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Osteoarthritis (OA) is the most prevalent chronic joint disease, with physical
exercise being a widely endorsed strategy in its management guidelines.
Exerkines, defined as cytokines secreted in response to acute and chronic
exercise, function through endocrine, paracrine, and/or autocrine pathways.
Various tissue-specific exerkines, encompassing exercise-induced myokines
(muscle), cardiokines (heart), and adipokines (adipose tissue), have been linked
to exercise therapy in OA. Exerkines are derived from these kines, but unlike them,
only kines regulated by exercise can be called exerkines. Some of these exerkines
serve a therapeutic role in OA, such as irisin, metrnl, lactate, secreted frizzled-
related protein (SFRP), neuregulin, and adiponectin. While others may exacerbate
the condition, such as IL-6, IL-7, IL-15, IL-33, myostatin, fractalkine, follistatin-like
1 (FSTLY), visfatin, activin A, migration inhibitory factor (MIF), apelin and growth
differentiation factor (GDF)-15. They exerts anti-/pro-apoptosis/pyroptosis/
inflammation, chondrogenic differentiation and cell senescence effect in
chondrocyte, synoviocyte and mesenchymal stem cell The modulation of
adipokine effects on diverse cell types within the intra-articular joint emerges
as a promising avenue for future OA interventions. This paper reviews recent
findings that underscore the significant role of tissue-specific exerkines in OA,
delving into the underlying cellular and molecular mechanisms involved.
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1 Introduction

Osteoarthritis (OA) is a prevalent and debilitating condition representing a steadily
increasing and substantial health burden with deep implications for individuals, healthcare
systems, and broader socioeconomic spheres. The cost of OA in the United States, Canada,
United Kingdom, France and Australia has been estimated to account for between 1% and
2.5% of the gross national product of these countries (Hunter and Bierma-Zeinstra, 2019).
Data from the Canadian cohort found that the average annual cost per OA patient was
$12,200 (Hunter et al., 2014). Primary OA results from a combination of risk factors, such as
genetics, dietary, estrogen, bone density, with increasing age and obesity being the most
prominent (Yao et al., 2023). Globally, due to the aging global populations, the prevalence of
OA has increased by 113.25%, from 247.51 million in 1990 to 527.81 million cases in 2019
(Long et al., 2022). Globally, an estimated 240 million individuals suffer from symptomatic
mobility-restricted OA, with the knee being the most commonly affected joint and, thereby,
the focal point of this review (Conaghan et al., 2019; Yao et al,, 2023). Roughly 30% of
individuals above the age of 45 exhibit radiographic indications of knee OA, half of whom
experience symptoms associated with the disease (Katz et al., 2021). OA manifests through
pathological alterations in cartilage, bone, synovium, tendons, muscles, and periarticular fat,
engendering joint dysfunction, pain, stiffness, functional impairments, and the forfeiture of
crucial activities (Abramoff and Caldera, 2020; Katz et al., 2021).
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FIGURE 1

Exercise and exerkines. Exerkines involve various signaling entities secreted post-exercise, operating via endocrine, paracrine, and/or autocrine
pathways. This analysis extends the exerkine classification to encompass exercise-associated humoral factors, including myokines (muscle), cardiokines

(heart), and adipokines (white adipose tissue; WAT).

Current therapeutic approaches primarily encompass drug

therapies such as non-steroidal anti-inflammatory drugs
(NSAIDs) and joint replacement for advanced-stage disease;
however, these strategies largely offer symptomatic relief
(Latourte et al., 2020; Yue and Berman, 2022). In addition,
NSAIDs have been shown to be associated with gastrointestinal,
cardiovascular, renal, haematological and hepatic adverse events
(AEs) (Holden et al., 2023). Joint replacement is only used for
severe end-stage OA and imposes a heavy financial burden and
pain on patients (Bandak et al., 2022). Recent clinical guidelines
have increasingly advocated for non-surgical interventions such as
physical exercise as frontline treatments (Hsu et al, 2023).
Recognized as safe and efficacious, exercise therapy is gaining
acceptance, with the World Health Organization recommending
150-300 min of moderate-intensity or 75-150 min of high-
intensity physical activity weekly for early OA patients (Bennell
etal., 2022; Chow et al., 2022). Over the past decade, a burgeoning
body of evidence has affirmed the substantial impact of physical
activity, notably moderate-intensity activity, on OA, corroborating
the notion that “exercise is the real polypill,” predicated on organ-
induced peripheral factors (Torstensen et al., 2023). Generally, the

therapeutic effects of exercise on OA are attributed to repeated
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exercise sessions, suggesting an association with cumulative acute
responses to physical activity.

Central to this discussion is the concept of “exerkines,”
encompassing peptides, microRNAs, mRNAs,
circulating RNA species released into the bloodstream in

or other
response to exercise (Lou et al., 2022; Robbins and Gerszten,
2023). This review delineates the potential function of exerkines
in enhancing the benefits of exercise for OA patients. Exerkines
involve various signaling entities secreted post-exercise, operating
via endocrine, paracrine, and/or autocrine pathways (Chow et al.,
2022). This analysis extends the exerkine classification to
encompass exercise-associated humoral factors, including
myokines (muscle), cardiokines (heart), and adipokines (white
adipose tissue; WAT). Specially, only kines regulated by exercise
can be called exerkines (Pillon et al., 2022; Hao et al., 2023).
Recently, the pivotal role of physical exercise as a direct modulator
enhancing general physiological aspects tied to OA has come to
the fore, highlighting the exerkines’ function in this realm.
Understanding the mechanistic variability in exercise responses
and their mediating roles in OA exercise therapy is paramount,
necessitating further exploration of the involved processes and

mechanisms.
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FIGURE 2
The roles of exerkines (myokines) in OA.
The novelty of this review compared to previous research is that 2.1 lrisin

we firstly reviewed the roles of exerkines in exercise therapy of OA.
This review aims to encapsulate the current understanding of
exerkines, underscoring their significance, delineating prevailing
challenges (the specific molecular agents and mechanism remain
unclear in the exercise therapy of OA), and envisioning prospective
trajectories (exploring preclinical translational potentials, such as
elucidating exerkine-associated effects and understanding individual
physiological responses to different exercise interventions) in this
burgeoning field.

2 Myokines

Skeletal muscle (SkM), the body’s largest organ, is closely associated
with physical activity (Pedersen and Febbraio, 2008a). Recently, SkM
has been recognized as a secreting organ that produces and releases
cytokines called “myokines” (Pedersen and Febbraio, 2008a). These
myokines—cytokines or peptides generated by skeletal muscle
cells—find their way into the circulation, influencing other cells,
tissues, or organs through autocrine, paracrine, or endocrine effects
(Kurdiova et al., 2014; Pedersen, 2019; Severinsen and Pedersen, 2020).
Several myokines, including irisin, interleukin-6 (IL-6), interleukin-15
(IL-15), meteorin-like (METRNL), and [-aminoisobutyric acid
(BAIBA), are consistently released by SkM in response to exercise,
playing a pivotal role in mediating the beneficial impacts of physical
activity (Benatti and Pedersen, 2015; Paris et al., 2020).
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In 2012, Bostrom et al. (2012) uncovered that physical exercise
stimulates muscles to secrete irisin, a hormone-like polypeptide
derived from the cleavage of the fibronectin type III domain-
containing protein 5 (FNDC5). Comprising 112 amino acid
residues, irisin possesses a molecular weight of roughly 12 kD.
Subsequent research established that exercising augments the
expression of peroxisome proliferator-activated
(PPAR-y) and its coactivator-1-a (PGC-la)
facilitating the downstream production of FNDC5 and its

receptor-y
in  muscles,

proteolytic conversion into irisin (Kim et al., 2018; Maak et al.,
2021; Bao et al., 2022).

Vadala et al. (2020) were the first to demonstrate that irisin could
potentially rejuvenate osteoarthritic chondrocytes, encouraging their
proliferation while curtailing catabolism by deactivating p38, Akt,
JNK, and NF«B in vitro, thus suggesting a cross-signaling mechanism
between muscle and cartilage. Further, Wang et al. (2020) associated
FNDC5 signaling disruption during OA knee development with
increased chondrocyte apoptosis, whereas irisin was found to
inhibit
chondrocyte and extracellular matrix (ECM) anabolism survival
via the UCP-1 and Sirt3 signaling pathways. Li et al. (2021) noted
that irisin could attenuate OA progression by reducing cartilage
degradation and mitigating inflammation.

defective  autophagy and enhance inflammatory

Jia et al. (2022) revealed that moderate-intensity treadmill
exercise elevated irisin levels, exerting beneficial therapeutic
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FIGURE 3

The roles of exerkines (cardiokines and adipokines) in OA.

effects on OA. These effects could be dampened using irisin-
neutralizing antibodies. Moreover, irisin restored collagen II
expression and reduced MMP-13 and ADAMTS-5 levels in IL-
1B-induced OA chondrocytes by suppressing the PI3K/Akt/NF-«xB
signaling pathway and diminished pyroptosis in chondrocytes by
inhibiting NLRP3/caspase-1 activity. The research concluded
moderate mechanical stimulation could guard against
chondrocyte pyroptosis through irisin-mediated PI3K/Akt/NF-kB
pathway inhibition in osteoarthritis.

Further studies by He et al. (2020a) showed that irisin activated
the ERK and p38 signaling pathways, with its anti-apoptotic effect
reliant on ERK signaling, thus aiding in slowing OA progression by
decreasing osteocyte apoptosis and enhancing subchondral bone
Additionally,
differentiation in three-dimensional cultures of human articular

microarchitecture. irisin fostered chondrogenic
chondrocytes (Posa et al, 2023). Cumulatively, these studies
spotlight irisin’s promising role in augmenting bone density,
resisting  cartilage  degradation,

and maintaining joint

environmental homeostasis through exercise training.

2.2 Interleukin-6 (IL-6)

During physical activity, contracting skeletal muscles extensively
release interleukin-6 (IL-6) into the circulatory system (Pedersen
and Febbraio, 2008b). Being a pleiotropic cytokine, IL-6 exhibits
increased concentration in both the serum and synovial fluid of OA
patients, establishing a correlation with radiographic knee OA
(Hunter and Jones, 2015; Jones and Jenkins, 2018). Notably,
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about 50% of individuals with osteoarthritis endure synovitis, a
significant contributor to IL-6 production in the condition
(D’Agostino et al., 2005; Nguyen et al., 2017).

IL-6 operates through two principal pathways: classic signaling,
facilitated by membrane-anchored IL-6R (mIL-6R), and trans-
signaling, involving a soluble form of IL-6R (sIL-6R), which
broadens the array of IL-6 target cells primarily guiding pro-
inflammatory events (Kelly et al., 2021; Rodriguez-Herndndez
et al., 2022). The function of IL-6 in OA, however, remains a
subject linked
heightened IL-6 levels in circulation to the prediction of

of dispute. Numerous investigations have
osteoarthritis and cartilage deterioration, steering the potentiation
of inflammatory repercussions in affected joints and promoting the
creation of enzymes that break down chondrocyte ECM (Rose-John,
2012; Bergmann et al., 2017).

