2012, a new myokine

was discovered and named irisin (Bostrom et al., 2012). It is

produced by cleavage of fibronectin type III domain containing

protein 5 (FNDC5) and has been shown to be induced by

exercise (Wrann et al., 2013). Since its discovery, irisin has been

reported to regulate a variety of metabolic disorders (Polyzos

et al., 2018) acting in a variety of tissues, including bone.

Exercise-induced irisin plays a potentially important role in the

prevention and resistance to the progression of osteoarthritis

(Figure 1). In the past, many studies have focused on the role of

irisin in the regulation of bone metabolic homeostasis. In recent

years, there has been an increasing interest in research articles

on the role of irisin in cartilage and the extracellular matrix

of cartilage, some of which have been published. However, the

role of irisin in the development of osteoarthritis has not been

systematically reviewed. An overview of the regulatory role of

irisin in bone and cartilage tissues would help to gain insight

into the development of osteoarthritis and explain the molecular

mechanisms of exercise against osteoarthritis. In this article, we

review the studies on the exercise-induced regulation of bone

density and articular cartilage by the myokine irisin, and discuss

the implications of irisin in the treatment of osteoarthritis.

Generation and structure of irisin

Irisin is a newly identified myokine that is released into

circulation primarily from skeletal muscle (Bostrom et al.,

2012). Since the concept of myokines was introduced in 2003

(Pedersen and Febbraio, 2012), more than 300 myokines have

been identified in the last 20 years, such as interleukin-6 (IL-

6), interleukin-15 (IL-15), fibroblast growth factor 21 (FGF21),

myostatin, among others, which also includes irisin. These

muscle factors have been shown to be involved in adipose tissue,

liver, bone (Trayhurn et al., 2011; Zymbal et al., 2019), central

nervous system (Voss et al., 2019; Lee et al., 2021), and immune

system (Flori et al., 2021). They play a role in driving browning

of white fat (Lee et al., 2014), insulin-sensitive states (Lee et al.,

2015), optimizing whole-body energy metabolism, preventing

metabolic diseases, and playing a protective role in low-level

inflammation on a systemic scale (Tanabe et al., 2017; Flori et al.,

2021).

It has been shown that irisin is a cleaved and secreted

fragment of fibronectin type III structural domain protein 5

(FNDC5). FNDC5 is a transmembrane protein consisting of

209–212 amino acid residues with a typical fibronectin III

structural domain. The c-terminal fragment is located in the

cytoplasm and n-terminal portion is located outside the cell that

can be cleaved by protein hydrolysis to produce a hormone.

The n-terminal fragment is located in the cytoplasm, while

its extracellular portion can be cleaved by protein hydrolysis

to produce a hormone substance known as irisin (Bostrom

et al., 2012; Flori et al., 2021). Irisin consists of 112 amino acid

residues that contain two glycosylation sites. Irisin is released

into the circulation after glycosylation to exert hormonal effects.

Its amino acid sequence is highly conserved in mammals,

demonstrating its stable function across species. Irisin, which

usually occurs as a homodimer (Schumacher et al., 2013), has

been shown to be expressed in almost all tissues and organs of

eukaryotes and is particularly highly expressed in skeletal muscle

and skeletal muscle-rich tissues.

Most studies suggest that exercise induces the expression

and secretion of irisin in muscle tissue. Exercise stimulation

promotes the production of irisin by FNDC5 cleavage (Bostrom
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FIGURE 1

Exercise inducted e�ects of Iris and its regulation in OA. Irisin is secreted by skeletal muscle in response to exercise stimulation and increases

bone density, enhances the mechanical support of cartilage by subchondral bone, improves cartilage tissue, and promotes chondrocyte

proliferation.

et al., 2012; Huh, 2018). Several studies have shown that exercise

can activate the mitogen-activated protein kinase (MAPK)

pathway and increase the expression of peroxisome proliferator-

activated receptor gamma coactivator 1α (PGC-1α) transcript

levels (Akimoto et al., 2005; Guo et al., 2021). PGC-1α is a

transcriptional coactivator that is thought to play a key role in

lipid and metabolic regulation (Cheng et al., 2018), that directly

regulates the expression of FNDC5-irisin (Bostrom et al., 2012).

According to a study in 2018, PGC-1α expression was elevated

in muscle cells during simulated exercise with the transcription

factor CREB, and overexpression of PGC-1α in complex with

CREB-activated FNDC5 transcription in C2C12 cells (Yang

et al., 2018). However, Pekkala et al. (2013) found that changes in

FNDC5 expression were not consistent with serum irisin, which

predicts the existence of other pathways than transcription for

irisin release in muscle. At present, the complete mechanisms of

irisin production are not clear and need further study.

E�ects of di�erent types of exercise
on irisin

Exercise induces irisin expression, and most studies

concluded that moderate intensity and resistance exercise

significantly increased irisin levels (Liu et al., 2021). However,

different types of exercise showed greatly different effects on

the induction of irisin (Supplementary Table 1). In a recent

study, Tavassoli et al. designed a resistance exercise training

(RET) experiment for rats on a high-fat diet. After 12

weeks of training, serum levels of total cholesterol (TG)
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and triglycerides (TC) decreased and serum concentrations of

irisin increased in the rats participating in the RET. Tavassoli

et al. (2022) hypothesized that the increased serum levels

of irisin in rats were related to muscle contraction during

training. In a 2019 mouse experiment, exercise-induced irisin

exerted an anti-oxidative stress effect via Nrf2 and improved

smoking-induced emphysema (Kubo et al., 2019). Li et al.

also recently demonstrated that different types of exercise,

including aerobic, resistance and vibration exercise, and skeletal

muscle electrical stimulation all upregulated irisin/FNDC5

expression in mouse myocardium, which resulted in promoting

mitochondrial phagocytosis, enhancing antioxidant function,

and thus improving cardiac function with having a more

significant effect of resistance exercise (Li H. et al., 2021). There

is a prominent role of resistance exercise in increasing serum

irisin concentrations (Tsuchiya et al., 2015; Cosio et al., 2021).

In addition, a study in 2014 compared in detail serum irisin

levels at different stages of exercise in subjects with different

levels of training in two different forms of exercise, cycling and

sprinting (Huh et al., 2014). The researchers found that irisin

expression was independent of the type of acute exercise and

the training status of the subjects, but that running caused a

longer duration of irisin elevation compared to cycling. The

difference in the duration of irisin upregulation may be due

to the higher rate of fat oxidation in running compared to

cycling at the same relative intensity (Capostagno and Bosch,

2010). In a recent study, Colpitts et al. (2022) reported that

during aerobic exercise at 35min, high-intensity interval (HIIT)

training triggered a higher peak irisin response in the serum of

healthy adolescents compared to moderate continuous intensity

(MCI) exercise. HIIT triggered a higher peak irisin response in

the serum of healthy adolescents compared to MCI exercise,

whereas the induction of irisin was not evident in either exercise

modality in obese or overweight adolescents. Differences in fat

oxidation rates provide a possible explanation for the differences

in irisin expression across exercise forms.

Not all results for the modulation of irisin in exercise are

consistent. In 2015, the results of a meta-analysis covering

12 studies in 8 articles reported that chronic resistance

training unexpectedly and significantly reduced circulating

concentrations of irisin in a randomized controlled trial and

that irisin also tended to be reduced in endurance exercise

(Qiu et al., 2015). In a study conducted by Rodziewicz et al.

(2020), the effects of a single incremental exercise on the plasma

concentrations of irisin and BDNF were evaluated in subjects

applying a treadmill for maximal fitness testing. While the

study found a significant positive correlation between irisin

concentrations and fasting glucose and insulin, no significant

effect of irisin by exercise was observed (Rodziewicz et al.,

2020). A recent systematic review and meta-analysis in 2021

compared the effect of exercise on irisin blood levels in 33

studies (Briken et al., 2016), with increased levels of irisin

in 23 of these studies and decreased in another 10, with

rather inconsistent results in individual studies. In the reported

literature, exercises that have caused a decrease in irisin

serum levels have included high-intensity circuit training (Yang

et al., 2019), mixed physical training (Jandova et al., 2021),

periodic sprint training (Gmiat et al., 2017), indoor aerobic

training (Murawska-Cialowicz et al., 2015), and high-altitude

mountaineering (Ozbay et al., 2020). Furthermore, even in

the studies that have reported post-exercise upregulation of

irisin, the timing of irisin upregulation is not same. More

studies suggest that the upregulation of irisin occur immediately

after exercise (Tsuchiya et al., 2015; Kubo et al., 2019; Cosio

et al., 2021; Li H. et al., 2021; Tavassoli et al., 2022). In

a clinical study involving gerontological neurodegenerative

diseases, Briken et al. found that irisin was upregulated only

immediately after exercise, while long-term exercise had no

effect on serum irisin baseline (Sliwicka et al., 2017). However,

it has also been reported that upregulation of irisin levels

guided by short-term physical exercise in subcutaneous and

visceral adipose tissue was able to persist for 1 week after

cessation of the exercise and gradually returned to normal

levels only 3 weeks after cessation of exercise (Tsuchiya et al.,

2016). The cold environment can induce muscle tremors to

achieve similar effects to exercise (Lee et al., 2014). A study

in 2021 looked at changes in serum concentrations of irisin

after ice swimming (Mu et al., 2020). Interestingly, when the

cold environment was combined with exercise, unexpectedly,

there was a significant decrease in serum irisin levels in winter

swimmers (Mu et al., 2020), perhaps that may be due to the

different tissue sources and metabolic environment of irisin.

Furthermore, exercise does not always play a positive role in

the body’s metabolic processes and exercise may cause elevated

expression of some inflammatory factors. It has been shown

that excessive exercise triggers the activation of JNK/p38/ERK

and ultimately significantly increases the levels of inflammatory

factors, such as IL-1β, TNFa, and iNOS (Sun et al., 2017).

Elevated inflammatory markers in serum are thought to be

associated with aging, obesity, and chronic disease. Chronic

peripheral inflammation may cause neurodegenerative lesions

(Vints et al., 2022). Irisin is often thought to be an exercise-

protective myokine that acts as an inflammatory resistance

factor against inflammatory factors, used to reveal a possible

link between exercise and the prevention of chronic disease

(Martinez et al., 2018). A decrease in its expression is often

used as a marker of chronic disease. However, as mentioned

above, the release of irisin after exercise is closely related to

the form and intensity of the exercise, as well as the physical

condition and metabolic level of the subjects. The factors

and mechanisms underlying exercise-induced irisin expression,

the role of irisin in metabolic processes, and the relationship

between irisin and other myokines or inflammatory factors need

to be further investigated. Despite the partial controversy, the

positive role of irisin in exercise-induced metabolic regulation is

generally recognized.
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Irisin and aging

Exercise-induced expression of irisin is associated with

resistance to aging. In fact, in an earlier study, Bostrom et al.

reported that exercise was able to induce a significant increase in

irisin levels in the circulating blood of elderly subjects (Bostrom

et al., 2012). Analysis of gene microarray data by Timmons

et al. (2012) indicated that exercise upregulated FNDC5 mRNA

expression and that its elevated effect was more pronounced in

older than in younger controls. In 2014, Aydin et al. compared

serum irisin levels in young vs. older rats (Aydin et al., 2014).

Their results showed that serum irisin was higher in young

rats than in older rats in the quiet state. After 10min of

floating exercise, serum irisin increased in both young and old

rats; however, the increase in irisin was significantly higher in

the serum of young rats. Whereas, in another study, it was

reported that baseline levels of irisin were significantly lower in

older adults, the percentage level of increased irisin after acute

exercise was not related to age or health (Huh et al., 2014).

Although the effects of exercise modulation of irisin varied

slightly in subjects of different ages, these studies suggest the

potential of irisin in the alleviation of aging-related diseases.