Yang et al. (2017) reported that DNA hypomethylation and histone
hyperacetylation were observed in the IL-6 promoter regions in OA
synovial fluid. Suzuki et al. (2010) reported that IL-6 induces synovial
cells to produce MMP-1, MMP-3, and MMP-13. Nasi et al. (2016) found
that basic calcium phosphate (BCP) crystal deposition increases in OA
joints, stimulating IL-6 synthesis by articular chondrocytes. IL-6
stimulates IL-6 production in an autocrine manner and crystal
deposition by inducing the calcification genes Ank, Anx5, and Pitl.
This will result in the maintenance of BCP crystal-induced IL-6
production. This vicious circle induces cartilage matrix-degrading
enzymes (such as Mmp-3 and Mmp-13 and Adamts-4 and Adamts-
5) in chondrocytes, and subsequent chondrodegradation occurs.

However, some studies also showed that IL-6 levels were
elevated in joints with

symptomatic cartilage defects or
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TABLE 1 The roles of exerkines (myokines) in OA.

Exerkines

Origin

Effects in tissue

Immunomodulatory properties

Signaling

pathway

10.3389/fphys.2023.1302769

Reference

Irisin (also known — Myokine =~ Chondrocyte, Positive correlation: anti-apoptosis; decreasing p38, Akt, JNK, NFkB, | He et al, (2020a), Vadala et al,,
as FNDC5) mesenchymal stem cartilage degradation and inhibiting UCP-1, Sirt3,NLRP3, (2020), Wang et al., (2020), Li et al,,
cells inflammation and pyroptosis; chondrogenic caspase-1, ERK (2021), Bao et al,, (2022), Jia et al.,
differentiation (2022)
Interleukin-6 Myokine = Chondrocyte, FLSs Positive correlation: promote the anabolism of =~ mIL-6R,sIL-6R, IL-6 Silacci et al., (1998), Dagostino et al.,
chondrocytes; facilitate regeneration; production  trans-signaling (2005), Pedersen and Febbraio,
of anti-catabolic cytokines Negative correlation: (2008b), Andersson et al., (2010),
increase synovitis; amplifies the inflammatory Haugen et al., (2010), Suzuki et al.,
effects; DNA hypomethylation and histone (2010), Rose-John, (2012), Tsuchida
hyperacetylation; produce MMPs; et al,, (2012), Hunter and Jones,
chondrodegradation (2015), Nasi et al,, (2016), Yang et al.,
(2017), Wiegertjes et al., (2020)
Interleukin-7 Myokine = Chondrocyte, FLSs Negative correlation: cartilage destruction; N/A Pedersen, (2011), Steel et al,, (2012),
increased in the SF of elderly with different Crane et al., (2015), Stone et al.,
degrees of OA (2015)
Interleukin-15 Myokine = Chondrocyte Negative correlation: recruitment or survival of N/A Rao et al,, (2014), Jung et al,, (2018),
CD8 lymphocytes; biomarker of disease severity; Warner et al., (2020), Gao et al.,
correlated with OA pain; increased protease and (2022), Lu et al., (2022)
MMPs production
Metrnl Myokine = Chondrocyte, FLSs Positive correlation: anti-inflammatory and PI3K/Akt/NFxB, Altin and Schulze (2011), Dankbar
antipyroptotic NLRP3/caspase-1/ et al. (2015), Kim et al. (2021),
GSDMD Omosule and Phillips (2021), Liu
et al. (2022)
Myostatin (also Myokine | Synoviocytes, Negative correlation: correlate with the severity of N/A Leonov et al. (2011), Catoire et al.
known as GDF8) chondrocyte OA and inflammatory cytokines (2014), Crabb et al. (2016),
Wojdasiewicz et al. (2020)
Fractalkine (also Myokine = Mesenchymal stem Negative correlation: bone resorption; increase CX3CR1, c-Raf, MEK, Borchers and Pieler (2010), Zhang
known as cells, chondrocyte, apoptosis; mediates cellular adhesive and ERK, and NF-xB et al,, (2016b), Covington et al.,
CX3CL1) FLSs migratory functions; migration of OA FLSs (2016), Hou et al., (2017), Farah et al.,
(2022), Brooks et al., 2023
Lactate Myokine = Chondrocyte Positive correlation: promoting chondrocyte N/A Klein et al,, (2021), Kim et al., (2022)

ECM synthesis and Col2al expression

osteoarthritis compared to healthy joints (Tsuchida et al., 2012). In
addition, elevated IL-6 levels appear to promote the anabolism of
resident chondrocytes and appear to facilitate the formation of new
cartilage during in vitro regeneration (Tsuchida et al., 2012). Soluble
IL-6R also augmented the production of anti-catabolic TIMPs in
chondrocytes (Silacci et al., 1998), which suggests the direct role of
IL-6 in regulating chondrocyte function and cartilage metabolism.
This dual role of IL-6 is incompletely understood and may be caused
by differential effects of IL-6 classic vs. trans-signaling (Wiegertjes
et al., 2020).

2.3 Interleukin-7 (IL-7)

IL-7, a 25 kDa secreted globular protein encoded by the IL7 gene,
has been discerned in the culture medium of human muscle tube
primary cultures derived from satellite cells, with its concentration
escalating over the cultivation period (Haugen et al, 2010). This
molecule, called an “exerkine,” finds release into the bloodstream
amid exercise (Andersson et al.,, 2010; Haugen et al., 2010).

Although it has been linked with osteoarthritis, the role of IL-7
in this context is mainly detrimental, contributing to the wreckage of
cartilage in various joint disorders, including OA (Long et al., 2008;

Frontiers in Physiology

Zhang H. X. et al,, 2016). Notably, IL-7 levels spike in the synovial
fluid (SF) of older individuals with varying OA severities; however, it
diminishes in cases of severe compartment 3 osteoarthritis,
presumably owing to the substantial damage to cartilage cells
enmeshed in the affected tissue (Long et al., 2008). Moreover,
analysis in vervet monkeys indicated an elevated secretion of IL-7
in elderly meniscus samples with osteoarthritic changes compared to
healthy counterparts, designating IL-7 as a marker rather than a
therapeutic agent in OA management (Stone et al., 2015). The
underlying consensus depicts IL-7 more as a marker for
osteoarthritis rather than a therapeutic avenue leveraged through
exercise.

2.4 Interleukin-15 (IL-15)

Interleukin-15 (IL-15), a glycoprotein
intertwined a-helices and having a mass of 14-15kDa (Steel

comprising  four

et al,, 2012), operates as an exercise-induced myokine, witnessing
an uptick in its secretion from skeletal muscles post-exercise
(Pedersen, 2011; Crane et al,, 2015; Kurz et al.,, 2022). Early-stage
knee OA patients have been observed to have elevated levels of IL-15
in the SF compared to those at the end stage (Scanzello et al., 2009).
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TABLE 2 The roles of exerkines (cardiokines and adipokines) in OA.

10.3389/fphys.2023.1302769

EES Effects in Immunomodulatory properties Signaling Reference

tissue pathway

GDF-15 cardiokine | chondrocyte Negative correlation: cellular senescence MAPK14 Bennell et al. (2022)

Activin A cardiokine | chondrocyte, FLSs = Positive correlation: anabolic factor in cartilage ~ mIL-6R, sIL-6R, IL-6  Silacci et al. (1998), Dagostino et al.

trans-signaling (2005), Pedersen and Febbraio (2008b),
Negative correlation: correlate with Andersson et al. (2010), Haugen et al.
inflammatory cytokines (2010), Suzuki et al. (2010), Rose-John
(2012), Tsuchida et al. (2012), Hunter and
Jones (2015), Nasi et al. (2016), Yang et al.
(2017), Wiegertjes et al. (2020)

FSTL1 Cardiokine | Chondrocyte, FLSs = Negative correlation: along the interface of NF-kB pathway, Calandra and Roger (2003), Liu and Hu
eroding bone and inflammatory synovial SAPK/JNK/Caspase3 = (2012), Moon et al. (2013), Chaly et al.
pannus; pro-inflammatory in OA; FLSs (2015), Ni et al. (2015), Chang et al.,
proliferation; promote chondrocytes apoptosis (2019), Hu et al. (2019), Li et al. (2020), Xu

et al. (2020)

MIF Cardiokine = FLSs Negative correlation: correlate with the N/A Talabot-Ayer et al. (2012), Li et al. (2017),
severity of OA and related pain He et al. (2020b)

Interleukin-33 Cardiokine | Chondrocyte Negative correlation: increase inflammation N/A Loughlin (2005), Thysen et al. (2015),
and cartilage degradation Kim et al. (2017), Lee et al. (2019)

Secreted frizzled- =~ Cardiokine | Chondrocyte, Positive correlation: regulate chondrocyte polymorphism in Bouassida et al. (2010), Neumann et al.

related protein mesenchymal differentiation and survival; modulate joint SFRP cis-acting (2016), Macdonald et al. (2019),

stem cells homeostasis; delaying the maturation of regulatory elements,  Martinez-Huenchullan et al. (2020), Yuan
proliferative chondrocytes into hypertrophic et al. (2023)
chondrocytes

Neuregulin Cardiokine | Chondrocyte Positive correlation: inhibiting the MAPK, JNK Challa et al. (2010)
inflammation, protecting against apoptosis of
chondrocyte, and decreasing the degradation
of extracellular matrix

Adiponectin Adipokines | Chondrocyte Positive correlation: increase proliferation of AMPK, mTOR Chen et al. (2010), Seo et al. (2011),
chondrocytes and the type II collagen and Cheleschi et al. (2018), Franco-Trepat
aggrecan; alleviates the calcification of OA et al. (2019b), Cheleschi et al. (2019), Law
chondrocytes; matrix remodelling et al. (2020), Chang et al. (2021)

Visfatin Adipokines | Chondrocyte, FLSs = Negative correlation: enhances intercellular GSK3p, ICAM-1, Hu et al. (2010), Hehir and Morrison
adhesion molecule type 1 expression; facilitates =~ VEGF (2012), Yang et al. (2019), Barbalho et al.
the adhesion of monocytes; induce apoptosis (2020), Chang et al. (2020), Yang et al.
and oxidative stress; enhanced VEGF (2020), Luo et al. (2021), Bolander et al.
expression and facilitates angiogenesis; (2023)
damages the microtubule and microfilament
networks

Apelin adipokines | chondrocyte, FLSs = Negative correlation: exacerbated PI3K, ERK Hueetal. (2010), Hu et al. (2011), Chang et
osteoarthritis pathogenesis; promoted al. (2020), Luo et al. (2021)
chondrocyte proliferation and induced
expression of MMPs and IL-1§

IL-15 seemingly aids in the recruitment or sustenance of
CD8 lymphocytes within the joints of OA patients, hinting at its
critical role in OA’s pathogenesis (Scanzello et al., 2009).

According to various studies, serum IL-15 (sIL-15) levels
indicate the severity of early arthritis, and a surge in these levels
is independently associated with heightened self-reported pain in
knee OA sufferers (Gonzalez-Alvaro et al., 2011; Sun et al., 2013).
Although identified as a target for pain management, IL-15 signaling
may not significantly affect OA’s structural progression. Still, it does
facilitate increased protease production in cartilage explants in vitro
(Warner et al., 2020). It is regarded as a central regulator of MMPs,
which spearhead cartilage loss in OA (Warner et al., 2020). Hence,
targeting IL-15 signaling pathways could emerge as a pivotal strategy
in OA therapeutic interventions, a premise necessitating more
profound research.

Frontiers in Physiology

2.5 Meteorin-like (METRNL)

Meteorin-like, or METRNL, is a circulating factor induced in
muscles after exercise (Rao et al., 2014; Jung et al., 2018). Several
evidence lines suggest anti-inflammatory and insulin-sensitizing
effects of this myokine (Gao et al., 2022; Lu et al,, 2022). In OA,
Bridgewood et al. (2019) reported that METRNL is detectable in the
SE of OA, which suggested that METRNL may participate in OA
pathogenesis. Metrnl has also been reported to be expressed in
hypertrophic chondrocytes. These hypertrophic chondrocytes have
been reported as an essential event in the pathogenesis of
osteoarthritis (Husa et al., 2010; Gong et al., 2016). The study
also found that SF-metrnl was negatively associated with SF-
MMP-13 and portrayed metrnl as a possible player in putative
compensatory responses in OA (Sobiceh et al., 2021). In other studies,
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they set an exercise protocol and discovered the correlation between
the degree of OA and concentration of metrnl in the serum and
synovial fluid. Moreover, based on the pathogenesis of OA, they
found that exercise-induced metrnl could ameliorate OA through its
anti-inflammatory and antipyroptotic effects, which are mediated by
suppressing the PI3K/Akt/NF«kB and NLRP3/caspase-1/GSDMD
pathways (Liu et al., 2022).

2.6 Myostatin

Myostatin or growth differentiation factor 8 (GDF8) elevates with
exercise. It exhibits a higher serum concentration in OA patients,
correlating with disease severity (Kim et al, 2021; Omosule and
Phillips, 2021). Pro-inflammatory cytokines such as TNF-a, IL-1,
and IL-17 enhance myostatin expression in human synoviocytes.
Moreover, chronic exposure to inflammatory cytokines leads to
escalated myostatin expression in the synovium of hTNFtg mice
(Dankbar et al, 2015). These observations propose a promising
pathway for osteoarthritis treatment, wherein targeting myostatin
could potentially reduce inflammation and joint destruction, paving
the way for a new pharmacological approach in OA management.

2.7 Fractalkine

Fractalkine (FKN), also known as CX3CL1, is a novel
membrane-bound myokine mainly expressed in contracting
muscle (Altin and Schulze, 2011). Several studies show that
aerobic exercise significantly elevates the fractalkine (Catoire
et al., 2014; Crabb et al., 2016). Fractalkine is involved in various
normal and pathological processes and is considered relevant to
joint degeneration (Leonov et al., 2011; Wojdasiewicz et al., 2020).
Fractalkine was significantly upregulated when chondrocytes
underwent apoptosis, and blockage of the CX3CLI1-CX3CRI1
(CX3CL1 receptor) axis resulted in less bone resorption in OA
(Guo et al, 2022). Fractalkine mediates cellular adhesive and
to be
mesenchymal stem cells destined to become chondrocytes
(Feldman et al., 2013). While scant, available data from the
literature confirm that CX3CLI and its receptor are involved in

migratory functions and is known expressed in

OA. However, some opposite effects have been reported. Fractalkine
has been detected in patients with osteoarthritis (OA) in SFs. The
chemokine domain of FKN effectively induces the migration of OA
fibroblasts (Klosowska et al., 2009). In addition, it was also reported
that fractalkine activates c-Raf, MEK, ERK, and NF-xB on the
MMP-3 promoter through CX3CRI1, thus contributing to
cartilage destruction during OA (Hou et al., 2017). Independent
studies have paved the way for using CX3CL1 as a valuable marker
for determining OA severity or monitoring treatment outcomes.
However, assessing the occurrence and role of fractalkine and its
receptor requires further, more detailed studies.

2.8 Lactate

Lactate is no longer considered a metabolic waste and a cause of
muscle fatigue (Borchers and Pieler, 2010). Depending on the
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condition, such as during rest and exercise, following
carbohydrate nutrition, injury, or pathology, lactate can serve as
a myokine or exerkine with autocrine-, paracrine-, and endocrine-
like functions that have essential basic and translational implications
(Covington et al,, 2016). Lactate is an exerkine produced during
exercise in the integument and working muscles (Brooks et al.,
2023). OA patient SF exhibited significantly increased levels of
lactate secretion and aerobic glycolysis (Farah et al., 2022).

In OA, a concentration of 100 mM lactate with an exposure
duration of 8h is optimal for promoting chondrocyte ECM
synthesis (Zhang X. et al, 2016), and pulsed lactate addition
induced more Col2al expression (Zhang X. et al., 2016). On the
other hand, the study also found that acidic pH caused by lactate
exerts adverse effects on chondrocyte proliferation and ECM
expression (Zhang X. et al, 2016). These observed differential
biological effects of lactate on chondrocytes would have

implications for the future design of polymeric cartilage scaffolds.

3 Cardiokines

The secretomes produced by the heart during exercise
encompass a group of proteins that have been referred to as
cardiokines. Recent findings reinforce the notion of the heart as a
secretory organ that produces a variety of cardiac factors that can
influence the function of various cell types. Cardiac factors may also
participate in virial processes by acting on distal metabolic tissues
and affecting systemic homeostasis. Cardiac factors have protective
and harmful effects in osteoarthritis. In the pathological process, the
imbalance produced by cardiac factors may lead to the result of
disease.

3.1 Growth differentiation factor (GDF)-15

A part of the transforming growth factor-p superfamily, GDF-15
or macrophage-inhibitory cytokine 1 has been highlighted in recent
studies for its increased circulation levels following exercise, both in
mice and humans (Shimano et al., 2012; Klein et al., 2021; Wang
et al.,, 2021). The cardiokine, besides exhibiting anti-inflammatory
properties, is known to curtail oxidative stress, thereby signaling its
potential as a therapeutic target in OA, a disease often preceded by
inflammation and oxidation (Arnold et al., 2020; Kim et al., 2022;
Zhang et al., 2022).

A recent study pinpointed GDF-15 as a central player inducing
in OA-afflicted chondrocytes through
MAPKI14 activation, thereby suggesting its substantial role in

cellular  senescence
advancing OA (Borchers and Pieler, 2010). Further research into
GDF-15 could potentially unveil novel pathways to target in the
treatment and management of OA.

3.2 Activin A

Activin A, a member of the transforming growth factor-f
superfamily, shows a marked increase in response to acute
exercise (Perakakis et al., 2018). Identified as an exercise-induced
cardiokine, activin A has heightened concentrations in the SF of
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osteoarthritis (OA) patients. Furthermore, its production by
synoviocytes and chondrocytes is stimulated in culture by
inflammatory cytokines, including IL-1, TGF-beta, IFN-gamma,
and IL-8 (Pignolo et al, 2019; Watt et al,, 2020). Displaying
immunomodulatory functions in OA, activin A governs the
downregulation of type II collagen synthesis in articular cartilage
at bone maturity and its reactivation during attempted OA repair,
suggesting its role as a potential anabolic factor in cartilage
(Hermansson et al., 2004; Diller et al., 2019).

3.3 Follistatin-like 1 (FSTL1)

FSTL1 originates from cardiomyocytes, endothelial cells, and
smooth muscle cells (Xi et al., 2021). Exercise can enhance
FSTL1 transcription in skeletal muscle and augment circulating
FSTL1 levels (Gorgens et al, 2013). Positioned as a potential
biomarker of OA, FSTL1 can indicate the severity of joint
damage, exhibiting a high presence at the juncture of eroding
bone and inflammatory synovial pannus (Thornton et al., 2002;
Mobasheri, 2012). Studies reveal FSTL1’s potential as a serum
biomarker reflecting joint injury severity in OA patients (Wang
et al, 2011; Elsadek et al., 2021). Specifically, it is a crucial pro-
inflammatory factor in OA pathogenesis, fostering synoviocyte
proliferation by activating the NF-xB pathway (Ni et al,, 2015;
Hu et al, 2019). Further research by Chaly et al. highlighted
FSTLY’s regulatory role in chondrocyte activities and its
implication in promoting apoptosis via the SAPK/JNK/
Caspase3 pathway (Chaly et al, 2015 Xu et al, 2020).
Cumulatively, these insights advocate targeting FSTL1 in
osteoarthritis treatment strategies (Li et al., 2020).

3.4 Migration inhibitory factor (MIF)

MIF, a macrophage cytokine, modulates inflammatory and
immune responses (Calandra and Roger, 2003). Produced by
cardiomyocytes in the heart, its secretion amplifies during
exercise, earning it the classification of a cardiokine (Moon et al.,
2013; Chang et al., 2019). Observations show elevated MIF levels in
the serum and SF of knee OA patients, establishing a strong
correlation with the disease’s severity (Liu and Hu, 2012). Hence,
MIF emerges as a potential new biomarker for evaluating knee OA
risk and severity. Remarkably, MIF deletion can attenuate OA
severity, with synovial fluid MIF levels independently associated
with the severity of self-reported pain in OA patients (Zhang P. L.
et al.,, 2016; Rowe et al., 2017).

3.5 Interleukin-33 (IL-33)

Primarily secreted by cardiac fibroblasts, IL-33 sees an uptick in
expression and secretion in response to mechanical strain (Liew
et al,, 2016). Studies report a significant increase in IL-33 levels in
OA chondrocytes, with double-stranded RNA promoting cartilage
degeneration through the TLR3/IL-33 pathway (Li et al, 2017).
These findings indicate that IL-33 chiefly originates from
chondrocytes in an OA joint, not synovial fibroblasts, and plays a
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role in aggravating OA. Targeting IL-33 and enhancing IL-37
function may synergistically dampen inflammation, showcasing
IL-33’s potential as a therapeutic target in OA management
(Talabot-Ayer et al., 2012; Li et al., 2017; He et al., 2020b).

3.6 Secreted frizzled-related protein (SFRP)

SERPs are glycoproteins encompassing a frizzled-like cysteine-
rich domain, functioning as an exercise-inducible cardiokine (van
Loon et al, 2021). Among the SFRPs, SFRP4 mRNA is highly
responsive to exercise, potentially making it a crucial biomarker
for evaluating the benefits of long-term exercise (Kim et al., 2017;
Lee et al., 2019).

SERPs regulate chondrocyte differentiation and survival in
cartilage, presenting a viable target for therapeutic interventions
(Loughlin, 2005). In a study utilizing a destabilization of the medial
meniscus model (DMM), SFRP1 modulates joint homeostasis
differentially in distinct joint compartments (Thysen et al., 2015).
Diminished expression of SFRP1 renders the articular cartilage
susceptible  to aging (0A)
development (Pasold et al, 2013). Conversely, SFRP3 protects

premature and osteoarthritis
chondrocytes in healthy articular cartilage by delaying the
transformation of proliferative chondrocytes into hypertrophic
ones (Snelling et al., 2007). In sum, SFRPs, including SFRP-1, -3,
and -4, hold differential roles in OA pathogenesis.