A study in rats compared the effects of age and exercise on

irisin levels in heart, liver, and plasma samples from rats. The

results showed that aging reduced the levels of irisin in the

above tissues. Regular exercise increased irisin expression in

all tissues analyzed compared to sedentary inactivity (Belviranli

and Okudan, 2018). Recent studies have also shown that irisin

is associated with improved neurocognitive performance in

older adults and plays a key role in the facilitative effects of

exercise on learning and memory (Babaei and Azari, 2021).

More importantly, in a 2021 study, Colaianni et al. examined

a series of patients undergoing total hip or knee arthroplasty.

Serum irisin levels were negatively correlated with age and

positively correlated with BMD. Further studies demonstrated

that irisin treatment reduced the expression of the senescence

marker p21 in osteoblasts in vitro, demonstrating the anti-aging

ability of irisin in bone tissue (Colaianni et al., 2021).

Above, we mentioned that irisin plays a role in a number

of aging-related diseases. Similarly, aging is generally considered

to be a very important contributor to the development of

osteoarthritis. Aging can cause a reduction in the capacity of

articular cartilage cells to repair, destabilize the extracellular

matrix of cartilage, and stimulate its degradation. At the same

time, irisin causes remodeling of bone in the subchondral

bone, causing changes in the mechanical stress of the joint,

while causing the progression of osteoarthritis from multiple

angles (Rahmati et al., 2017; Coryell et al., 2021). Although the

mechanisms of aging in influencing disease development are not

fully understood, signaling pathways associated with autophagy,

apoptosis, and oxidative stress have been shown to be important

in this (Rahmati et al., 2017; Coryell et al., 2021).

In Belviranli and Okudan’s study, irisin increased the action

of the antioxidant enzyme superoxide dismutase. Exogenous

irisin down-regulated the expression of apoptotic proteins

in post-ischemic myocardium and inhibited inflammatory

markers therein (Belviranli and Okudan, 2018). In another

study, the PGC1a/FNDC5/irisin pathway supported exercise-

induced selective autophagy, and irisin expression correlated

with the expression of mitochondrial fission and mitochondrial

phagocytosis markers in myotubes (He W. et al., 2020). A

study by Bi et al. systematically analyzed the effects of irisin

on the liver in an ischemia-reperfusion (IR) model. The results

showed that age could influence the expression of irisin in

liver tissue and the ability of liver tissue to repair the damage.

At the same time, the levels of irisin expression, telomerase

activity, autophagy, and mitochondrial function were lower

in the liver tissues of aged rats. Exogenous irisin treatment

in aged rats significantly reduced the mitochondrial function-

related markers PGC1α and TFAM, and reduced inflammation,

apoptosis, and oxidative stress in the injury model. Molecular

experiments showed that irisin regulates telomerase activity

through involvement in the MAPK pathway. Irisin inhibited

the phosphorylation of JNK and increased telomerase activity

in senescent hepatocytes to activate autophagy and improve

mitochondrial function (Bi et al., 2020). In contrast, in

vitro experiments, the JNK-MAPK inhibitor, an inhibitor of

telomerase activity, eliminated the promotion of autophagy and

the protective effect of irisin on mitochondrial function. A

similar association was demonstrated in articular chondrocytes.

In chondrocytes cultured in three dimensions in vitro, r-irisin

treatment significantly reduced the phosphorylation levels of

JNK, while significantly reducing inflammatory markers, such

as IL-1β, and inhibiting the catabolism of chondrocytes with

extracellular mechanisms (Vadala et al., 2020). Wang et al.

(2020) also demonstrated that irisin promotes the protective

effect on chondrocyte mitochondria by modulating the action

of key factors, such as PGC1α, UCP1, and Sirt3, improving

chondrocyte survival in an inflammatory environment and

promoting ECM anabolism. The role of irisin in senescence

resistance is shown in Figure 2.

The e�ects of irisin on osteoarthritis

Irisin and bone mineral density

Presumably, Irisin influences the progression of

osteoarthritis by affecting bone mineral density (BMD).

The increase in bone density requires the osteogenic effect of

osteoblasts over the resorptive effect of osteoclastic bone. This

process primarily involves both osteoblasts and osteoclasts,

also known as osteogenic and osteoclastic cells. Osteoblasts

are derived from mesenchymal stem cells (MSCs) in the bone

marrow and eventually differentiate into osteoblasts, bone lining
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FIGURE 2

The role of irisin in aging resistance. Aging reduces baseline levels of irisin in vivo. Irisin inhibits JNK phosphorylation and a�ects telomerase

activity and expression of inflammatory factors. Induces autophagy and apoptosis resistance and decreases markers of senescence.

cells, or undergo apoptosis (Ponzetti and Rucci, 2021). Some

studies have shown that progressive loss of bone, associated with

the progression of osteoarthritis, is more pronounced especially

in the elderly (Zhang et al., 2014; Fang et al., 2021). Xu et al.

(2019) observed degenerative changes in articular cartilage.

It was observed that the formation of bone redundancy was

accompanied by a substantial bone loss in subchondral bone,

with loss of normal bone structure in a rat OA model. Other

partial findings also support the reduction of bone density in

osteoarthritis (Schreiber et al., 2018; Muhlenfeld et al., 2021;

Zhu Z. et al., 2021). A review in regard to the relationship

between BMD and osteoarthritis of the knee by Choi et al.

(2021) showed that patients with moderate and severe OA

had significantly lower BMD than the normal ones. Patients

with mild OA show an increase in BMD but this is most

likely caused by a temporary increase in score due to high

turnover of the osteoarthritic subchondral bone (Dequeker

et al., 2003). Primary osteoarthritis includes loss of joint space,

bone fragments, and cartilage sclerosis, which may lead to

erroneous increases in BMD and become a confounding factor

in the study.

At all ages, a significant correlation was shown between

muscle mass, muscle strength, and bone density (Sutter et al.,

2019; Chen F. et al., 2020; Lopes et al., 2021). Irisin, a myokine

induced during exercise, is thought to be an osteoprotective

factor that acts on bone and affects bone density. The expression

of irisin is positively correlated with bone health (Colaianni et al.,

2019), and the related studies have been widely reported. In

earlier studies, circulating irisin showed a negative association

with the incidence of osteoporotic fractures in post-menopausal

women with low bone mass (Anastasilakis et al., 2014; Yan et al.,

2018). In a study of serum irisin levels in white football players,

Colaianni et al. used x-ray bone densitometry to measure the

BMD in the whole body and in different bone subregions (head,

arms, legs, etc.) and compared the relationship between irisin

concentrations and whole-body BMD. The results showed that

irisin was linearly correlated with BMD at different bone sites

and that there was a systematic association between circulating

irisin and bone mass (Colaianni et al., 2017a). Zhang et al.

(2020) also demonstrated a positive correlation between irisin

levels and BMD in older Chinese men in 2020, and these

results supported the idea that irisin exerts a protective effect on

bone tissue. In 2022, Wang et al. investigated the relationship

between serum levels of irisin and BMD in patients with new-

onset type 2 diabetes and observed that decreased serum levels

of irisin were negatively associated with BMD. The hindlimb
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suspension mouse model, a widely accepted mouse model that

simulates weightlessness, was used to determine the effects of

unloading conditions on the performance of themusculoskeletal

system (Morey-Holton et al., 2005). Bone loss induced by

lack of mechanical loading was effectively prevented by the

recombinant iris, and the density of femur and tibia in mice

treated with recombinant iris for 4 weeks was even higher

than in vehicle-treated mice (Colaianni et al., 2017b). Irisin

similarly prevents bone loss in a devitalized mouse model (Luo

et al., 2020). After Luo et al. treated de-ovulated mice with r-

Irisin for 5 weeks, mice in the irisin-treated group exhibited

a significant improvement in bone microarchitecture, bone

density, and bone volume to tissue volume ratio relative to

the control group. Histomorphometric analysis also showed

that r-irisin increased the number of osteoblasts and decreased

the number of osteoclasts. This result is consistent with the

results in the deovulated rat model (Morgan et al., 2021). Irisin

protected normal bone structure, maintained bone density, and

maintained bone metabolic homeostasis. To further validate

the relationship between irisin and bone metabolism, Zhu’s

team constructed FNDC5/irisin knockout mice in 2021 (Zhu X.

et al., 2021) and observed a significant decrease in BMD and

delayed bone development andmineralization in knockout mice

during development and into adulthood. Knockout of irisin

impaired the increase in bone thickness in mice induced by

wheel running exercise and reduced the level of fat browning in

vivo. Notably, the de-ovulatory model is a common means used

to induce osteoporosis (Kawao et al., 2021), with osteoarthritis

(Xu et al., 2019). In humans, more than 30% of menopausal

women are affected by reduced bone mass and deterioration

of bone tissue microarchitecture (Rossi et al., 2018), and levels

of related hormones such as estrogen are associated with bone

density. As mentioned above, exercise-induced expression of

irisin ameliorates osteoporosis and osteoarthritis induced by

the de-ovulatory model (Morris et al., 2018; Kawao et al.,

2021). Another study showed that in vitro, irisin treatment

significantly upregulated estrogen receptor alpha in cells (Yang

et al., 2021). However, although the two together affect metabolic

pathways, including insulin resistance (Park et al., 2013; Li

et al., 2019), there are no clear reports on whether there is

a direct link between the regulatory effects of irisin and the

estrogen pathway.

We have described the existence of a relationship between

OA and bone density above (Dequeker et al., 2003; Choi

et al., 2021), and the role of irisin in modulating bone

density to improve bone quality helps to explain the effects

of mechanical signal stimulation on inhibiting the progression

of osteoarthritis. In 2020, a study by He et al. showed that

irisin rescued bone volume fraction and trabecular number in

ACLT model mice and improved bone density by reducing

osteoblast apoptosis. So that cartilage structure is stabilized

that may indirectly stimulate the induction of chondrocyte

proliferation and improve the progression of osteoarthritis

throughmechanical signaling of bone in vivo (He Z. et al., 2020).

Interestingly, Wang et al. observed a decrease in serum levels

of irisin in type 2 diabetic patients in parallel with a study that

observed a downregulation of bone transformation markers,

including osteocalcin (Wang et al., 2022). Osteocalcin—a

protein specifically secreted by osteoblasts—is an important

bone factor, the expression of which has been reported to

be associated with osteoarthritis (Kalichman and Kobyliansky,

2010; Tarquini et al., 2017). Both irisin and osteocalcin are

exercise-induced cytokines and are important components of

the constitutive muscle-bone crosstalk (Kirk et al., 2020).Wang’s

results provide us with the possibility that irisin indirectly

regulates osteoarthritis by causing alterations in the expression

of bone-derived biochemical signals, and whether there is a

direct regulatory effect between irisin and osteocalcin remains

to be further investigated.

Irisin and bone metabolism

The metabolic regulation of irisin in bone is achieved in

part by binding to integrin proteins to activate the intracellular

wnt/β-catenin and ERK/MAPK signaling pathways. Changes in

bone metabolism are key to affecting bone density. Changes in

the balance between bone resorption and bone formation lead

to changes in bone mass and affect bone remodeling (Kobayashi

et al., 2016; Shen et al., 2020), thus affecting the mechanical

stress state and structural stability of joints. Bone loss and

osteocyte death caused by imbalances in bone metabolism lead

to bone diseases, such as osteoporosis (Kim et al., 2013), femoral

head necrosis (Chen et al., 2019), and the rapid progression

to osteoarthritis.

Studies have shown that integrin proteins are the primary

receptors for irisin in osteogenic lineage cells. Integrins are

heterodimeric transmembrane proteins composed of alpha

and beta subunits that mediate cell adhesion, influence

cell development, immunity, and participate in hemostatic

responses and wound healing. Integrins also act as signal

transduction receptors, triggering a series of intracellular

signaling pathways that are involved in controlling cell survival,

proliferation, and regulating tissue metabolic homeostasis, as

well as the progression of a variety of diseases (Barczyk et al.,

2010; Ginsberg, 2014). In 2018, Kim et al. found that, as a

muscle factor with increased expression induced by exercise,

irisin caused the phosphorylation of FAK and Zyxin, the

main downstream proteins in the integrin protein signaling

pathway in human osteoid cells. Quantitative proteomic analysis

confirmed the elevated expression of several integrin family

members in response to irisin induction. The αV integrin

protein is the possible receptor of irisin. Both αV/β5 and αV/β1

show a strong affinity with irisin. Mass spectrometry analysis

further confirmed the direct binding between irisin and integrin

αV/β5, while identifying the structural sequences (amino acids
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60–76 and 101–118) involved in the binding (Kim et al., 2018).