3.7 Neuregulin

In human cardiac endothelial cells, neuregulin expression
elevates in response to exercise, with neuregulin-4 (NRG4)
playing a notable role as a member of the EGF-like family of
extracellular ligands. Activated through ErbB4 receptor tyrosine
kinases on the cytomembrane, NRG4 hinders OA progression by
reducing inflammation, safeguarding chondrocytes from apoptosis,
and mitigating ECM degradation via the MAPK/JNK signaling
pathway (Cai et al., 2016; Yuan et al,, 2023).

4 Adipokines

Originating from white adipose tissue, adipokines encompass
bioactive peptides or proteins, immune molecules, and inflammatory
mediators, including adiponectin and leptin (Neumann et al.,, 2016;
Macdonald et al., 2019). Their incremented synthesis through exercise
makes them focal points in OA exercise therapy.

4.1 Adiponectin

Adiponectin, predominantly secreted by adipocytes, sees
heightened in OA
pathophysiology (Simpson and Singh, 2008; Bouassida et al,
2010; Martinez-Huenchullan et al., 2020). While
severity of OA correlates with a decline in adiponectin levels in

levels during exercise, implicating it

increased

plasma and SF, its expression remains higher in OA patients

compared to healthy individuals, associating it with OA
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prevalence (Honsawek and Chayanupatkul, 2010; Tang et al., 2018).
Studies illustrate adiponectin’s protective role against OA by
promoting chondrocyte proliferation and upregulating type II
collagen and aggrecan in chondrocytes (Challa et al, 2010).
inhibits the mitigation of OA
calcification by activating the AMPK-mTOR signaling pathway,

Moreover, it chondrocyte
fostering autophagy (Duan et al., 2020). Interestingly, a favorable
adiponectin/leptin ratio correlates with reduced pain in severe knee
OA cases, spotlighting adiponectin’s potential as a surrogate
biomarker for monitoring physical function in knee OA patients
(Francin et al., 2014; Udomsinprasert et al., 2020).

4.2 Visfatin

Visfatin is a critical enzyme in essential cellular processes governed
by NAD+, including aging, oxidative stress, and sirtuin signaling
(Franco-Trepat et al, 2019a). This enzyme is notably increased
following short-term moderate aerobic exercise, categorizing it as an
exercise-induced adipokine (Seo et al., 2011; Plinta et al., 2012).

Visfatin has a pronounced role in the pathophysiology of
osteoarthritis (OA), where it exhibits local effects on joints
during the progression of the disease (Chen et al., 2010; Franco-
Trepat et al., 2019b). Furthermore, visfatin elevates the expression of
intercellular adhesion molecule type 1 (ICAM-1) in human OA
synovial fibroblasts (OASFs), promoting the adherence of
to OASFs
enhanced vascular endothelial growth factor (VEGF) expression

monocytes and fostering angiogenesis through
(Law et al., 2020). It has also been associated with inducing apoptosis
and oxidative stress in human OA chondrocytes (Cheleschi et al.,
2018; Cheleschi et al., 2019).

From a biomechanical standpoint, visfatin disrupts microtubule
and microfilament networks, influencing intracellular mechanics by
decreasing intracellular elasticity and viscosity through glycogen
synthase kinase 3p (GSK3p) inactivation (Chang et al., 2021). In
summary, visfatin functions as a central catabolic agent in OA
pathogenesis,
cartilage (Yang et al,, 2015).

mediating the deterioration of osteoarthritic

4.3 Apelin

Apelin is a peptide ranging from 13 to 36 amino acids in length,
whose biological functions are mediated through its specific
APJ], a with
transmembrane Since its

receptor, G-protein-coupled  receptor
(Vinel et al, 2018).

identification, apelin has been classified both as a myokine and

seven
domains

an adipokine, and its levels are known to increase in response to
exercise, categorizing it as an exerkine as well (Hehir and Morrison,
2012; Lee et al., 2022)].

In the context of OA, apelin is found in the SF, with its
concentrations correlating positively with OA severity (Hu et al.,
2011). This peptide aggravates OA pathogenesis through the
apelin/APJ system, promoting chondrocyte proliferation and
increasing the expression of catabolic factors such as MMP-1,
-3, -9, and IL-1B. Moreover, it diminishes collagen II synthesis,
highlighting its role as a catabolic factor in OA progression (Hu
et al., 2010; Luo et al., 2021).
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Research has indicated that reducing apelin expression can
alleviate OA cartilage severity, presenting a potential therapeutic
avenue (Chang et al., 2020). Apelin also augments IL-1p expression
by activating the PI3K and ERK pathways in OASFs, underlining its
contributive role in OA onset and/or progression (Chang et al.,
2020). In light of these findings, apelin emerges as a significant factor
in understanding the intricate pathophysiology of OA, offering a
new perspective in OA research.

5 Discussion

Exercise is a pivotal facilitator of health benefits, fostering
essential communication and coordination between various
systems and organs [169]. While it is widely acknowledged that
exercise is beneficial in mitigating the symptoms of osteoarthritis
(OA), the underlying mechanisms and the extent of these benefits
remain partially understood. The “exercise is medicine” paradigm
stands to gain considerably by incorporating insights derived from
exerkine research, thus opening new avenues in public health
discourse (Figures 1-3).

OA is a heterogeneous and complicated disease which is
characterized by articular  cartilage damage, synovitis,
subchondral bone remodeling and osteophyte formation (Holden
et al,, 2023). The susceptibility factors including systemic factors
(genetics, aging, sex, race, physical labor, obesity, and hypertension)
and local factors (abnormal joint strength lines, poor muscle
strength, high-intensity exercise, and joint injury history) (Yao
et al, 2023). The pathophysiological processes of OA involve
multiple tissues and organs, and studying the communication
between tissues is critical for exercise treatment of OA. In recent
years, the skeletal muscle, heart, adipose tissue are considered
secretory organs with endocrine functions that can produce and
secrete exercise-related molecules which participate in exercise
therapy of OA (Barbalho et al, 2020). Much of the existing
research in this area has honed in on skeletal muscle as the
principal source of exerkines. However, contemporary efforts are
extending this focus to encompass other potential sources, including
the heart and adipose tissues, to advance our understanding of how
exercise aids in achieving health restoration and maintenance.
Essentially, different bouts of exercise modulate the release of a
variety of kines, namely, myokines, cardiokines, and adipokines,
which were the focus of this review.

In detailing the influence of exercise-induced upregulation, we
have excluded cytokines that are downregulated through an exercise
from our discussion as they do not qualify as exerkines. Our analysis
spans a range of myokines such as irisin, IL-6, IL-7, IL-15, METRNL,
myostatin, fractalkine, and lactate, cardiokines like GDF-15, Activin
A, FSTLI, MIF, IL-33, SFRP, and neuregulin, and adipokines such as
adiponectin, visfatin, and apelin. Due to a scarcity of data, our
discussion does not encompass the more recently identified
exerkines and their potential roles in OA diseases. This review
endeavors to bridge the gap between these disparate areas of
study, presenting a consolidated view that hints at a larger,
underlying theory. Firstly, exercise unleashes a complex network
of endocrine interactions in which exerkines, released in response to
exercise, interplay through inter-organ crosstalk and physiologic
changes of OA. Secondly, the exerkines are released into the synovial
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fluid (SF) through the blood circulation. SF is formed by the serum
in the articular capsule and released into the articular cavity, where it
contributes to the unique functional properties of articular surfaces,
provides the the
microenvironment of articular cells, and modulates cells activity
(Bolander et al, 2023). Thirdly, the exerkines act on FLSs,
chondrocytes, mesenchymal stem cells and interfere with cell

nutrients  to cartilage,  constitutes

biological processes such as apoptosis, pyroptosis, inflammation,
chondro differentiation through signaling pathway transduction to
alleviate OA.

While the health benefits of exerkines are well acknowledged, it
is also apparent that not all factors positively influence OA during
exercise. Despite being upregulated through exercise, some factors
can have adverse effects, a phenomenon possibly influenced by the
intensity and frequency of exercise and the origin of the exerkines
(as illustrated in Tables 1, 2). This discrepancy stems from the
multifaceted impact of exercise on knee OA, involving elements
such as mechanical stimulation and exerkine release, among others.
We previously demonstrated that exercise could affect cartilage,
which had a dual effect on osteoarthritis (Yang et al.,, 2019; Yang
et al., 2020; Jia et al., 2022). Adaptive intensity exercise can reduce
the sensitivity of chondrocytes to inflammation. However, excessive
exercise leads to progressive damage, inhibits matrix synthesis, and
stimulates the production of matrix degrading enzymes. Secondly,
exercise can also affect articular cartilage by altering the surrounding
microenvironment, such as exerkines (Yang et al., 2019; Yang et al.,
20205 Jia et al., 2022; Liu et al., 2022). Research shows that normal
articular cartilage and chondrocytes do not reap therapeutic benefits
from mechanical stimulation alone; overstimulation can lead to
damage [32, 170]. In circumstances where high-intensity exercises
apply excessive mechanical stress to the articular cartilage, the
detrimental effects can outweigh the potential benefits of
exerkines. Even some exerkines have potential adverse effects in
OA therapy as described in this review. Therefore, maintaining a
harmonious balance between exercise and exerkines is critical.

Future research endeavors must focus on exploring preclinical
translational potentials, such as elucidating the clinical implications
of exerkine-associated effects and understanding individual
physiological responses to different exercise interventions. Given
that the current body of exerkine research primarily consists of
independent studies, there is a pressing need for research initiatives
based on larger sample sizes and comprehensive panels to assess the

References

Abramoff, B., and Caldera, F. E. (2020). Osteoarthritis: pathology, diagnosis, and
treatment options. Med. Clin. North Am. 104 (2), 293-311. doi:10.1016/j.mcna.2019.
10.007

Altin, S. E., and Schulze, P. C. (2011). Fractalkine: a novel cardiac chemokine?
Cardiovasc Res. 92 (3), 361-362. d0i:10.1093/cvr/cvr272

Andersson, H., Bohn, S. K., Raastad, T., Paulsen, G., Blomhoff, R., and Kadji, F. (2010).
Differences in the inflammatory plasma cytokine response following two elite female
soccer games separated by a 72-h recovery. Scand. . Med. Sci. Sports 20 (5), 740-747.
doi:10.1111/j.1600-0838.2009.00989.x

Arnold, N., Rehm, M., Biichele, G., Peter, R. S., Brenner, R. E., Giinther, K. P., et al.
(2020). Growth differentiation factor-15 as a potent predictor of long-term mortality
among subjects with osteoarthritis. J. Clin. Med. 9 (10), 3107. doi:10.3390/jcm9103107

Bandak, E., Christensen, R., Overgaard, A., Kristensen, L. E., Ellegaard, K., Guldberg-
Moller, J., et al. (2022). Exercise and education versus saline injections for knee
osteoarthritis: a randomised controlled equivalence trial. Ann. Rheum. Dis. 81 (4),
537-543. doi:10.1136/annrheumdis-2021-221129

Frontiers in Physiology

10

10.3389/fphys.2023.1302769

cumulative impact of all exerkines, both at the joint level and in
circulation. Finally, this review identifies gaps that remain in the
field of exercise physiology science and opportunities that exist to
translate biologic insights into osteoarthritis improvement.

Author contributions

SJ:
Resources,

Conceptualization, ~Formal Investigation,
Validation, draft,

Writing-review and editing. ZY: Writing-review and editing. LB:

Analysis,
Visualization, Writing-original
Conceptualization, Data curation, Formal Analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Software, Supervision, Validation,
Writing—original draft, Writing-review and editing.

Visualization,

Funding

The authors declare financial support was received for the
research, authorship, and/or publication of this article. This study
was funded by the National Natural Science Foundation of China
(82102613 and 82172479), the Fundamental Research Project of
Liaoning Provincial Department of Education (LJKQZ2021028) and
the Fundamental Research Project of plan to revitalize talents in
Liaoning (XLYC2002029).

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.

Bao,J. F,, She, Q. Y., Hu, P. P, Jia, N, and Li, A. (2022). Irisin, a fascinating field in our
times. Trends Endocrinol. Metab. 33 (9), 601-613. doi:10.1016/j.tem.2022.06.003

Barbalho, S. M., Flato, U. A. P., Tofano, R. J., Goulart, R. A., Guiguer, E. L.,
Detregiachi, C. R. P., et al. (2020). Physical exercise and myokines: relationships
with sarcopenia and cardiovascular complications. Int. J. Mol. Sci. 21 (10), 3607.
doi:10.3390/ijms21103607

Benatti, F. B., and Pedersen, B. K. (2015). Exercise as an anti-inflammatory therapy for
rheumatic diseases-myokine regulation. Nat. Rev. Rheumatol. 11 (2), 86-97. doi:10.
1038/nrrheum.2014.193

Bennell, K. L., Lawford, B. J., Keating, C., Brown, C., Kasza, J., Mackenzie, D., et al.
(2022). Comparing video-based, telehealth-delivered exercise and weight loss programs
with online education on outcomes of knee osteoarthritis: a randomized trial. Ann.
Intern Med. 175 (2), 198-209. doi:10.7326/m21-2388

Bergmann, J., Miiller, M., Baumann, N., Reichert, M., Heneweer, C., Bolik, J., et al.
(2017). IL-6 trans-signaling is essential for the development of hepatocellular carcinoma
in mice. Hepatology 65 (1), 89-103. doi:10.1002/hep.28874

frontiersin.org


https://doi.org/10.1016/j.mcna.2019.10.007
https://doi.org/10.1016/j.mcna.2019.10.007
https://doi.org/10.1093/cvr/cvr272
https://doi.org/10.1111/j.1600-0838.2009.00989.x
https://doi.org/10.3390/jcm9103107
https://doi.org/10.1136/annrheumdis-2021-221129
https://doi.org/10.1016/j.tem.2022.06.003
https://doi.org/10.3390/ijms21103607
https://doi.org/10.1038/nrrheum.2014.193
https://doi.org/10.1038/nrrheum.2014.193
https://doi.org/10.7326/m21-2388
https://doi.org/10.1002/hep.28874
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1302769

Jia et al.

Bolander, J., Moviglia Brandolina, M. T., Poehling, G., Jochl, O., Parsons, E., Vaughan,
W., et al. (2023). The synovial environment steers cartilage deterioration and
regeneration. Sci. Adv. 9 (16), eade4645. doi:10.1126/sciadv.ade4645

Borchers, A., and Pieler, T. (2010). Programming pluripotent precursor cells derived
from Xenopus embryos to generate specific tissues and organs. Genes (Basel) 1 (3),
413-426. doi:10.3390/genes1030413

Bostrom, P., W, J., Jedrychowski, M. P, Korde, A., Ye, L., Lo, J. C,, et al. (2012). A
PGCl-alpha-dependent myokine that drives brown-fat-like development of white fat
and thermogenesis. Nature 481 (7382), 463-468. doi:10.1038/nature10777

Bouassida, A., Chamari, K., Zaouali, M., Feki, Y., Zbidi, A., and Tabka, Z. (2010).
Review on leptin and adiponectin responses and adaptations to acute and chronic
exercise. Br. J. Sports Med. 44 (9), 620-630. doi:10.1136/bjsm.2008.046151

Bridgewood, C., Russell, T., Weedon, H., Baboolal, T., Watad, A., Sharif, K,, et al.
(2019). The novel cytokine Metrnl/IL-41 is elevated in Psoriatic Arthritis synovium and
inducible from both entheseal and synovial fibroblasts. Clin. Immunol. 208, 108253.
doi:10.1016/j.clim.2019.108253

Brooks, G. A., Osmond, A. D., Arevalo, J. A., Duong, J. J., Curl, C. C., Moreno-
Santillan, D. D., et al. (2023). Lactate as a myokine and exerkine: drivers and signals of
physiology and metabolism. J. Appl. Physiol. 134 (3), 529-548. doi:10.1152/japplphysiol.
00497.2022

Cai, M. X,, Shi, X. C., Chen, T., Tan, Z. N., Lin, Q. Q., Du, S. J., et al. (2016). Exercise
training activates neuregulin 1/ErbB signaling and promotes cardiac repair in a rat
myocardial infarction model. Life Sci. 149, 1-9. doi:10.1016/;.1fs.2016.02.055

Calandra, T., and Roger, T. (2003). Macrophage migration inhibitory factor: a
regulator of innate immunity. Nat. Rev. Immunol. 3 (10), 791-800. doi:10.1038/nri1200

Catoire, M., Mensink, M., Kalkhoven, E., Schrauwen, P., and Kersten, S. (2014).
Identification of human exercise-induced myokines using secretome analysis. Physiol.
Genomics 46 (7), 256-267. doi:10.1152/physiolgenomics.00174.2013

Challa, T. D., Rais, Y., and Ornan, E. M. (2010). Effect of adiponectin on
ATDC5 proliferation, differentiation and signaling pathways. Mol. Cell Endocrinol.
323 (2), 282-291. doi:10.1016/j.mce.2010.03.025

Chaly, Y., Blair, H. C., Smith, S. M., Bushnell, D. S., Marinov, A. D., Campfield, B. T,
et al. (2015). Follistatin-like protein 1 regulates chondrocyte proliferation and
chondrogenic differentiation of mesenchymal stem cells. Ann. Rheum. Dis. 74 (7),
1467-1473. doi:10.1136/annrheumdis-2013-204822

Chang, M. C,, Park, C. R, Rhie, S. H., Shim, W. H., and Kim, D. Y. (2019). Early treadmill
exercise increases macrophage migration inhibitory factor expression after cerebral
ischemia/reperfusion. Neural Regen. Res. 14 (7), 1230-1236. doi:10.4103/1673-5374.251330

Chang, S. F,, Huang, K. C, Lee, K. H., Chiang, Y. C,, Lee, W. R,, Hsieh, R. Z,, et al.
(2021). Effects of visfatin on intracellular mechanics and catabolism in human primary
chondrocytes through glycogen synthase kinase 3( inactivation. Int. . Mol. Sci. 22 (15),
8107. doi:10.3390/ijms22158107

Chang, T. K., Wang, Y. H,, Kuo, S. J., Wang, S. W., Tsai, C. H., Fong, Y. C, et al.
(2020). Apelin enhances IL-1f expression in human synovial fibroblasts by inhibiting
miR-144-3p through the PI3K and ERK pathways. Aging 12 (10), 9224-9239. doi:10.
18632/aging.103195

Cheleschi, S., Giordano, N., Volpi, N., Tenti, S., Gallo, I, Di Meglio, M., et al. (2018). A
complex relationship between visfatin and resistin and microRNA: an in vitro study on
human chondrocyte cultures. Int. J. Mol. Sci. 19 (12), 3909. doi:10.3390/ijms19123909

Cheleschi, S., Tenti, S., Mondanelli, N., Corallo, C., Barbarino, M., Giannotti, S., et al.
(2019). MicroRNA-34a and MicroRNA-181a mediate visfatin-induced apoptosis and
oxidative stress via NF-kB pathway in human osteoarthritic chondrocytes. Cells 8 (8),
874. doi:10.3390/cells8080874

Chen, W. P, Bao, J. P, Feng, J., Hu, P. F,, Shi, Z. L., and Wu, L. D. (2010). Increased
serum concentrations of visfatin and its production by different joint tissues in patients
with osteoarthritis. Clin. Chem. Lab. Med. 48 (8), 1141-1145. doi:10.1515/cclm.2010.230

Chow, L. S., Gerszten, R. E., Taylor, J. M., Pedersen, B. K., van Praag, H., Trappe, S.,
et al. (2022). Exerkines in health, resilience and disease. Nat. Rev. Endocrinol. 18 (5),
273-289. doi:10.1038/s41574-022-00641-2

Conaghan, P. G., Cook, A. D., Hamilton, J. A,, and Tak, P. P. (2019). Therapeutic
options for targeting inflammatory osteoarthritis pain. Nat. Rev. Rheumatol. 15 (6),
355-363. doi:10.1038/s41584-019-0221-y

Covington, J. D., Tam, C. S., Bajpeyi, S., Galgani, J. E., Noland, R. C., Smith, S. R,, et al.
(2016). Myokine expression in muscle and myotubes in response to exercise
stimulation. Med. Sci. Sports Exerc 48 (3), 384-390. doi:10.1249/mss.0000000000000787

Crabb, E. B, Franco, R. L,, Caslin, H. L., Blanks, A. M., Bowen, M. K., and Acevedo, E.
0. (2016). The effect of acute physical and mental stress on soluble cellular adhesion
molecule concentration. Life Sci. 157, 91-96. doi:10.1016/j.1£5.2016.05.042

Crane, J. D., MacNeil, L. G,, Lally, J. S., Ford, R.J., Bujak, A. L., Brar, I. K,, et al. (2015).
Exercise-stimulated interleukin-15 is controlled by AMPK and regulates skin
metabolism and aging. Aging Cell 14 (4), 625-634. doi:10.1111/acel.12341

Dagostino, M. A., Conaghan, P., Le Bars, M., Baron, G., Grassi, W., Martin-Mola, E.,
etal. (2005). EULAR report on the use of ultrasonography in painful knee osteoarthritis.
Part 1: prevalence of inflammation in osteoarthritis. Ann. Rheum. Dis. 64 (12),
1703-1709. doi:10.1136/ard.2005.037994

Frontiers in Physiology

11

10.3389/fphys.2023.1302769

Dankbar, B., Fennen, M., Brunert, D., Hayer, S., Frank, S., Wehmeyer, C,, et al. (2015).
Myostatin is a direct regulator of osteoclast differentiation and its inhibition reduces
inflammatory joint destruction in mice. Nat. Med. 21 (9), 1085-1090. doi:10.1038/nm.
3917