Kim et al. further blocked irisin-induced signals using inhibitors

of various αV integrin complexes. These results confirm the

important role of the integrin αV complex as an irisin receptor

in osteoblasts. It also suggests that the integrin αV complex may

also function as an irisin receptor in adipose tissue, mediating

irisin-induced lipid metabolic processes. The role between irisin

and integrins contributes to the understanding of the regulation

of bone metabolism by irisin and the interpretation of the role of

exercise in human health.

Irisin is induced by exercise, and the mechanism of its

intracellular regulation of the WNT pathway in osteoblast-

lineage cells is shown in Figure 3. Physical exercise can resist

aging and mineral loss in bones caused by aging via regulating

the balance between bone resorption and bone formation,

which is associated with higher BMD. Current studies have

demonstrated that the differentiation process of osteoblasts is

regulated by the WNT signaling pathway and that RUNX2 is

an important transcription factor in the osteogenesis process

(Ponzetti and Rucci, 2021). Wnt/β-catenin pathway plays a key

role in this metabolic balance regulated by exercise (Faienza

et al., 2020). Previous studies have demonstrated that members

of the integrin family (including αV/β1) can activate WNT1

expression and thus form positive feedback in the Wnt/β-

catenin pathway by causing the accumulation of β-catenin (Du

J. et al., 2016). In 2021, Liu et al. reviewed some of the studies

in which exercise promoted the expression of irisin and found

that the anti-inflammatory effects induced by irisin in bone

tissue were associated with the activation of the classical Wnt

signaling pathway (Liu et al., 2021). In a study by Zhu X.

et al. (2021), FNDC5/irisin-deficient mice consistently showed

reduced BMD. Irisin deficiency inhibited osteoblastogenesis and

increased osteoclastogenesis, and a concomitant decrease in

adipose tissue browning was observed in model mice. Elevated

concentrations of irisin were induced by voluntary rotational

exercise and upregulated total protein levels of β-catenin

in bone marrow mesenchymal stem cells. The intranuclear

expression of irisin activated Wnt/β-catenin pathway and

recombinant irisin (r-irisin) induced osteoblast differentiation.

It also inhibited the differentiation ability of osteoblasts and

contributed to healthy bone anabolism. The result is consistent

with the study by Luo et al. (2020). The accumulation of β-

catenin promotes the expression of an important transcription

factor, Runx2. β-catenin can bind to the promoter sequences

of Runx2 and activate its transcription. Overexpression of

Runx2 upregulates the expression of Tcf7, Wnt10b, and Wnt1

genes, and realized their mutual regulation with the wnt/β-

catenin signaling pathway. Runx2 enhanced the proliferation of

pluripotentmesenchymal cells and induced their transformation

into pre-osteoblasts through the regulation of the genes involved

in hedgehog, wnt, Fgf, and Pthlh signaling pathways (Morris

et al., 2018; Qin et al., 2019; Chen D. et al., 2020). The expression

of genes, such as Col1a1, Spp1, and Fn1, was upregulated

(Komori, 2018, 2019; Chen D. et al., 2020). Taken together, the

irisin-integrin-wnt/β-catenin-Runx2 interplay may constitute

a signaling axis, providing a possible explanation for the

mechanism of action of irisin-induced osteoblast differentiation

and improved BMD.

Figure 4 demonstrates the activation of the ERK/MAPK

signaling pathway mediated by irisin-binding integrins. The

integrin family can activate the expression of the ERK/MAPK

signaling pathway (Sheng et al., 2017; Morris et al., 2018).

Colaianni et al. found that r-Irisin was able to rapidly induce

phosphorylation of Erk and upregulate the expression levels of

osteoblast marker genes, such as Atf4 and Runx2 (Colaianni

et al., 2015). r-Irisin activated MAP kinases Erk1 and Erk2

and increased the expression of transcription factor Atf4

and down-regulated apoptotic factors caspase-9 and caspase-

3 in osteoporotic mouse osteoblasts, MLO-Y4, in vitro, which

in turn exerted anti-apoptotic effects (Storlino et al., 2020).

Recombinant irisin with a conditioned medium containing

irisin significantly increased the number of phosphorylated

P38 (p-P38) and phosphorylated ERK (p-ERK) in rat primary

osteoblasts, but had no effect on total protein. The inhibition

of phosphorylated P38 with phosphorylated ERK, along with

the inhibition of irisin-induced Runx2 expression, inhibited

osteoblast proliferation (Qiao et al., 2016). Recently, Xue et al.

showed that irisin promoted phosphorylation of Erk1/2 via

integrin receptor αV, which in turn increased phosphorylation

of STAT3 and promoted increased expression of BMP2.

The binding of BMP2 to the membrane surface receptor

BMPR2 activated the BMP/SMAD signaling pathway, ultimately

promoting osteogenic differentiation (Xue et al., 2022). The

role of irisin in the P38/ERK MAPK signaling pathway

remains somewhat unresolved, and the regulation of ERK

and P38 phosphorylation by irisin may be different in other

tissues than in osteoblasts. For example, the investigators

demonstrated in macrophages that irisin caused a decrease

in the release of pro-inflammatory cytokines, such as IL-

1β, TNFα, and IL-6. This was associated with the activation

of phosphorylation of the MAPK signaling pathway. Here,

irisin significantly reduced the phosphorylation levels of JNK

and ERK, but had no effect on p-p38 (Mazur-Bialy et al.,

2017). Although its mechanism of action in osteoblasts may

differ, irisin exhibits a distinct anti-inflammatory profile. In

another study, irisin promoted the proliferation of C2C12

cells in vitro by activating the ERK signaling pathway.

This is a myogenic cell and treatment with irisin increased

ERK; phosphorylation levels in a dose-dependent manner,

while having no significant effect on p38 phosphorylation

in the short term (Lee et al., 2019). In conclusion, the

irisin/P38/ERKMAPK signaling pathway plays a role in resisting

osteoblast apoptosis and promoting osteoblast proliferation,

enhancing bone formation, and improving bone density

and quality.

In addition, the reciprocal regulatory role of irisin in the

AMPK signaling pathway has been reported in many tissues.

Exercise-induced elevation of irisin is associated with AMPK

Frontiers in AgingNeuroscience 08 frontiersin.org

https://doi.org/10.3389/fnagi.2022.934406
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Ning et al. 10.3389/fnagi.2022.934406

FIGURE 3

Mechanisms of regulation of the Wnt/β-catenin pathway by irisin in osteogenic lineage cells. Irisin a�ects various steps of the Wnt/β-catenin

pathway by binding to integrins and causing the accumulation of intracellular β-catenin.

activity in the kidney. Irisin activates AMPK in renal tubular

cells, inhibits the expression of inflammatory factors in the

kidney, and exerts a protective effect on the kidney (Formigari

et al., 2022). Studies have shown that the irisin precursor

protein FNDC5 attenuates inflammation and insulin resistance

in adipose tissue through the AMPK-mediated polarization of

obese macrophages (Xiong et al., 2018). In bone, recent studies

have shown that the induction of osteogenesis by irisin is

also associated with macrophage polarization (Ye et al., 2020).

Irisin treatment promoted the polarization of M0 macrophages

to the M2 phenotype and facilitated osteogenesis. siRNA for

the AMPK subunit AMPK-α significantly abolished the Irisin-

induced M2 phenotype switch and reduced the osteogenic

capacity of Irisin-treated macrophages. This result suggests

that the induction of polarization of macrophages by irisin

may be achieved through activation of the AMPK signaling

pathway. At present, there are relatively few studies of irisin

and the AMPK signaling pathway in bone. The regulatory

mechanisms associated with irisin in bone metabolism need to

be further investigated.

Irisin and cartilage

Along with regulating bone density, irisin can directly

influence the development of osteoarthritis by regulating the

proliferation and apoptosis of chondrocytes and maintaining

the homeostasis of the extrachondral matrix. Chondrocytes

are derived from mesenchymal cells in the early embryo

(Lefebvre and Smits, 2005). At the onset of skeletogenesis,

mesenchymal precursor cells undergo chondrogenesis and

differentiate into prechondrocytes. Of these, early chondrogenic

cells located within the joint cavity develop into articular

chondrogenic cells and eventually differentiate into articular

chondrocytes. Articular cartilage is a special transparent tissue

that covers the surface of joint bones and is composed of

chondrocytes and an extracellular matrix (Madry et al., 2010).

Chondrocytes are surrounded by a rich layer of extracellular

matrix ECM that regulates chondrocyte differentiation and

activity while maintaining the biomechanical properties of the

tissue (Lefebvre and Smits, 2005). As a common joint disease,

damage to articular cartilage is a key feature of osteoarthritis,
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FIGURE 4

Mechanism of regulation of ERK MAPK signaling pathway by irisin. Irisin binds to integrins, increases the amount of p-P38 and p-Erk1/2,

activates the ERK MAPK signaling pathway, resists apoptosis, promotes proliferation, and induces osteoblast di�erentiation.

including inflammation-induced apoptosis of chondrocytes and

degradation of the extracellular matrix (Jang et al., 2021).

The association between irisin concentrations and osteoarthritis

was first analyzed in a study of blood and synovial fluid

(SF) from patients with osteoarthritis of the knee. The results

showed that irisin concentrations in serum and SF decreased

with increasing Kellgren-Lawrence classification and that irisin

concentrations were negatively correlated with the imaging

severity of osteoarthritis. The expression of C-reactive protein

(CRP) in serum was increased with the decrease of irisin

concentration (Mao et al., 2016).

Exercise alleviates the inflammatory state of osteoarthritis,

and irisin expression shows a correlation with resistance to

inflammation. In a recent study, moderate-intensity exercise

significantly increased serum protein levels of irisin and the

anti-inflammatory factor IL-10, which inhibited expression of

the inflammatory factor TNF-α and improved the osteoarthritis

index in older women with sarcopenia and OA (Park et al.,

2021). In the last 2 years, further studies on the protective

effects of irisin on cartilage tissue in osteoarthritis have

been reported. In vitro, r-irisin increased type II collagen

levels in three-dimensionally cultured human osteoarthritic

chondrocytes, while decreasing the expression of the cartilage

ossification marker type X collagen. The signals improved

cartilage homeostasis. In contrast to its report in osteoblasts, r-

irisin treatment reduced the phosphorylation levels of p38, Akt,

JNK, and NF-κB but not phosphorylated ERK in chondrocytes

over a short period of time (Vadala et al., 2020). These findings

signify the possible cellular specificity of irisin signaling in

osteoblasts and chondrocytes. Irisin inhibited the differentiation

of chondrocytes to osteoblasts, reduced the expression of

inflammatory factors IL-1 and IL-6, inhibited chondrocyte

apoptosis, downregulated the metalloproteinases MMP-1 and

MMP-13, maintained the protective role of the extracellular

matrix in cartilage, and promoted chondrocyte proliferation

(Vadala et al., 2020). Wang et al. also demonstrated that irisin

injection improved gait and inhibited IL-1β-mediated loss of

the autophagic markers Atg4 and Atg12, as well as p62 in

DMMmice. Irisin inhibits chondrocyte apoptosis and promotes

extracellular matrix accumulation by improving membrane
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potential and mitochondrial biogenesis in chondrocytes to

protect articular cartilage and slow the development of OA

(Wang et al., 2020).

However, there are conflicting reports on the ability of irisin

to promote chondrocyte proliferation. He et al. observed a

significant increase in the proportion of hyaline cartilage with

reduced calcification of tibial cartilage at the knee joint in an

ACLT model mouse. The results showed that there were no

changes in the ability of chondrocytes to proliferate after being

administered intravenously with irisin that was observed in an in

vitro pulling assay that simulated exercise. Accordingly, He et al.

concluded that the alleviating effect of irisin on osteoarthritis

was mainly achieved by reducing the apoptosis of bone cells

in subchondral bone and improving the microstructure of

subchondral bone (He Z. et al., 2020). To further clarify the

role of irisin in cartilage tissue, in 2021, Li et al. cultured

and characterized irisin KI with KO in transgenic mice. In

vivo, irisin knockout mice exhibited more severe osteoarthritic

features following DMMmodeling, whereas KI mice with intra-

articular injection of irisin significantly resisted DMM-induced

progression of osteoarthritis. In experiments with primary

chondrocytes cultured in vitro, cell proliferation in irisin KImice

was significantly increased in both normal and IL-1β-induced

inflammatory states, while KOmouse-derived chondrocytes had

decreased proliferative capacity, and the addition of r-irisin

was able to reverse the proliferative capacity of KO cells. Irisin

reduced the gene expression levels of inflammatory factors

and inflammatory mediators in chondrocytes and upregulated

COL2a1, aggrecan, and SOX9 expression. These experiment

results clarify the role of irisin in promoting chondrocyte

proliferation Li X. et al. (2021). We speculate that differences in

the intensity settings ofmechanical pulling in vitro and the forms

of cell culture in the different studies may have contributed to

the differences in the results of the different studies. Primary

chondrocytes cultured in 3D can better simulate the effect of

irisin in vivo. In a recent study, Jia et al. compared the effects

of low, moderate, or high-intensity treadmill exercise with the

effects on the concentration levels of irisin in the synovial fluid of

SD rats (Jia et al., 2022). This study demonstrated that exercise of

appropriate intensity maintained high circulating levels of irisin,

significantly increased the concentration of irisin in synovial

fluid, alleviated inflammation and scorching of chondrocytes,

reduced OA cartilage damage in a rat model, and achieved

therapeutic effects in osteoarthritis. In contrast, high-intensity

exercise may cause excessive mechanical stimulation, resulting

in damage that outweighs the therapeutic effect of increased

irisin concentrations and therefore exacerbates the progression

of OA.

These results suggest that irisin, as an exercise-induced

muscle factor, may act directly on cartilage tissue and

influence the disease process of knee OA by inhibiting

inflammation. The ameliorative effect of irisin on osteoarthritis

is mediated by its modulation of subchondral bone mass

in conjunction with its direct intervention on cartilage

tissue metabolism.

Irisin and cartilage metabolism

High expression of irisin inhibits the activation of

chondrocyte Wnt/β-catenin and NF-κB signaling pathways in

osteoarthritis. The regulation within chondrocytes is shown

in Figure 5. The metabolic imbalance between anabolic and

catabolic factors produced by chondrocytes leads to the

degradation and destruction of cartilage. This is an important

cause of chondrocyte apoptosis, as well as degradation of

extrachondral mechanisms, ultimately leading to osteoarthritis

(Messina et al., 2019; Oliviero and Ramonda, 2021).

Activation of Wnt/β-catenin and NF-κB signaling pathways

in chondrocytes regulates chondrocyte metabolism and plays

an important role in OA progression (Zhou et al., 2017;

Choi et al., 2019). Among these, the Wnt/β-catenin signaling

pathway regulates the development of arthritis and mediates the

high expression of downstream effectors, such as mmp family

members, adamts, acan, and Col2a1 genes and inflammation-

related factors in chondrocytes with osteoarthritis (Zhou et al.,

2017). The strong activation of typical Wnt signaling exhibited

joint damage due to DMM surgery in chondrocytes. In

transgenic mice with stable mutations in β-catenin, the model

showed a significant progressive loss of articular cartilage as β-

catenin expression in cartilage was upregulated. Inhibition of the

activation state of the Wnt pathway in cartilage tissue alleviates

OA symptoms andmitigates cartilage loss in a surgically induced

mouse model of OA (Lietman et al., 2018). NF-κB is aberrantly

activated in OA and the associated signals are involved

in a variety of biological processes, including chondrocyte

apoptosis, inflammatory factor release, and extracellular matrix

degradation (Chen Z. et al., 2020) Tumor necrosis factor-

alpha (TNF-α) is an important cytokine (Cao et al., 2021), and

studies have shown that IL-1β-induced TNF-α expression is

significantly upregulated in chondrocytes and activates the NF-

kB pathway by increasing p-IkBa and p-p65 (Li et al., 2019)

NF-kB pathway (Li Z. et al., 2021).

Irisin is a myokine that can be upregulated after being

induced during exercise. Wang et al.’s (2020) study confirmed

that the irisin signaling pathway plays a protective role on

the mitochondria of chondrocytes, inhibiting apoptosis and

preventing oxidative damage in inflammatory chondrocytes,

along with key regulators, including Sirt3, a signaling factor

closely associated with the activation of Wnt pathway. Li

et al. induced osteosarcoma cells with IL-1β to simulate OA

in vitro. The results showed that irisin treatment significantly

inhibited the protein and mRNA levels of WnT-1 and β-catenin.

Irisin intervention also significantly reduced the induction

effect of LiCl on β-catenin. Irisin inhibited Wnt/β-catenin

pathway in chondrocytes. The expression of MMP-13 and other
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FIGURE 5

Regulatory role of irisin in chondrocyte metabolism. Irisin inhibits the activation of Wnt/β-catenin and NF-κB signaling pathways in osteoarthritic

chondrocytes, promotes cell autophagy and proliferation, inhibits apoptosis, and improves the stability of the extracellular matrix.

metal matrix proteases in cartilage tissues was down-regulated,

and the protein level of type II collagen in IL-1β-induced

osteosarcoma cells was reversed. Irisin showed strong resistance

to inflammation (Li et al., 2020). On the other hand, irisin

reduced TNF-α expression in chondrocytes cultured in vitro (Li

X. et al., 2021) demonstrated that irisin reversed IL-1β-induced

IkBa expression and p65 phosphorylation levels in osteosarcoma

cells. Irisin inhibited cytoplasmic p-p65 and down-regulated

NF-κB pathway activity in chondrocytes (Li et al., 2020). In vitro

morphological observations demonstrated that upregulation of

irisin concentrations ameliorated chondrocyte scorch death,

an important pro-inflammatory programmed cell death (Jia

et al., 2022). In Jia et al.’s study, irisin pretreatment blocked

IL-1β-induced NF-κB/p65 nuclear translocation and enhanced

chondrocyte-specific collagen II expression, while inhibiting

nod-like receptor protein-3 (NLRP3)/caspase-1 activity. The

results of both biochemical analysis and biochemical indexes

indicated that irisin ameliorated osteoarthritis by inhibiting

the activation of PI3K/Akt/NF-κB cascade reaction and

suppressing inflammation-induced chondrocyte scorching (Jia

et al., 2022).

Irisin exhibited a protective effect on cartilage by inhibiting

the activation of Wnt/β-catenin and NF-κB signaling

pathways, reducing matrix metalloproteinase expression,

enhancing extracellular matrix stability, downregulating

inflammatory factors in chondrocytes, inhibiting apoptosis,

and promoting chondrocyte proliferation. Notably, the

regulation of key factors of the Wnt/β-catenin pathway

by irisin in chondrocytes showed opposite characteristics

to its promotion of the Wnt/β-catenin pathway in
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osteoblastic lineage cells that reflect the cellular specificity

of irisin.

Prospect

It is expected that in the future, research on irisin, a

muscle factor induced by exercise, will help us to further

understand and explain the beneficial effects of exercise in

the maintenance of physical health, particularly in the fight

against aging and age-related degenerative diseases. As shown

in Supplementary Table 1, the effect of different types of exercise

on the induction of irisin expression is clearly inconsistent, with

resistance exercise being more significant in increasing irisin

levels, and a great deal of research has been done to explain the

mechanisms underlying this phenomenon. The FITT principle,

which includes frequency, intensity, time, and type, is a standard

prescription for physical activity programs as newly defined by

the American College of Sports Medicine (ACSM) (DeSimone,

2019). Exercise protocols based on the FITT principles hold the

promise of resolving the contradictory results that have emerged

from past studies of exercise modulation of irisin and will help

to further clarify the modulatory effects of exercise on irisin in

the future. The roles of irisin in bone and cartilage tissue and

the mechanisms that trigger it (as shown in Figures 3–5) have

received a great deal of attention in the exercise treatment of

osteoarthritis. In the past 2 years, studies involving the roles

of irisin in osteoarthritis have increased rapidly, revealing the

regulation of bone density (Zhang et al., 2020; Wang et al.,

2022), resistance to inflammatory factors (Vadala et al., 2020;

Wang et al., 2020), and the protective effects of irisin on articular

cartilage (Li X. et al., 2021; Jia et al., 2022). However, the research

on related pathways is still not thorough, and many important

nodes are missing. For example, what is the receptor of irisin in

chondrocytes? Irisin plays different roles in bone and cartilage

tissues, and the reasons for its obvious tissue specificity and its

role in coordinating the metabolic balance between bone tissue,

cartilage tissue, and other body tissues are all problems that need

to be solved in the future.

Conclusion

Irisin, a myokine secreted by skeletal muscle in response

to exercise stimulation, is involved in resistance to aging and

its discovery explains the protective mechanism of exercise in

bone and cartilage tissues. Irisin has been shown to promote

osteoblast differentiation and proliferation in bone, increase

bone density, improve bone quality, and enhance themechanical

support of cartilage by subchondral bone; on the other hand,

irisin promotes chondrocyte proliferation, reduces the secretion

of inflammatory factors and matrix metalloproteinases in

chondrocytes, inhibits chondrocyte apoptosis, and strengthens

the stability of the extrachondral matrix, which has great

potential in the prevention and treatment of osteoarthritis. In

conclusion, this study shows that irisin is a very useful tool in

the prevention and treatment of osteoarthritis. In conclusion,

this study suggests that irisin may be a new marker signal

and therapeutic target in osteoarthritis. Further research into

the effects of exercise form and intensity on the induction

of irisin expression, as well as the mechanisms regulating the

effects of irisin in bone density and cartilage metabolism, will

help to implement better prevention and treatment modalities

for osteoarthritis.

Author contributions

X-aZ, ZW, and KN designed the research and collected the

materials. X-aZ provided conceptual and funding support for

this article. X-aZ and ZW reviewed and revised the manuscript.

KN wrote and amended the manuscript. All authors contributed

to the article and approved the submitted version.

Funding

This work was supported by the Innovative Talents Support

Program for Universities of Liaoning Province, No.WR2019024.

Acknowledgments

We would like to thank Dr. Xueqiang Wang, the Shanghai

University of Sport, for his helpful suggestions.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be

found online at: https://www.frontiersin.org/articles/10.3389/

fnagi.2022.934406/full#supplementary-material

Frontiers in AgingNeuroscience 13 frontiersin.org

https://doi.org/10.3389/fnagi.2022.934406
https://www.frontiersin.org/articles/10.3389/fnagi.2022.934406/full#supplementary-material
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Ning et al. 10.3389/fnagi.2022.934406

References

Akimoto, T., Pohnert, S. C., Li, P., Zhang, M., Gumbs, C., and Rosenberg, P.
B., et al. (2005). Exercise stimulates Pgc-1alpha transcription in skeletal muscle
through activation of the p38 MAPK pathway. J. Biol. Chem. 280, 19587–19593.
doi: 10.1074/jbc.M408862200

Alghamdi, M. A., Olney, S., and Costigan, P. (2004). Exercise
treatment for osteoarthritis disability. Ann. Saudi Med. 24, 326–331.
doi: 10.5144/0256-4947.2004.326

Anastasilakis, A. D., Polyzos, S. A., Makras, P., Gkiomisi, A., Bisbinas, I.,
and Katsarou, A., et al. (2014). Circulating irisin is associated with osteoporotic
fractures in postmenopausal women with low bone mass but is not affected by
either teriparatide or denosumab treatment for 3 months. Osteoporos Int. 25,
1633–1642. doi: 10.1007/s00198-014-2673-x

Aydin, S., Kuloglu, T., Aydin, S., Eren, M. N., Celik, A., and Yilmaz, M., et al.
(2014). Cardiac, skeletal muscle and serum irisin responses to with or without
water exercise in young and old male rats: cardiac muscle produces more irisin
than skeletal muscle. Peptides 52, 68–73. doi: 10.1016/j.peptides.2013.11.024

Babaei, P., and Azari, H. B. (2021). Exercise training improves memory
performance in older adults: a narrative review of evidence and possible
mechanisms. Front. Hum. Neurosci. 15, 771553. doi: 10.3389/fnhum.2021.771553

Bains, B. S. (2020). Sarcopenia and locomotive disorders in sedentary city
lifestyle. Int. J. Aging Health Mov. 1, 8–12.