Diller, M., Frommer, K., Dankbar, B., Tarner, L, Hiilser, M. L., Tsiklauri, L., et al.
(2019). The activin-follistatin anti-inflammatory cycle is deregulated in synovial
fibroblasts. Arthritis Res. Ther. 21 (1), 144. doi:10.1186/s13075-019-1926-7

Duan, Z. X., Tu, C,, Liu, Q., Li, S. Q., Li, Y. H,, Xie, P., et al. (2020). Adiponectin
receptor agonist AdipoRon attenuates calcification of osteoarthritis chondrocytes
by promoting autophagy. J. Cell Biochem. 121 (5-6), 3333-3344. doi:10.1002/jcb.
29605

Elsadek, B. E. M., Abdelghany, A. A., Abd El-Aziz, M. A., Madkor, H. R., Abd Elrady
Ahmed, A., Abd-Elghaffar, S. K., et al. (2021). Validation of the diagnostic and
prognostic values of ADAMTS5 and FSTLI in osteoarthritis rat model. Cartilage 13
(2_Suppl. 1), 1263s-1273s. doi:10.1177/1947603519852405

Farah, H., Wijesinghe, S. N., Nicholson, T., Alnajjar, F., Certo, M., Alghamdi, A etal
(2022). Differential metabotypes in synovial fibroblasts and synovial fluid in hip
osteoarthritis patients support inflammatory responses. Int. J. Mol. Sci. 23 (6), 3266.
doi:10.3390/ijms23063266

Feldman, G. J., Parvizi, |., Levenstien, M., Scott, K., Erickson, J. A., Fortina, P., et al.
(2013). Developmental dysplasia of the hip: linkage mapping and whole exome
sequencing identify a shared variant in CX3CR1 in all affected members of a large
multigeneration family. J. Bone Min. Res. 28 (12), 2540-2549. doi:10.1002/jbmr.1999

Francin, P.J., Abot, A., Guillaume, C., Moulin, D., Bianchi, A., Gegout-Pottie, P., et al.
(2014). Association between adiponectin and cartilage degradation in human
osteoarthritis. Osteoarthr. Cartil. 22 (3), 519-526. doi:10.1016/j.joca.2014.01.002

Franco-Trepat, E., Alonso-Perez, A., Guillan-Fresco, M., Jorge-Mora, A., Gualillo, O.,
Gomez-Reino, J. J., et al. (2019a). Visfatin as a therapeutic target for rheumatoid
arthritis. Expert Opin. Ther. Targets 23 (7), 607-618. doi:10.1080/14728222.2019.
1617274

Franco-Trepat, E., Guillan-Fresco, M., Alonso-Perez, A., Jorge-Mora, A., Francisco,
V., Gualillo, O,, et al. (2019b). Visfatin connection: present and future in osteoarthritis
and osteoporosis. J. Clin. Med. 8 (8), 1178. doi:10.3390/jcm8081178

Gao, X,, Leung, T. F., Wong, G. W., Ko, W. H,, Cai, M., He, E. ], et al. (2022).
Meteorin-B/Meteorin like/IL-41 attenuates airway inflammation in house dust mite-
induced allergic asthma. Cell Mol. Immunol. 19 (2), 245-259. doi:10.1038/s41423-021-
00803-8

Gong, W, Liu, Y., Wu, Z,, Wang, S., Qiu, G, and Lin, S. (2016). Meteorin-like shows
unique expression pattern in bone and its overexpression inhibits osteoblast
differentiation. PLoS One 11 (10), e0164446. doi:10.1371/journal.pone.0164446

Gonzalez-Alvaro, I, Ortiz, A. M., Alvaro-Gracia, ]. M., Castaneda, S., Diaz-Sanchez,
B., Carvajal, L, et al. (2011). Interleukin 15 levels in serum may predict a severe disease
course in patients with early arthritis. PLoS One 6 (12), €29492. doi:10.1371/journal.
pone.0029492

Gorgens, S. W, Raschke, S., Holven, K. B., Jensen, J., Eckardt, K., and Eckel, J. (2013).
Regulation of follistatin-like protein 1 expression and secretion in primary human
skeletal muscle cells. Arch. Physiol. Biochem. 119 (2), 75-80. d0i:10.3109/13813455.
2013.768270

Guo, Y. N,, Cui, S. ], Tian, Y. J., Zhao, N. R,, Zhang, Y. D,, Gan, Y. H,, et al. (2022).
Chondrocyte apoptosis in temporomandibular joint osteoarthritis promotes bone
resorption by enhancing chemotaxis of osteoclast precursors. Osteoarthr. Cartil. 30
(8), 1140-1153. doi:10.1016/j.joca.2022.04.002

Hao, Z., Liu, K., Zhou, L., and Chen, P. (2023). Precious but convenient means of
prevention and treatment: physiological molecular mechanisms of interaction between
exercise and motor factors and Alzheimer’s disease. Front. Physiol. 14, 1193031. doi:10.
3389/fphys.2023.1193031

Haugen, F., Norheim, F., Lian, H., Wensaas, A. J., Dueland, S., Berg, O., et al. (2010).
IL-7 is expressed and secreted by human skeletal muscle cells. Am. J. Physiol. Cell
Physiol. 298 (4), C807-C816. doi:10.1152/ajpcell.00094.2009

He, Z,,Li, H., Han, X,, Zhou, F,, Dy, ], Yang, Y., et al. (2020a). 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

He, Z., Song, Y., Yi, Y., Qiu, F.,, Wang, J., Li, ], et al. (2020b). Blockade of IL-33
signalling attenuates osteoarthritis. Clin. Transl. Immunol. 9 (10), e1185. doi:10.1002/
cti2.1187

Hehir, M. P., and Morrison, J. J. (2012). The adipokine apelin and human uterine
contractility. Am. J. Obstet. Gynecol. 206 (4), 359.e351-e5. doi:10.1016/j.aj0g.2012.
01.032

Hermansson, M., Sawaji, Y., Bolton, M., Alexander, S., Wallace, A., Begum, S., et al.
(2004). Proteomic analysis of articular cartilage shows increased type II collagen
synthesis in osteoarthritis and expression of inhibin betaA (activin A), a regulatory
molecule for chondrocytes. J. Biol. Chem. 279 (42), 43514-43521. doi:10.1074/jbc.
M407041200

Holden, M. A., Nicolson, P.J. A., Thomas, M. J., Corp, N., Hinman, R. S., and Bennell,
K. L. (2023). Osteoarthritis year in review 2022: rehabilitation. Osteoarthr. Cartil. 31 (2),
177-186. doi:10.1016/j.joca.2022.10.004

frontiersin.org


https://doi.org/10.1126/sciadv.ade4645
https://doi.org/10.3390/genes1030413
https://doi.org/10.1038/nature10777
https://doi.org/10.1136/bjsm.2008.046151
https://doi.org/10.1016/j.clim.2019.108253
https://doi.org/10.1152/japplphysiol.00497.2022
https://doi.org/10.1152/japplphysiol.00497.2022
https://doi.org/10.1016/j.lfs.2016.02.055
https://doi.org/10.1038/nri1200
https://doi.org/10.1152/physiolgenomics.00174.2013
https://doi.org/10.1016/j.mce.2010.03.025
https://doi.org/10.1136/annrheumdis-2013-204822
https://doi.org/10.4103/1673-5374.251330
https://doi.org/10.3390/ijms22158107
https://doi.org/10.18632/aging.103195
https://doi.org/10.18632/aging.103195
https://doi.org/10.3390/ijms19123909
https://doi.org/10.3390/cells8080874
https://doi.org/10.1515/cclm.2010.230
https://doi.org/10.1038/s41574-022-00641-2
https://doi.org/10.1038/s41584-019-0221-y
https://doi.org/10.1249/mss.0000000000000787
https://doi.org/10.1016/j.lfs.2016.05.042
https://doi.org/10.1111/acel.12341
https://doi.org/10.1136/ard.2005.037994
https://doi.org/10.1038/nm.3917
https://doi.org/10.1038/nm.3917
https://doi.org/10.1186/s13075-019-1926-7
https://doi.org/10.1002/jcb.29605
https://doi.org/10.1002/jcb.29605
https://doi.org/10.1177/1947603519852405
https://doi.org/10.3390/ijms23063266
https://doi.org/10.1002/jbmr.1999
https://doi.org/10.1016/j.joca.2014.01.002
https://doi.org/10.1080/14728222.2019.1617274
https://doi.org/10.1080/14728222.2019.1617274
https://doi.org/10.3390/jcm8081178
https://doi.org/10.1038/s41423-021-00803-8
https://doi.org/10.1038/s41423-021-00803-8
https://doi.org/10.1371/journal.pone.0164446
https://doi.org/10.1371/journal.pone.0029492
https://doi.org/10.1371/journal.pone.0029492
https://doi.org/10.3109/13813455.2013.768270
https://doi.org/10.3109/13813455.2013.768270
https://doi.org/10.1016/j.joca.2022.04.002
https://doi.org/10.3389/fphys.2023.1193031
https://doi.org/10.3389/fphys.2023.1193031
https://doi.org/10.1152/ajpcell.00094.2009
https://doi.org/10.1016/j.bone.2020.115573
https://doi.org/10.1002/cti2.1187
https://doi.org/10.1002/cti2.1187
https://doi.org/10.1016/j.ajog.2012.01.032
https://doi.org/10.1016/j.ajog.2012.01.032
https://doi.org/10.1074/jbc.M407041200
https://doi.org/10.1074/jbc.M407041200
https://doi.org/10.1016/j.joca.2022.10.004
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1302769

Jia et al.

Honsawek, S., and Chayanupatkul, M. (2010). Correlation of plasma and synovial
fluid adiponectin with knee osteoarthritis severity. Arch. Med. Res. 41 (8), 593-598.
doi:10.1016/j.arcmed.2010.11.007

Hou, S. M., Hou, C. H,, and Liu, J. F. (2017). CX3CL1 promotes MMP-3 production
via the CX3CR1, c-Raf, MEK, ERK, and NF-kB signaling pathway in osteoarthritis
synovial fibroblasts. Arthritis Res. Ther. 19 (1), 282. doi:10.1186/s13075-017-1487-6

Hsu, C. H., Huang, H. T., and Hsu, N. C. (2023). Diet and exercise and knee pain in
patients with osteoarthritis and overweight or obesity. Jama 329 (15), 1317. doi:10.1001/
jama.2023.2539

Hu, P. F, Chen, W. P, Tang, J. L, Bao, J. P,, and Wu, L. D. (2010). Apelin plays a
catabolic role on articular cartilage: in vivo and in vitro studies. Int. J. Mol. Med. 26 (3),
357-363. doi:10.3892/ijmm_00000473

Hu, P. F,, Ma, C. Y., Sun, F. F,, Chen, W. P., and Wu, L. D. (2019). Follistatin-like
protein 1 (FSTL1) promotes chondrocyte expression of matrix metalloproteinase and
inflammatory factors via the NF-kB pathway. J. Cell Mol. Med. 23 (3), 2230-2237.
doi:10.1111/jcmm.14155

Hu, P. F,, Tang, J. L., Chen, W. P,, Bao, J. P., and Wy, L. D. (2011). Increased apelin
serum levels and expression in human chondrocytes in osteoarthritic patients. Int.
Orthop. 35 (9), 1421-1426. doi:10.1007/s00264-010-1100-y