Barczyk, M., Carracedo, S., and Gullberg, D. (2010). Integrins. Cell Tissue Res.
339, 269–280. doi: 10.1007/s00441-009-0834-6

Belviranli, M., and Okudan, N. (2018). Exercise training increases
cardiac, hepatic and circulating levels of brain-derived neurotrophic factor
and irisin in young and aged rats. Horm. Mol. Biol. Clin. Investig. 36.
doi: 10.1515/hmbci-2018-0053

Bi, J., Yang, L., Wang, T., Zhang, J., Li, T., and Ren, Y., et al. (2020). Irisin
improves autophagy of aged hepatocytes via increasing telomerase activity in liver
injury. Oxid. Med. Cell. Longev. 2020, 6946037. doi: 10.1155/2020/6946037

Bostrom, P., Wu, J., Jedrychowski, M. P., Korde, A., Ye, L., and Lo, J. C., et al.
(2012). A PGC1-alpha-dependentmyokine that drives brown-fat-like development
of white fat and thermogenesis. Nature 481, 463–468. doi: 10.1038/nature10777

Bricca, A., Harris, L. K., Jager, M., Smith, S. M., Juhl, C. B., and Skou, S. T.
(2020). Benefits and harms of exercise therapy in people with multimorbidity: a
systematic review and meta-analysis of randomised controlled trials. Ageing Res.
Rev. 63, 101166. doi: 10.1016/j.arr.2020.101166

Briken, S., Rosenkranz, S. C., Keminer, O., Patra, S., Ketels, G., and 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

Cao, Y., Tang, S., Nie, X., Zhou, Z., Ruan, G., and Han, W., et al. (2021).
Decreased miR-214-3p activates NF-kappaB pathway and aggravates osteoarthritis
progression. EBio Med. 65, 103283. doi: 10.1016/j.ebiom.2021.103283

Capostagno, B., and Bosch, A. (2010). Higher fat oxidation in running than
cycling at the same exercise intensities. Int. J. Sport Nutr. Exerc. Metab. 20, 44–55.
doi: 10.1123/ijsnem.20.1.44

Chen, D., Kim, D. J., Shen, J., Zou, Z., and O’Keefe, R. J. (2020). Runx2 plays
a central role in Osteoarthritis development. J. Orthop. Translat. 23, 132–139.
doi: 10.1016/j.jot.2019.11.008

Chen, F., Su, Q., Tu, Y., Zhang, J., Chen, X., and Zhao, T., et al. (2020).
Maximal muscle strength and body composition are associated with bone
mineral density in chinese adult males. Medicine (Baltimore). 99, e19050.
doi: 10.1097/MD.0000000000019050

Chen, X. J., Shen, Y. S., He, M. C., Yang, F., Yang, P., and Pang, F. X., et al. (2019).
Polydatin promotes the osteogenic differentiation of human bone mesenchymal
stem cells by activating the BMP2-Wnt/beta-catenin signaling pathway. Biomed.
Pharmacother. 112, 108746. doi: 10.1016/j.biopha.2019.108746

Chen, Z., Lin, C. X., Song, B., Li, C. C., Qiu, J. X., and Li, S. X., et al.
(2020). Spermidine activates RIP1 deubiquitination to inhibit TNF-alpha-induced
NF-kappaB/p65 signaling pathway in osteoarthritis. Cell Death Dis. 11, 503.
doi: 10.1038/s41419-020-2710-y

Cheng, C. F., Ku, H. C., and Lin, H. (2018). PGC-1alpha as a pivotal factor in
lipid and metabolic regulation. Int. J. Mol. Sci. 19, 3447. doi: 10.3390/ijms19113447

Choi, E. S., Shin, H. D., Sim, J. A., Na, Y. G., Choi, W. J., and Shin, D. D., et al.
(2021). Relationship of bone mineral density and knee osteoarthritis (Kellgren-
Lawrence grade): fifth korea national health and nutrition examination survey.
Clin. Orthop. Surg. 13, 60–66. doi: 10.4055/cios20111

Choi, M. C., Jo, J., Park, J., Kang, H. K., and Park, Y. (2019). NF-
kappaB signaling pathways in osteoarthritic cartilage destruction. Cells. 8, 734.
doi: 10.3390/cells8070734

Colaianni, G., Cuscito, C., Mongelli, T., Pignataro, P., Buccoliero, C., and 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

Colaianni, G., Errede, M., Sanesi, L., Notarnicola, A., Celi, M., and Zerlotin, R.,
et al. (2021). Irisin correlates positively with BMD in a cohort of older adult patients
and downregulates the senescent marker p21 in osteoblasts. J. Bone Miner. Res. 36,
305–314. doi: 10.1002/jbmr.4192

Colaianni, G., Mongelli, T., Cuscito, C., Pignataro, P., Lippo, L., and Spiro,
G., et al. (2017a). Irisin prevents and restores bone loss and muscle atrophy in
hind-limb suspended mice. Sci. Rep. 7, 2811. doi: 10.1038/s41598-017-02557-8

Colaianni, G., Notarnicola, A., Sanesi, L., Brunetti, G., Lippo, L., and Celi, M.,
et al. (2017b). Irisin levels correlate with bone mineral density in soccer players. J.
Biol. Regul. Homeost. Agents 31(4 suppl. 1), 21–28.

Colaianni, G., Sanesi, L., Storlino, G., Brunetti, G., Colucci, S., and Grano,
M. (2019). Irisin and bone: from preclinical studies to the evaluation of its
circulating levels in different populations of human subjects. Cells 8, 451.
doi: 10.3390/cells8050451

Colpitts, B. H., Rioux, B. V., Eadie, A. L., Brunt, K. R., and Senechal, M. (2022).
Irisin response to acute moderate intensity exercise and high intensity interval
training in youth of different obesity statuses: a randomized crossover trial. Physiol.
Rep. 10, e15198. doi: 10.14814/phy2.15198

Coryell, P. R., Diekman, B. O., and Loeser, R. F. (2021). Mechanisms
and therapeutic implications of cellular senescence in osteoarthritis. Nat. Rev.
Rheumatol. 17, 47–57. doi: 10.1038/s41584-020-00533-7

Cosio, P. L., Crespo-Posadas, M., Velarde-Sotres, A., and Pelaez, M. (2021).
Effect of chronic resistance training on circulating irisin: systematic review and
Meta-Analysis of randomized controlled trials. Int. J. Environ. Res. Public Health
18, 2476. doi: 10.3390/ijerph18052476

Dequeker, J., Aerssens, J., and Luyten, F. P. (2003). Osteoarthritis and
osteoporosis: clinical and research evidence of inverse relationship.Aging Clin. Exp.
Res. 15, 426–439. doi: 10.1007/BF03327364

DeSimone, G. T. (2019). The tortoise factor — get FITT.ACSM’s Health Fit. J. 23,
3–4. doi: 10.1249/FIT.0000000000000456

Donell, S. (2019). Subchondral bone remodelling in osteoarthritis. EFORT Open
Rev. 4, 221–229. doi: 10.1302/2058-5241.4.180102

Du, J., Zu, Y., Li, J., Du, S., Xu, Y., and Zhang, L., et al. (2016). Extracellular
matrix stiffness dictates Wnt expression through integrin pathway. Sci. Rep. 6,
20395. doi: 10.1038/srep20395

Faienza, M. F., Lassandro, G., Chiarito, M., Valente, F., Ciaccia, L., and Giordano,
P. (2020). How physical activity across the lifespan can reduce the impact of
bone ageing: a literature review. Int. J. Environ. Res. Public Health 17, 1862.
doi: 10.3390/ijerph17061862

Fang, L., Xia, C., Xu, H., Ge, Q., Shi, Z., and Kong, L., et al. (2021).
Defining disease progression in Chinese mainland people: association between
bone mineral density and knee osteoarthritis. J. Orthop. Translat. 26, 39–44.
doi: 10.1016/j.jot.2020.07.006

Flori, L., Testai, L., and Calderone, V. (2021). The “irisin system”: from biological
roles to pharmacological and nutraceutical perspectives. Life Sci. 267, 118954.
doi: 10.1016/j.lfs.2020.118954

Formigari, G. P., Datilo, M. N., Vareda, B., Bonfante, I., Cavaglieri, C. R., and
Lopes, D. F. J., et al. (2022). Renal protection induced by physical exercise may
be mediated by the irisin/AMPK axis in diabetic nephropathy. Sci. Rep. 12, 9062.
doi: 10.1038/s41598-022-13054-y

Fransen, M., and McConnell, S. (2009). Land-based exercise for osteoarthritis
of the knee: a metaanalysis of randomized controlled trials. J. Rheumatol. 36,
1109–1117. doi: 10.3899/jrheum.090058

Ginsberg, M. H. (2014). Integrin activation. BMB Rep. 47, 655–659.
doi: 10.5483/BMBRep.2014.47.12.241

Gmiat, A., Micielska, K., Kozlowska, M., Flis, D. J., Smaruj, M., and Kujach,
S., et al. (2017). The impact of a single bout of high intensity circuit training
on myokines’ concentrations and cognitive functions in women of different age.
Physiol. Behav. 179, 290–297. doi: 10.1016/j.physbeh.2017.07.004

Guo, A., Li, K., Tian, H. C., Fan, Z., Chen, Q. N., and Yang, Y. F., et al.
(2021). FGF19 protects skeletal muscle against obesity-induced muscle atrophy,

Frontiers in AgingNeuroscience 14 frontiersin.org

https://doi.org/10.3389/fnagi.2022.934406
https://doi.org/10.1074/jbc.M408862200
https://doi.org/10.5144/0256-4947.2004.326
https://doi.org/10.1007/s00198-014-2673-x
https://doi.org/10.1016/j.peptides.2013.11.024
https://doi.org/10.3389/fnhum.2021.771553
https://doi.org/10.1007/s00441-009-0834-6
https://doi.org/10.1515/hmbci-2018-0053
https://doi.org/10.1155/2020/6946037
https://doi.org/10.1038/nature10777
https://doi.org/10.1016/j.arr.2020.101166
https://doi.org/10.1016/j.jneuroim.2016.08.007
https://doi.org/10.1016/j.ebiom.2021.103283
https://doi.org/10.1123/ijsnem.20.1.44
https://doi.org/10.1016/j.jot.2019.11.008
https://doi.org/10.1097/MD.0000000000019050
https://doi.org/10.1016/j.biopha.2019.108746
https://doi.org/10.1038/s41419-020-2710-y
https://doi.org/10.3390/ijms19113447
https://doi.org/10.4055/cios20111
https://doi.org/10.3390/cells8070734
https://doi.org/10.1073/pnas.1516622112
https://doi.org/10.1002/jbmr.4192
https://doi.org/10.1038/s41598-017-02557-8
https://doi.org/10.3390/cells8050451
https://doi.org/10.14814/phy2.15198
https://doi.org/10.1038/s41584-020-00533-7
https://doi.org/10.3390/ijerph18052476
https://doi.org/10.1007/BF03327364
https://doi.org/10.1249/FIT.0000000000000456
https://doi.org/10.1302/2058-5241.4.180102
https://doi.org/10.1038/srep20395
https://doi.org/10.3390/ijerph17061862
https://doi.org/10.1016/j.jot.2020.07.006
https://doi.org/10.1016/j.lfs.2020.118954
https://doi.org/10.1038/s41598-022-13054-y
https://doi.org/10.3899/jrheum.090058
https://doi.org/10.5483/BMBRep.2014.47.12.241
https://doi.org/10.1016/j.physbeh.2017.07.004
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Ning et al. 10.3389/fnagi.2022.934406

metabolic derangement and abnormal irisin levels via the AMPK/SIRT-1/PGC-
alpha pathway. J. Cell. Mol. Med. 25, 3585–3600. doi: 10.1111/jcmm.16448

Hawker, G. A. (2019). Osteoarthritis is a serious disease. Clin. Exp. Rheumatol.
37(Suppl. 120), 3–6.