Hunter, C. A,, and Jones, S. A. (2015). IL-6 as a keystone cytokine in health and
disease. Nat. Immunol. 16 (5), 448-457. d0i:10.1038/ni.3153

Hunter, D. J., and Bierma-Zeinstra, S. (2019). Osteoarthritis. Lancet 393 (10182),
1745-1759. doi:10.1016/s0140-6736(19)30417-9

Hunter, D. J., Schofield, D., and Callander, E. (2014). The individual and
socioeconomic impact of osteoarthritis. Nat. Rev. Rheumatol. 10 (7), 437-441.
doi:10.1038/nrrheum.2014.44

Husa, M., Liu-Bryan, R,, and Terkeltaub, R. (2010). Shifting HIFs in osteoarthritis.
Nat. Med. 16 (6), 641-644. doi:10.1038/nm0610-641

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

Jones, S. A., and Jenkins, B. J. (2018). Recent insights into targeting the IL-6 cytokine
family in inflammatory diseases and cancer. Nat. Rev. Immunol. 18 (12), 773-789.
doi:10.1038/541577-018-0066-7

Jung, T. W, Lee, S. H,, Kim, H. C, Bang, J. S., Abd El-Aty, A. M., Hacimiiftiioglu, A.,
etal. (2018). METRNL attenuates lipid-induced inflammation and insulin resistance via
AMPK or PPARS-dependent pathways in skeletal muscle of mice. Exp. Mol. Med. 50
(9), 122-211. doi:10.1038/s12276-018-0147-5

Katz, J. N,, Arant, K. R,, and Loeser, R. F. (2021). Diagnosis and treatment of hip and
knee osteoarthritis: a review. Jama 325 (6), 568-578. doi:10.1001/jama.2020.22171

Kelly, K. M., Smith, J. A,, and Mezuk, B. (2021). Depression and interleukin-6
signaling: a Mendelian Randomization study. Brain Behav. Immun. 95, 106-114. doi:10.
1016/j.bbi.2021.02.019

Kim, B. H,, Bae, H. C,, Wang, S. Y., Jang, B. S., Chang, J. H,, Chie, E. K,, et al. (2022).
Low-dose irradiation could mitigate osteoarthritis progression via anti-inflammatory
action that modulates mitochondrial function. Radiother. Oncol. 170, 231-241. doi:10.
1016/j.radonc.2022.02.039

Kim, H., Wrann, C. D., Jedrychowski, M., Vidoni, S., Kitase, Y., Nagano, K., et al.
(2018). Irisin mediates effects on bone and fat via alphaV integrin receptors. Cell 175 (7),
1756-1768 €1717. doi:10.1016/j.cell.2018.10.025

Kim, J. S., Galvdo, D. A., Newton, R. U,, Gray, E., and Taaffe, D. R. (2021). Exercise-
induced myokines and their effect on prostate cancer. Nat. Rev. Urol. 18 (9), 519-542.
doi:10.1038/s41585-021-00476-y

Kim, T. H,, Chang, J. S., Park, K. S,, Park, J., Kim, N,, Lee, J. L, et al. (2017). Effects of
exercise training on circulating levels of Dickkpof-1 and secreted frizzled-related
protein-1 in breast cancer survivors: a pilot single-blind randomized controlled trial.
PLoS One 12 (2), €0171771. doi:10.1371/journal.pone.0171771

Klein, A. B, Nicolaisen, T. S., Ortenblad, N., Gejl, K. D., Jensen, R, Fritzen, A. M.,
et al. (2021). Pharmacological but not physiological GDF15 suppresses feeding and the
motivation to exercise. Nat. Commun. 12 (1), 1041. doi:10.1038/s41467-021-21309-x

Klosowska, K., Volin, M. V., Huynh, N.,, Chong, K. K., Halloran, M. M., and Woods,
J. M. (2009). Fractalkine functions as a chemoattractant for osteoarthritis synovial
fibroblasts and stimulates phosphorylation of mitogen-activated protein kinases and
Akt. Clin. Exp. Immunol. 156 (2), 312-319. doi:10.1111/j.1365-2249.2009.03903 x

Kurdiova, T., Balaz, M., Vician, M., Maderova, D., Vlcek, M., Valkovic, L., et al.
(2014). Effects of obesity, diabetes and exercise on Fndc5 gene expression and irisin
release in human skeletal muscle and adipose tissue: in vivo and in vitro studies.
J. Physiol. 592 (5), 1091-1107. doi:10.1113/jphysiol.2013.264655

Kurz, E., Hirsch, C. A, Dalton, T., Shadaloey, S. A., Khodadadi-Jamayran, A., Miller,
G,, etal. (2022). Exercise-induced engagement of the IL-15/IL-15Ra axis promotes anti-
tumor immunity in pancreatic cancer. Cancer Cell 40 (7), 720-737.e5. doi:10.1016/j.
ccell.2022.05.006

Frontiers in Physiology

12

10.3389/fphys.2023.1302769

Latourte, A., Kloppenburg, M., and Richette, P. (2020). Emerging pharmaceutical
therapies for osteoarthritis. Nat. Rev. Rheumatol. 16 (12), 673-688. doi:10.1038/s41584-
020-00518-6

Law, Y. Y, Lin, Y. M,, Liu, S. C, Wu, M. H,, Chung, W. H,, Tsai, C. H,, et al. (2020).
Visfatin increases ICAM-1 expression and monocyte adhesion in human osteoarthritis
synovial fibroblasts by reducing miR-320a expression. Aging (Albany NY) 12 (18),
18635-18648. doi:10.18632/aging.103889

Lee, S., Norheim, F., Langleite, T. M., Gulseth, H. L., Birkeland, K. I., and Drevon, C.
A. (2019). Effects of long-term exercise on plasma adipokine levels and inflammation-
related gene expression in subcutaneous adipose tissue in sedentary dysglycaemic,
overweight men and sedentary normoglycaemic men of healthy weight. Diabetologia 62
(6), 1048-1064. doi:10.1007/s00125-019-4866-5

Lee, U, Stuelsatz, P., Karaz, S., McKellar, D. W., Russeil, J., Deak, M., et al. (2022). A
Teadl-Apelin axis directs paracrine communication from myogenic to endothelial cells
in skeletal muscle. iScience 25 (7), 104589. doi:10.1016/j.is¢i.2022.104589

Leonov, A., Trofimov, S., Ermakov, S., and Livshits, G. (2011). Quantitative genetic
study of amphiregulin and fractalkine circulating levels--potential markers of
arthropathies. Osteoarthr. Cartil. 19 (6), 737-742. doi:10.1016/j.joca.2011.02.013

Li, C,, Chen, K., Kang, H., Yan, Y., Liu, K., Guo, C, et al. (2017). Double-stranded
RNA released from damaged articular chondrocytes promotes cartilage degeneration
via Toll-like receptor 3-interleukin-33 pathway. Cell Death Dis. 8 (11), e3165. doi:10.
1038/cddis.2017.534

Li, W., Alahdal, M., Deng, Z., Liu, J., Zhao, Z., Cheng, X., et al. (2020). Molecular
functions of FSTL1 in the osteoarthritis. Int. Immunopharmacol. 83, 106465. doi:10.
1016/j.intimp.2020.106465

Li, X,, Zhu, X., Wu, H,, Van Dyke, T. E., Xu, X,, 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

Liew, F. Y., Girard, J. P., and Turnquist, H. R. (2016). Interleukin-33 in health and
disease. Nat. Rev. Immunol. 16 (11), 676-689. d0i:10.1038/nri.2016.95

Liu, J., Jia, S., Yang, Y., Piao, L., Wang, Z, Jin, Z,, et al. (2022). Exercise induced
meteorin-like protects chondrocytes against inflammation and pyroptosis in
osteoarthritis by inhibiting PI3K/Akt/NF-kB and NLRP3/caspase-1/GSDMD
signaling. Biomed. Pharmacother. 158, 114118. doi:10.1016/j.biopha.2022.114118

Liu, M., and Hu, C. (2012). Association of MIF in serum and synovial fluid with
severity of knee osteoarthritis. Clin. Biochem. 45 (10-11), 737-739. doi:10.1016/j.
clinbiochem.2012.03.012

Long, D., Blake, S., Song, X. Y., Lark, M., and Loeser, R. F. (2008). Human articular
chondrocytes produce IL-7 and respond to IL-7 with increased production of matrix
metalloproteinase-13. Arthritis Res. Ther. 10 (1), R23. doi:10.1186/ar2376

Long, H., Liu, Q,, Yin, H., Wang, K,, Diao, N., Zhang, Y., et al. (2022). Prevalence
trends of site-specific osteoarthritis from 1990 to 2019: findings from the global burden
of disease study 2019. Arthritis Rheumatol. 74 (7), 1172-1183. doi:10.1002/art.42089

Lou, J., Wu, ], Feng, M., Dang, X., Wu, G., Yang, H,, et al. (2022). Exercise promotes
angiogenesis by enhancing endothelial cell fatty acid utilization via liver-derived
extracellular vesicle miR-122-5p. J. Sport Health Sci. 11 (4), 495-508. doi:10.1016/j.
jshs.2021.09.009

Loughlin, J. (2005). The genetic epidemiology of human primary osteoarthritis:
current status. Expert Rev. Mol. Med. 7 (9), 1-12. doi:10.1017/s1462399405009257

Lu, Q. B, Ding, Y., Liu, Y., Wang, Z. C,, Wu, Y. J,, Niu, K. M,, et al. (2022). Metrnl
ameliorates diabetic cardiomyopathy via inactivation of cGAS/STING signaling
dependent on LKB1/AMPK/ULK1-mediated autophagy. J. Adv. Res. 51, 161-179.
doi:10.1016/j.jare.2022.10.014

Luo, J., Liu, W,, Feng, F., and Chen, L. (2021). Apelin/AP] system: a novel therapeutic
target for locomotor system diseases. Eur. J. Pharmacol. 906, 174286. doi:10.1016/j.
ejphar.2021.174286

Maak, S., Norheim, F., Drevon, C. A., and Erickson, H. P. (2021). Progress and
challenges in the biology of FNDC5 and irisin. Endocr. Rev. 42 (4), 436-456. doi:10.
1210/endrev/bnab003

Macdonald, I. ], Liu, S. C., Huang, C. C., Kuo, S.J., Tsai, C. H., and Tang, C. H. (2019).