He, W., Wang, P., Chen, Q., and Li, C. (2020). Exercise enhances mitochondrial
fission and mitophagy to improve myopathy following critical limb ischemia
in elderly mice via the PGC1a/FNDC5/irisin pathway. Skelet. Muscle 10, 25.
doi: 10.1186/s13395-020-00245-2

He, Z., Li, H., Han, X., Zhou, F., Du, J., and Yang, Y., et al. (2020).
Irisin inhibits osteocyte apoptosis by activating the Erk signaling pathway in
vitro and attenuates ALCT-induced osteoarthritis in mice. Bone 141, 115573.
doi: 10.1016/j.bone.2020.115573

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., Mougios, V., Kabasakalis, A., Fatouros, I., Siopi, A., and
Douroudos, I. I., et al. (2014). 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. doi: 10.1210/jc.2014-1437

Jandova, T., Buendia-Romero, A., Polanska, H., Hola, V., Rihova, M.,
and Vetrovsky, T., et al. (2021). Long-Term effect of exercise on irisin
blood Levels-Systematic review and Meta-Analysis. Healthcare. 9, 1438.
doi: 10.3390/healthcare9111438

Jang, S., Lee, K., and Ju, J. H. (2021). Recent updates of diagnosis,
pathophysiology, and treatment on osteoarthritis of the knee. Int. J. Mol. Sci. 22,
2619. doi: 10.3390/ijms22052619

Jia, S., Yang, Y., Bai, Y., Wei, Y., Zhang, H., and Tian, Y., et al. (2022).
Mechanical stimulation protects against chondrocyte pyroptosis through Irisin-
Induced suppression of PI3K/Akt/NF-kappaB signal pathway in osteoarthritis.
Front. Cell Dev. Biol. 10, 797855. doi: 10.3389/fcell.2022.797855

Kalichman, L., and Kobyliansky, E. (2010). Radiographic hand osteoarthritis and
serum levels of osteocalcin: cross-sectional study. Rheumatol. Int. 30, 1131–1135.
doi: 10.1007/s00296-010-1372-y

Katz, J. N., Arant, K. R., and Loeser, R. F. (2021). Diagnosis and
treatment of hip and knee osteoarthritis: a review. JAMA 325, 568–578.
doi: 10.1001/jama.2020.22171

Kawao, N., Iemura, S., Kawaguchi, M., Mizukami, Y., Takafuji, Y., and
Kaji, H. (2021). Role of irisin in effects of chronic exercise on muscle
and bone in ovariectomized mice. J. Bone Miner. Metab. 39, 547–557.
doi: 10.1007/s00774-020-01201-2

Kim, H., Wrann, C. D., Jedrychowski, M., Vidoni, S., Kitase, Y., and Nagano, K.,
et al. (2018). Irisin mediates effects on bone and fat via alphaV integrin receptors.
Cell 175, 1756–1768. doi: 10.1016/j.cell.2018.10.025

Kim, H. K., Kim, M. G., and Leem, K. H. (2013). Osteogenic activity
of collagen peptide via ERK/MAPK pathway mediated boosting of collagen
synthesis and its therapeutic efficacy in osteoporotic bone by back-scattered
electron imaging and microarchitecture analysis. Molecules 18, 15474–15489.
doi: 10.3390/molecules181215474

Kirk, B., Feehan, J., Lombardi, G., and Duque, G. (2020). Muscle, bone, and
fat crosstalk: the biological role of myokines, osteokines, and adipokines. Curr.
Osteoporos. Rep. 18, 388–400. doi: 10.1007/s11914-020-00599-y

Kloppenburg, M., and Berenbaum, F. (2020). Osteoarthritis year in
review 2019: epidemiology and therapy. Osteoarthr.itis Cartil. 28, 242–248.
doi: 10.1016/j.joca.2020.01.002

Kobayashi, Y., Uehara, S., Udagawa, N., and Takahashi, N. (2016). Regulation of
bonemetabolism byWnt signals. J. Biochem. 159, 387–392. doi: 10.1093/jb/mvv124

Komori, T. (2018). Runx2, an inducer of osteoblast and chondrocyte
differentiation.Histochem. Cell Biol. 149, 313–323. doi: 10.1007/s00418-018-1640-6

Komori, T. (2019). Regulation of proliferation, differentiation and functions of
osteoblasts by runx2. Int. J. Mol. Sci. 20, 1694. doi: 10.3390/ijms20071694

Kraus, V. B., Blanco, F. J., Englund, M., Karsdal, M. A., and Lohmander,
L. S. (2015). Call for standardized definitions of osteoarthritis and risk
stratification for clinical trials and clinical use. Osteoarthr. Cartil. 23, 1233–1241.
doi: 10.1016/j.joca.2015.03.036

Kubo, H., Asai, K., Kojima, K., Sugitani, A., Kyomoto, Y., and Okamoto, A.,
et al. (2019). Exercise ameliorates emphysema of cigarette Smoke-Induced COPD
in mice through the Exercise-Irisin-Nrf2 axis. Int. J. Chron. Obstruct. Pulmon. Dis.
14, 2507–2516. doi: 10.2147/COPD.S226623

Latham, N., and Liu, C. J. (2010). Strength training in older adults: the benefits
for osteoarthritis. Clin. Geriatr. Med. 26, 445–459. doi: 10.1016/j.cger.2010.03.006

Lee, B., Shin, M., Park, Y., Won, S. Y., and Cho, K. S. (2021). Physical
exercise-induced myokines in neurodegenerative diseases. Int. J. Mol. Sci. 22, 5795.
doi: 10.3390/ijms22115795

Lee, H. J., Lee, J. O., Kim, N., Kim, J. K., Kim, H. I., and Lee, Y. W., et al. (2015).
Irisin, a novel myokine, regulates glucose uptake in skeletal muscle cells via AMPK.
Mol. Endocrinol. 29, 873–881. doi: 10.1210/me.2014-1353

Lee, J., Park, J., Kim, Y. H., Lee, N. H., and Song, K. M. (2019). Irisin promotes
C2C12 myoblast proliferation via ERK-dependent CCL7 upregulation. PLoS ONE
14, e222559. doi: 10.1371/journal.pone.0222559

Lee, P., Linderman, J. D., Smith, S., Brychta, R. J., Wang, J., and 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

Lefebvre, V., and Smits, P. (2005). Transcriptional control of chondrocyte
fate and differentiation. Birth Defects Res. C Embryo Today 75, 200–212.
doi: 10.1002/bdrc.20048

Li, C., Zhou, L., Xie, Y., Guan, C., and Gao, H. (2019). Effect of irisin
on endometrial receptivity of rats with polycystic ovary syndrome. Gynecol.
Endocrinol. 35, 395–400. doi: 10.1080/09513590.2018.1529158

Li, H., Qin, S., Liang, Q., Xi, Y., Bo, W., and Cai, M., et al. (2021).
Exercise training enhances myocardial mitophagy and improves cardiac function
via Irisin/FNDC5-PINK1/Parkin pathway in MI mice. Biomedicines 9, 701.
doi: 10.3390/biomedicines9060701

Li, X., Liu, Y., Liu, Q., Wang, S., Ma, Y., and Jin, Q. (2020). Recombinant human
irisin regulated collagen II, matrix metalloproteinase-13 and the Wnt/beta-catenin
and NF-kappaB signaling pathways in interleukin-1beta-induced human SW1353
cells. Exp. Ther. Med. 19, 2879–2886. doi: 10.3892/etm.2020.8562

Li, X., Zhu, X., Wu, H., Van Dyke, T. E., Xu, X., and Morgan, E. F., et al.
(2021). Roles and mechanisms of irisin in attenuating pathological features of
osteoarthritis. Front. Cell Dev. Biol. 9, 703670. doi: 10.3389/fcell.2021.703670

Li, Z., Huang, Z., Zhang, H., Lu, J., Tian, Y., and Wei, Y., et al. (2021).
P2X7 receptor induces pyroptotic inflammation and cartilage degradation in
osteoarthritis via NF-kappaB/NLRP3 crosstalk. Oxid. Med. Cell. Longev. 2021,
8868361. doi: 10.1155/2021/8868361

Lietman, C., Wu, B., Lechner, S., Shinar, A., Sehgal, M., and Rossomacha,
E., et al. (2018). Inhibition of Wnt/beta-catenin signaling ameliorates
osteoarthritis in a murine model of experimental osteoarthritis. JCI Insight.
3. doi: 10.1172/jci.insight.96308

Liu, L., Guo, J., Chen, X., Tong, X., Xu, J., and Zou, J. (2021). The role
of irisin in Exercise-Mediated bone health. Front Cell Dev Biol. 9, 668759.
doi: 10.3389/fcell.2021.668759

Lopes, K. G., Farinatti, P., Lopes, G. O., Paz, G. A., Bottino, D. A., and Oliveira, R.
B., et al. (2021). Muscle mass, strength, bone mineral density and vascular function
in middle-aged people living with HIV vs. age-matched and older controls. Braz. J.
Infect. Dis. 25, 101654. doi: 10.1016/j.bjid.2021.101654

Luo, Y., Ma, Y., Qiao, X., Zeng, R., Cheng, R., and Nie, Y., et al. (2020).
Irisin ameliorates bone loss in ovariectomized mice. Climacteric 23, 496–504.
doi: 10.1080/13697137.2020.1745768

Madry, H., van Dijk, C. N., and Mueller-Gerbl, M. (2010). The basic science
of the subchondral bone. Knee Surg. Sports Traumatol. Arthrosc. 18, 419–433.
doi: 10.1007/s00167-010-1054-z

Mao, Y., Xu, W., Xie, Z., and Dong, Q. (2016). Association of irisin
and CRP levels with the radiographic severity of knee osteoarthritis.
Genet. Test Mol. Biomarkers 20, 86–89. doi: 10.1089/gtmb.2015.
0170

Martinez, M. I., Camarillo, R. E., and Garduno, G. J. (2018). Irisin a novel
metabolic biomarker: present knowledge and future directions. Int. J. Endocrinol.
2018, 7816806. doi: 10.1155/2018/7816806

Mazur-Bialy, A. I., Pochec, E., and Zarawski, M. (2017). Anti-Inflammatory
properties of irisin, mediator of physical activity, are connected with TLR4/MyD88
signaling pathway activation. Int. J. Mol. Sci. 18, 701. doi: 10.3390/ijms18040701

Messina, O. D., Vidal, W. M., and Vidal, N. L. (2019). Nutrition,
osteoarthritis and cartilage metabolism. Aging Clin. Exp. Res. 31, 807–813.
doi: 10.1007/s40520-019-01191-w

Morey-Holton, E., Globus, R. K., Kaplansky, A., and Durnova, G. (2005).
The hindlimb unloading rat model: literature overview, technique update
and comparison with space flight data. Adv. Space Biol. Med. 10, 7–40.
doi: 10.1016/S1569-2574(05)10002-1

Morgan, E. N., Alsharidah, A. S., Mousa, A. M., and Edrees, H. M. (2021). Irisin
has a protective role against osteoporosis in ovariectomized rats. Biomed. Res. Int.
2021, 5570229. doi: 10.1155/2021/5570229

Frontiers in AgingNeuroscience 15 frontiersin.org

https://doi.org/10.3389/fnagi.2022.934406
https://doi.org/10.1111/jcmm.16448
https://doi.org/10.1186/s13395-020-00245-2
https://doi.org/10.1016/j.bone.2020.115573
https://doi.org/10.1007/s12272-017-0994-y
https://doi.org/10.1210/jc.2014-1437
https://doi.org/10.3390/healthcare9111438
https://doi.org/10.3390/ijms22052619
https://doi.org/10.3389/fcell.2022.797855
https://doi.org/10.1007/s00296-010-1372-y
https://doi.org/10.1001/jama.2020.22171
https://doi.org/10.1007/s00774-020-01201-2
https://doi.org/10.1016/j.cell.2018.10.025
https://doi.org/10.3390/molecules181215474
https://doi.org/10.1007/s11914-020-00599-y
https://doi.org/10.1016/j.joca.2020.01.002
https://doi.org/10.1093/jb/mvv124
https://doi.org/10.1007/s00418-018-1640-6
https://doi.org/10.3390/ijms20071694
https://doi.org/10.1016/j.joca.2015.03.036
https://doi.org/10.2147/COPD.S226623
https://doi.org/10.1016/j.cger.2010.03.006
https://doi.org/10.3390/ijms22115795
https://doi.org/10.1210/me.2014-1353
https://doi.org/10.1371/journal.pone.0222559
https://doi.org/10.1016/j.cmet.2013.12.017
https://doi.org/10.1002/bdrc.20048
https://doi.org/10.1080/09513590.2018.1529158
https://doi.org/10.3390/biomedicines9060701
https://doi.org/10.3892/etm.2020.8562
https://doi.org/10.3389/fcell.2021.703670
https://doi.org/10.1155/2021/8868361
https://doi.org/10.1172/jci.insight.96308
https://doi.org/10.3389/fcell.2021.668759
https://doi.org/10.1016/j.bjid.2021.101654
https://doi.org/10.1080/13697137.2020.1745768
https://doi.org/10.1007/s00167-010-1054-z
https://doi.org/10.1089/gtmb.2015.0170
https://doi.org/10.1155/2018/7816806
https://doi.org/10.3390/ijms18040701
https://doi.org/10.1007/s40520-019-01191-w
https://doi.org/10.1016/S1569-2574(05)10002-1
https://doi.org/10.1155/2021/5570229
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Ning et al. 10.3389/fnagi.2022.934406

Morris, M. A., Laverick, L., Wei, W., Davis, A. M., O’Neill, S., and Wood, L.,
et al. (2018). The EBV-Encoded oncoprotein, LMP1, induces an Epithelial-to-
Mesenchymal transition (EMT) via its CTAR1 domain through Integrin-Mediated
ERK-MAPK signalling. Cancers 10, 130. doi: 10.3390/cancers10050130

Mu, S., Ding, D., Ji, C., Wu, Q., Xia, Y., and Zhou, L., et al. (2020).
Relationships between circulating irisin response to ice swimming and body
composition in people with regular exercise experience. Front. Physiol. 11, 596896.
doi: 10.3389/fphys.2020.596896

Muhlenfeld, M., Strahl, A., Bechler, U., Jandl, N. M., Hubert, J., and Rolvien, T.
(2021). Bone mineral density assessment by DXA in rheumatic patients with end-
stage osteoarthritis undergoing total joint arthroplasty. BMCMusculoskelet Disord.
22, 173. doi: 10.1186/s12891-021-04039-5

Murawska-Cialowicz, E., Wojna, J., and Zuwala-Jagiello, J. (2015). Crossfit
training changes brain-derived neurotrophic factor and irisin levels at rest,
after wingate and progressive tests, and improves aerobic capacity and body
composition of young physically active men and women. J. Physiol. Pharmacol.
66, 811–821.

Nelson, A. E., Allen, K. D., Golightly, Y. M., Goode, A. P., and Jordan, J.
M. (2014). A systematic review of recommendations and guidelines for the
management of osteoarthritis: The chronic osteoarthritis management initiative
of the U.S. Bone and joint initiative. Semin. Arthritis Rheum. 43, 701–712.
doi: 10.1016/j.semarthrit.2013.11.012

Oliviero, F., and Ramonda, R. (2021). Cartilage-derived biomarkers in
osteoarthritis. Indian J. Med. Res. 153, 413–415. doi: 10.4103/ijmr.IJMR_436_20

Ozbay, S., Ulupinar, S., Sebin, E., and Altinkaynak, K. (2020). Acute and chronic
effects of aerobic exercise on serum irisin, adropin, and cholesterol levels in the
winter season: indoor training versus outdoor training. Chin. J. Physiol. 63, 21–26.
doi: 10.4103/CJP.CJP_84_19

Park, J., Bae, J., and Lee, J. (2021). Complex exercise improves Anti-
Inflammatory and anabolic effects in Osteoarthritis-Induced sarcopenia in elderly
women. Healthcare 9, 711. doi: 10.3390/healthcare9060711

Park, K. H., Zaichenko, L., Brinkoetter, M., Thakkar, B., Sahin-Efe, A., and
Joung, K. E., et al. (2013). Circulating irisin in relation to insulin resistance
and the metabolic syndrome. J. Clin. Endocrinol. Metab. 98, 4899–4907.
doi: 10.1210/jc.2013-2373

Pedersen, B. K. (2011). Exercise-induced myokines and their role in chronic
diseases. Brain Behav. Immun. 25, 811–816. doi: 10.1016/j.bbi.2011.02.010

Pedersen, B. K., and Febbraio, M. A. (2012). Muscles, exercise and obesity:
Skeletal muscle as a secretory organ. Nat. Rev. Endocrinol. 8, 457–465.
doi: 10.1038/nrendo.2012.49

Pedersen, B. K., Steensberg, A., Fischer, C., Keller, C., Keller, P., and Plomgaard,
P., et al. (2003). Searching for the exercise factor: is IL-6 a candidate? J. Muscle Res.
Cell Motil. 24, 113–119. doi: 10.1023/A:1026070911202

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

Pekkala, S., Wiklund, P. K., Hulmi, J. J., Ahtiainen, J. P., Horttanainen, M., and
Pollanen, E., et al. (2013). Are skeletal muscle FNDC5 gene expression and irisin
release regulated by exercise and related to health? J. Physiol. 591, 5393–5400.
doi: 10.1113/jphysiol.2013.263707

Penninx, B. W., Messier, S. P., Rejeski, W. J., Williamson, J. D., DiBari, M., and
Cavazzini, C., et al. (2001). Physical exercise and the prevention of disability in
activities of daily living in older persons with osteoarthritis. Arch. Intern. Med. 161,
2309–2316. doi: 10.1001/archinte.161.19.2309

Polyzos, S. A., Anastasilakis, A. D., Efstathiadou, Z. A., Makras, P., Perakakis,
N., and Kountouras, J., et al. (2018). Irisin in metabolic diseases. Endocrine 59,
260–274. doi: 10.1007/s12020-017-1476-1

Ponzetti, M., and Rucci, N. (2021). Osteoblast differentiation and signaling:
Established concepts and emerging topics. Int. J. Mol. Sci. 22, 6651.
doi: 10.3390/ijms22136651

Pratesi, A., Tarantini, F., and Di Bari, M. (2013). Skeletal muscle:
an endocrine organ. Clin. Cases Miner. Bone Metab. 10, 11–14.
doi: 10.11138/ccmbm/2013.10.1.011

Qiao, X., Nie, Y., Ma, Y., Chen, Y., Cheng, R., and Yin, W., et al. (2016). Irisin
promotes osteoblast proliferation and differentiation via activating theMAP kinase
signaling pathways. Sci. Rep. 6, 18732. doi: 10.1038/srep18732

Qin, X., Jiang, Q., Miyazaki, T., and Komori, T. (2019). Runx2 regulates cranial
suture closure by inducing hedgehog, Fgf, Wnt and Pthlh signaling pathway
gene expressions in suture mesenchymal cells. Hum. Mol. Genet. 28, 896–911.
doi: 10.1093/hmg/ddy386

Qiu, S., Cai, X., Sun, Z., Schumann, U., Zugel, M., and Steinacker, J. M. (2015).
Chronic exercise training and circulating irisin in adults: a meta-analysis. Sports
Med. 45, 1577–1588. doi: 10.1007/s40279-014-0293-4

Rahmati, M., Nalesso, G., Mobasheri, A., and Mozafari, M. (2017). Aging and
osteoarthritis: central role of the extracellular matrix. Ageing Res. Rev. 40, 20–30.
doi: 10.1016/j.arr.2017.07.004

Rannou, F., and Poiraudeau, S. (2010). Non-pharmacological approaches for
the treatment of osteoarthritis. Best Pract. Res. Clin. Rheumatol. 24, 93–106.
doi: 10.1016/j.berh.2009.08.013

Regnaux, J. P., Lefevre-Colau, M. M., Trinquart, L., Nguyen, C., Boutron, I., and
Brosseau, L., et al. (2015). High-intensity versus low-intensity physical activity or
exercise in people with hip or knee osteoarthritis. Cochrane Database Syst. Rev.
2015, CD10203. doi: 10.1002/14651858.CD010203.pub2

Rodziewicz, E., Krol-Zielinska,M., Zielinski, J., Kusy, K., and Ziemann, E. (2020).
Plasma concentration of irisin and Brain-Derived-Neurotrophic factor and their
association with the level of erythrocyte adenine nucleotides in response to Long-
Term endurance training at rest and after a single bout of exercise. Front. Physiol.
11, 923. doi: 10.3389/fphys.2020.00923

Rossi, L., Copes, R. M., Dal Osto, L. C., Flores, C., Comim, F. V., and Premaor, M.
O. (2018). Factors related with osteoporosis treatment in postmenopausal women.
Medicine 97, e11524. doi: 10.1097/MD.0000000000011524

Schreiber, J. J., McQuillan, T. J., Halilaj, E., Crisco, J. J., Weiss, A. P., and Patel, T.,
et al. (2018). Changes in local bone density in early thumb carpometacarpal joint
osteoarthritis. J. Hand. Surg. Am. 43, 33–38. doi: 10.1016/j.jhsa.2017.09.004

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. doi: 10.1074/jbc.M113.516641

Severinsen,M., and Pedersen, B. K. (2020). Muscle-organ crosstalk: the emerging
roles of myokines. Endocr. Rev. 41, 594–609. doi: 10.1210/endrev/bnaa016

Sharif, B., Kopec, J., Bansback, N., Rahman, M. M., Flanagan, W. M., and
Wong, H., et al. (2015). Projecting the direct cost burden of osteoarthritis
in Canada using a microsimulation model. Osteoarthr. Cartil. 23, 1654–1663.
doi: 10.1016/j.joca.2015.05.029

Shen, G., Ren, H., Shang, Q., Zhao, W., Zhang, Z., and Yu, X., et al. (2020). Foxf1
knockdown promotes BMSC osteogenesis in part by activating the Wnt/beta-
catenin signalling pathway and prevents ovariectomy-induced bone loss. EBioMed.
52, 102626. doi: 10.1016/j.ebiom.2020.102626

Sheng, W., Chen, C., Dong, M., Wang, G., Zhou, J., and Song, H., et al.
(2017). Calreticulin promotes EGF-induced EMT in pancreatic cancer cells
via Integrin/EGFR-ERK/MAPK signaling pathway. Cell Death Dis. 8, e3147.
doi: 10.1038/cddis.2017.547

Sliwicka, E., Cison, T., Kasprzak, Z., Nowak, A., and Pilaczynska-Szczesniak, L.
(2017). Serum irisin and myostatin levels after 2 weeks of high-altitude climbing.
PLoS ONE 12, e181259. doi: 10.1371/journal.pone.0181259

So, B., Kim, H. J., Kim, J., and Song, W. (2014). Exercise-induced
myokines in health and metabolic diseases. Integr. Med. Res. 3, 172–179.
doi: 10.1016/j.imr.2014.09.007

Storlino, G., Colaianni, G., Sanesi, L., Lippo, L., Brunetti, G., and Errede, M., et al.
(2020). Irisin prevents Disuse-Induced osteocyte apoptosis. J. Bone Miner. Res. 35,
766–775. doi: 10.1002/jbmr.3944

Sun, L. N., Li, X. L., Wang, F., Zhang, J., Wang, D. D., and Yuan, L., et al. (2017).
High-intensity treadmill running impairs cognitive behavior and hippocampal
synaptic plasticity of rats via activation of inflammatory response. J. Neurosci. Res.
95, 1611–1620. doi: 10.1002/jnr.23996

Suri, P., Morgenroth, D. C., and Hunter, D. J. (2012). Epidemiology
of osteoarthritis and associated comorbidities. PM R 4, S10–S19.
doi: 10.1016/j.pmrj.2012.01.007

Sutter, T., Toumi, H., Valery, A., El, H. R., Pinti, A., and Lespessailles, E. (2019).
Relationships between muscle mass, strength and regional bone mineral density in
young men. PLoS ONE 14, e213681. doi: 10.1371/journal.pone.0213681

Tanabe, K., Amo-Shiinoki, K., Hatanaka, M., and Tanizawa,
Y. (2017). Interorgan crosstalk contributing to beta-Cell
dysfunction. J. Diabetes Res. 2017, 3605178. doi: 10.1155/2017/360
5178

Tarquini, C., Mattera, R., Mastrangeli, F., Agostinelli, S., Ferlosio, A., and Bei,
R., et al. (2017). Comparison of tissue transglutaminase 2 and bone biological
markers osteocalcin, osteopontin and sclerostin expression in human osteoporosis
and osteoarthritis. Amino Acids 49, 683–693. doi: 10.1007/s00726-016-2290-4

Tavassoli, H., Heidarianpour, A., and Hedayati, M. (2022). The effects of
resistance exercise training followed by de-training on irisin and some metabolic
parameters in type 2 diabetic rat model. Arch. Physiol. Biochem. 128, 240–247.
doi: 10.1080/13813455.2019.1673432

Timmons, J. A., Baar, K., Davidsen, P. K., and Atherton, P. J. (2012). Is irisin a
human exercise gene? Nature 488, E9–E11. doi: 10.1038/nature11364

Frontiers in AgingNeuroscience 16 frontiersin.org

https://doi.org/10.3389/fnagi.2022.934406
https://doi.org/10.3390/cancers10050130
https://doi.org/10.3389/fphys.2020.596896
https://doi.org/10.1186/s12891-021-04039-5
https://doi.org/10.1016/j.semarthrit.2013.11.012
https://doi.org/10.4103/ijmr.IJMR_436_20
https://doi.org/10.4103/CJP.CJP_84_19
https://doi.org/10.3390/healthcare9060711
https://doi.org/10.1210/jc.2013-2373
https://doi.org/10.1016/j.bbi.2011.02.010
https://doi.org/10.1038/nrendo.2012.49
https://doi.org/10.1023/A:1026070911202
https://doi.org/10.4161/adip.20344
https://doi.org/10.1113/jphysiol.2013.263707
https://doi.org/10.1001/archinte.161.19.2309
https://doi.org/10.1007/s12020-017-1476-1
https://doi.org/10.3390/ijms22136651
https://doi.org/10.11138/ccmbm/2013.10.1.011
https://doi.org/10.1038/srep18732
https://doi.org/10.1093/hmg/ddy386
https://doi.org/10.1007/s40279-014-0293-4
https://doi.org/10.1016/j.arr.2017.07.004
https://doi.org/10.1016/j.berh.2009.08.013
https://doi.org/10.1002/14651858.CD010203.pub2
https://doi.org/10.3389/fphys.2020.00923
https://doi.org/10.1097/MD.0000000000011524
https://doi.org/10.1016/j.jhsa.2017.09.004
https://doi.org/10.1074/jbc.M113.516641
https://doi.org/10.1210/endrev/bnaa016
https://doi.org/10.1016/j.joca.2015.05.029
https://doi.org/10.1016/j.ebiom.2020.102626
https://doi.org/10.1038/cddis.2017.547
https://doi.org/10.1371/journal.pone.0181259
https://doi.org/10.1016/j.imr.2014.09.007
https://doi.org/10.1002/jbmr.3944
https://doi.org/10.1002/jnr.23996
https://doi.org/10.1016/j.pmrj.2012.01.007
https://doi.org/10.1371/journal.pone.0213681
https://doi.org/10.1155/2017/3605178
https://doi.org/10.1007/s00726-016-2290-4
https://doi.org/10.1080/13813455.2019.1673432
https://doi.org/10.1038/nature11364
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Ning et al. 10.3389/fnagi.2022.934406

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

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

Tsuchiya, Y., Ijichi, T., and Goto, K. (2016). Effect of sprint training on resting
serum irisin concentration - sprint training once daily vs. twice every other day.
Metabolism 65, 492–495. doi: 10.1016/j.metabol.2015.12.006

Vadala, G., Di Giacomo, G., Ambrosio, L., Cannata, F., Cicione, C., and Papalia,
R., et al. (2020). Irisin recovers osteoarthritic chondrocytes in vitro. Cells 9, 1478.
doi: 10.3390/cells9061478

Vints, W., Kusleikiene, S., Sheoran, S., Sarkinaite, M., Valatkeviciene, K., and
Gleizniene, R., et al. (2022). Inflammatory blood biomarker kynurenine is linked
with elevated neuroinflammation and neurodegeneration in older adults: evidence
from two 1H-MRS post-processing analysis methods. Front. Psychiatry 13, 859772.
doi: 10.3389/fpsyt.2022.859772

Voss, M. W., Soto, C., Yoo, S., Sodoma, M., Vivar, C., and van Praag, H.
(2019). Exercise and hippocampal memory systems. Trends Cogn. Sci. 23, 318–333.
doi: 10.1016/j.tics.2019.01.006

Wang, F. S., Kuo, C. W., Ko, J. Y., Chen, Y. S., Wang, S. Y., and 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, X., Hu, T., Ruan, Y., Yao, J., Shen, H., and Xu, Y., et al. (2022). The
association of serum irisin with bone mineral density and turnover markers
in New-Onset type 2 diabetic patients. Int. J. Endocrinol. 2022, 7808393.
doi: 10.1155/2022/7808393

Wrann, C. D., White, J. P., Salogiannnis, J., Laznik-Bogoslavski, D., Wu, J.,
and 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

Xiong, X. Q., Geng, Z., Zhou, B., Zhang, F., Han, Y., and Zhou, Y. B., et al.
(2018). FNDC5 attenuates adipose tissue inflammation and insulin resistance
via AMPK-mediated macrophage polarization in obesity. Metabolism 83, 31–41.
doi: 10.1016/j.metabol.2018.01.013

Xu, X., Li, X., Liang, Y., Ou, Y., Huang, J., and Xiong, J., et al. (2019). Estrogen
modulates cartilage and subchondral bone remodeling in an ovariectomized
rat model of postmenopausal osteoarthritis. Med Sci Monit. 25, 3146–3153.
doi: 10.12659/MSM.916254

Xue, Y., Hu, S., Chen, C., He, J., Sun, J., and Jin, Y., et al. (2022). Myokine Irisin
promotes osteogenesis by activating BMP/SMAD signaling via alphaV integrin
and regulates bone mass in mice. Int. J. Biol. Sci. 18, 572–584. doi: 10.7150/ijbs.6
3505

Yan, J., Liu, H. J., Guo, W. C., and Yang, J. (2018). Low serum concentrations of
Irisin are associated with increased risk of hip fracture in Chinese older women.
Joint Bone Spine 85, 353–358. doi: 10.1016/j.jbspin.2017.03.011

Yang, D., Yang, Y., Li, Y., and Han, R. (2019). Physical exercise as therapy for
type 2 diabetes mellitus: from mechanism to orientation. Ann. Nutr. Metab. 74,
313–321. doi: 10.1159/000500110

Yang, J., Yu, K., Liu, D., Yang, J., Tan, L., and Zhang, D. (2021). Irisin enhances
osteogenic differentiation of mouse MC3T3-E1 cells via upregulating osteogenic
genes. Exp. Ther. Med. 21, 580. doi: 10.3892/etm.2021.10012

Yang, X. Y., Tse, M., 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

Ye, W., Wang, J., Lin, D., and Ding, Z. (2020). The immunomodulatory role of
irisin on osteogenesis via AMPK-mediated macrophage polarization. Int. J. Biol.
Macromol. 146, 25–35. doi: 10.1016/j.ijbiomac.2019.12.028

Zhang, F. F., Driban, J. B., Lo, G. H., Price, L. L., Booth, S., and Eaton, C. B., et al.
(2014). Vitamin D deficiency is associated with progression of knee osteoarthritis.
J. Nutr. 144, 2002–2008. doi: 10.3945/jn.114.193227

Zhang, J., Huang, X., Yu, R., Wang, Y., and Gao, C. (2020). Circulating irisin is
linked to bone mineral density in geriatric Chinese men. Open Med. 15, 763–768.
doi: 10.1515/med-2020-0215

Zhou, Y., Wang, T., Hamilton, J. L., and Chen, D. (2017). Wnt/beta-catenin
signaling in osteoarthritis and in other forms of arthritis. Curr. Rheumatol. Rep.
19, 53. doi: 10.1007/s11926-017-0679-z

Zhu, X., Li, X., Wang, X., Chen, T., Tao, F., and Liu, C., et al. (2021).
Irisin deficiency disturbs bone metabolism. J. Cell. Physiol. 236, 664–676.
doi: 10.1002/jcp.29894

Zhu, Z., Hu, G., Jin, F., and Yao, X. (2021). Correlation of osteoarthritis or
rheumatoid arthritis with bone mineral density in adults aged 20-59 years. J.
Orthop. Surg. Res. 16, 190. doi: 10.1186/s13018-021-02338-0

Zymbal, V., Baptista, F., Letuchy, E. M., Janz, K. F., and Levy, S. M. (2019).
Mediating effect of muscle on the relationship of physical activity and bone. Med.
Sci. Sports Exerc. 51, 202–210. doi: 10.1249/MSS.0000000000001759

Frontiers in AgingNeuroscience 17 frontiersin.org

https://doi.org/10.3389/fnagi.2022.934406
https://doi.org/10.3109/13813455.2010.535835
https://doi.org/10.1016/j.metabol.2015.05.010
https://doi.org/10.1016/j.metabol.2015.12.006
https://doi.org/10.3390/cells9061478
https://doi.org/10.3389/fpsyt.2022.859772
https://doi.org/10.1016/j.tics.2019.01.006
https://doi.org/10.3390/antiox9090810
https://doi.org/10.1155/2022/7808393
https://doi.org/10.1016/j.cmet.2013.09.008
https://doi.org/10.1016/j.metabol.2018.01.013
https://doi.org/10.12659/MSM.916254
https://doi.org/10.7150/ijbs.63505
https://doi.org/10.1016/j.jbspin.2017.03.011
https://doi.org/10.1159/000500110
https://doi.org/10.3892/etm.2021.10012
https://doi.org/10.1159/000494655
https://doi.org/10.1016/j.ijbiomac.2019.12.028
https://doi.org/10.3945/jn.114.193227
https://doi.org/10.1515/med-2020-0215
https://doi.org/10.1007/s11926-017-0679-z
https://doi.org/10.1002/jcp.29894
https://doi.org/10.1186/s13018-021-02338-0
https://doi.org/10.1249/MSS.0000000000001759
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

	Exercise-induced modulation of myokine irisin in bone and cartilage tissue—Positive effects on osteoarthritis: A narrative review
	Introduction
	Generation and structure of irisin
	Effects of different types of exercise on irisin
	Irisin and aging
	The effects of irisin on osteoarthritis
	Irisin and bone mineral density
	Irisin and bone metabolism
	Irisin and cartilage
	Irisin and cartilage metabolism

	Prospect
	Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