Associations between adipokines in arthritic disease and implications for obesity. Int.
J. Mol. Sci. 20 (6), 1505. doi:10.3390/ijms20061505

Martinez-Huenchullan, S. F., Tam, C. S., Ban, L. A., Ehrenfeld-Slater, P., McLennan,
S. V., and Twigg, S. M. (2020). Skeletal muscle adiponectin induction in obesity and
exercise. Metabolism 102, 154008. doi:10.1016/j.metabol.2019.154008

Mobasheri, A. (2012). Osteoarthritis year 2012 in review: biomarkers. Osteoarthr.
Cartil. 20 (12), 1451-1464. doi:10.1016/j.joca.2012.07.009

Moon, H. Y., Song, P., Choi, C. S, Ryu, S. H,, and Suh, P. G. (2013). Involvement of
exercise-induced macrophage migration inhibitory factor in the prevention of fatty liver
disease. J. Endocrinol. 218 (3), 339-348. doi:10.1530/joe-13-0135

Nasi, S., So, A., Combes, C., Daudon, M., and Busso, N. (2016). Interleukin-6 and

chondrocyte mineralisation act in tandem to promote experimental osteoarthritis. Ann.
Rheum. Dis. 75 (7), 1372-1379. doi:10.1136/annrheumdis-2015-207487

frontiersin.org


https://doi.org/10.1016/j.arcmed.2010.11.007
https://doi.org/10.1186/s13075-017-1487-6
https://doi.org/10.1001/jama.2023.2539
https://doi.org/10.1001/jama.2023.2539
https://doi.org/10.3892/ijmm_00000473
https://doi.org/10.1111/jcmm.14155
https://doi.org/10.1007/s00264-010-1100-y
https://doi.org/10.1038/ni.3153
https://doi.org/10.1016/s0140-6736(19)30417-9
https://doi.org/10.1038/nrrheum.2014.44
https://doi.org/10.1038/nm0610-641
https://doi.org/10.3389/fcell.2022.797855
https://doi.org/10.1038/s41577-018-0066-7
https://doi.org/10.1038/s12276-018-0147-5
https://doi.org/10.1001/jama.2020.22171
https://doi.org/10.1016/j.bbi.2021.02.019
https://doi.org/10.1016/j.bbi.2021.02.019
https://doi.org/10.1016/j.radonc.2022.02.039
https://doi.org/10.1016/j.radonc.2022.02.039
https://doi.org/10.1016/j.cell.2018.10.025
https://doi.org/10.1038/s41585-021-00476-y
https://doi.org/10.1371/journal.pone.0171771
https://doi.org/10.1038/s41467-021-21309-x
https://doi.org/10.1111/j.1365-2249.2009.03903.x
https://doi.org/10.1113/jphysiol.2013.264655
https://doi.org/10.1016/j.ccell.2022.05.006
https://doi.org/10.1016/j.ccell.2022.05.006
https://doi.org/10.1038/s41584-020-00518-6
https://doi.org/10.1038/s41584-020-00518-6
https://doi.org/10.18632/aging.103889
https://doi.org/10.1007/s00125-019-4866-5
https://doi.org/10.1016/j.isci.2022.104589
https://doi.org/10.1016/j.joca.2011.02.013
https://doi.org/10.1038/cddis.2017.534
https://doi.org/10.1038/cddis.2017.534
https://doi.org/10.1016/j.intimp.2020.106465
https://doi.org/10.1016/j.intimp.2020.106465
https://doi.org/10.3389/fcell.2021.703670
https://doi.org/10.1038/nri.2016.95
https://doi.org/10.1016/j.biopha.2022.114118
https://doi.org/10.1016/j.clinbiochem.2012.03.012
https://doi.org/10.1016/j.clinbiochem.2012.03.012
https://doi.org/10.1186/ar2376
https://doi.org/10.1002/art.42089
https://doi.org/10.1016/j.jshs.2021.09.009
https://doi.org/10.1016/j.jshs.2021.09.009
https://doi.org/10.1017/s1462399405009257
https://doi.org/10.1016/j.jare.2022.10.014
https://doi.org/10.1016/j.ejphar.2021.174286
https://doi.org/10.1016/j.ejphar.2021.174286
https://doi.org/10.1210/endrev/bnab003
https://doi.org/10.1210/endrev/bnab003
https://doi.org/10.3390/ijms20061505
https://doi.org/10.1016/j.metabol.2019.154008
https://doi.org/10.1016/j.joca.2012.07.009
https://doi.org/10.1530/joe-13-0135
https://doi.org/10.1136/annrheumdis-2015-207487
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1302769

Jia et al.

Neumann, E., Junker, S., Schett, G., Frommer, K., and Muller-Ladner, U. (2016).
Adipokines in bone disease. Nat. Rev. Rheumatol. 12 (5), 296-302. doi:10.1038/
nrrheum.2016.49

Nguyen, H. N., Noss, E. H., Mizoguchi, F., Huppertz, C., Wei, K. S., Watts, G. F. M,
et al. (2017). Autocrine loop involving IL-6 family member LIF, LIF receptor, and
STAT4 drives sustained fibroblast production of inflammatory mediators. Immunity 46
(2), 220-232. doi:10.1016/j.immuni.2017.01.004

Ni, S., Miao, K., Zhou, X., Xu, N,, Li, C., Zhu, R,, et al. (2015). The involvement of
follistatin-like protein 1 in osteoarthritis by elevating NF-kB-mediated inflammatory
cytokines and enhancing fibroblast like synoviocyte proliferation. Arthritis Res. Ther. 17
(1), 91. doi:10.1186/s13075-015-0605-6

Omosule, C. L., and Phillips, C. L. (2021). Deciphering myostatin’s regulatory,
metabolic, and developmental influence in skeletal diseases. Front. Genet. 12,
662908. doi:10.3389/fgene.2021.662908

Paris, M. T., Bell, K. E., and Mourtzakis, M. (2020). Myokines and adipokines in
sarcopenia: understanding cross-talk between skeletal muscle and adipose tissue and the
role of exercise. Curr. Opin. Pharmacol. 52, 61-66. doi:10.1016/j.coph.2020.06.003

Pasold, J., Osterberg, A., Peters, K., Taipaleenmiki, H., Séidminen, A. M., Vollmar, B.,
et al. (2013). Reduced expression of Sfrpl during chondrogenesis and in articular
chondrocytes correlates with osteoarthritis in STR/ort mice. Exp. Cell Res. 319 (5),
649-659. doi:10.1016/j.yexcr.2012.12.012

Pedersen, B. K. (2011). Exercise-induced myokines and their role in chronic diseases.
Brain Behav. Immun. 25 (5), 811-816. doi:10.1016/j.bbi.2011.02.010

Pedersen, B. K. (2019). Physical activity and muscle-brain crosstalk. Nat. Rev.
Endocrinol. 15 (7), 383-392. doi:10.1038/s41574-019-0174-x

Pedersen, B. K., and Febbraio, M. A. (2008a). Muscle as an endocrine organ: focus on
muscle-derived interleukin-6. Physiol. Rev. 88 (4), 1379-1406. doi:10.1152/physrev.
90100.2007

Pedersen, B. K., and Febbraio, M. A. (2008b). Muscle as an endocrine organ: focus on
muscle-derived interleukin-6. Physiol. Rev. 88 (4), 1379-1406. doi:10.1152/physrev.90100.2007

Perakakis, N., Upadhyay, J., Ghaly, W., Chen, J., Chrysafi, P., Anastasilakis, A. D.,
etal. (2018). Regulation of the activins-follistatins-inhibins axis by energy status: impact
on reproductive function. Metabolism 85, 240-249. doi:10.1016/j.metabol.2018.05.003

Pignolo, R. J., Wang, H., and Kaplan, F. S. (2019). Fibrodysplasia ossificans
progressiva (FOP): a segmental progeroid syndrome. Front. Endocrinol. (Lausanne)
10, 908. doi:10.3389/fendo0.2019.00908

Pillon, N. J., Smith, J. A. B., Alm, P. S., Chibalin, A. V., Alhusen, J., Arner, E., et al.
(2022). Distinctive exercise-induced inflammatory response and exerkine induction in
skeletal muscle of people with type 2 diabetes. Sci. Adv. 8 (36), eabo3192. doi:10.1126/
sciadv.abo3192

Plinta, R., Olszanecka-Glinianowicz, M., Drosdzol-Cop, A., Chudek, J., and
Skrzypulec-Plinta, V. (2012). The effect of three-month pre-season preparatory
period and short-term exercise on plasma leptin, adiponectin, visfatin, and ghrelin
levels in young female handball and basketball players. J. Endocrinol. Invest. 35 (6),
595-601. doi:10.3275/8014

Posa, F., Zerlotin, R., Ariano, A., Cosola, M. D., Colaianni, G., Fazio, A. D., et al.
(2023). Irisin role in chondrocyte 3D culture differentiation and its possible
applications. Pharmaceutics 15 (2), 585. doi:10.3390/pharmaceutics15020585

Rao, R. R, Long, J. Z., White, J. P., Svensson, K. J., Lou, J., Lokurkar, L, et al. (2014).
Meteorin-like is a hormone that regulates immune-adipose interactions to increase
beige fat thermogenesis. Cell 157 (6), 1279-1291. doi:10.1016/j.cell.2014.03.065

Robbins, J. M., and Gerszten, R. E. (2023). Exercise, exerkines, and cardiometabolic
health: from individual players to a team sport. J. Clin. Invest. 133 (11), e168121. doi:10.
1172/]CI168121

Rodriguez-Hernandez, M., Carneros, D., Nafiez-Ntfez, M., Coca, R,, Baena, R,,
Lopez-Ruiz, G. M., et al. (2022). Identification of IL-6 signalling components as
predictors of severity and outcome in COVID-19. Front. Immunol. 13, 891456.
doi:10.3389/fimmu.2022.891456

Rose-John, S. (2012). IL-6 trans-signaling via the soluble IL-6 receptor: importance
for the pro-inflammatory activities of IL-6. Int. J. Biol. Sci. 8 (9), 1237-1247. doi:10.
7150/ijbs.4989

Rowe, M. A,, Harper, L. R, McNulty, M. A, Lau, A. G,, Carlson, C. S., Leng, L., et al.
(2017). Reduced osteoarthritis severity in aged mice with deletion of macrophage
migration inhibitory factor. Arthritis Rheumatol. 69 (2), 352-361. doi:10.1002/art.39844

Scanzello, C. R., Umoh, E., Pessler, F., Diaz-Torne, C., Miles, T., Dicarlo, E., et al.
(2009). Local cytokine profiles in knee osteoarthritis: elevated synovial fluid interleukin-
15 differentiates early from end-stage disease. Osteoarthr. Cartil. 17 (8), 1040-1048.
doi:10.1016/j.joca.2009.02.011

Seo,D. 1, S0, W. Y., Ha, S, Yoo, E. ], Kim, D., Singh, H., et al. (2011). Effects of 12 weeks of
combined exercise training on visfatin and metabolic syndrome factors in obese middle-aged
women. J. Sports Sci. Med. 10 (1), 222-226. doi:10.5932/JKPHN.2012.26.3.417

Severinsen, M. C. K, and Pedersen, B. K. (2020). Muscle-organ crosstalk: the
emerging roles of myokines. Endocr. Rev. 41 (4), 594-609. doi:10.1210/endrev/bnaa016

Frontiers in Physiology

13

10.3389/fphys.2023.1302769

Shimano, M., Ouchi, N., and Walsh, K. (2012). Cardiokines: recent progress in
elucidating the cardiac secretome. Circulation 126 (21), e327-e332. doi:10.1161/
circulationaha.112.150656

Silacci, P., Dayer, J. M., Desgeorges, A., Peter, R., Manueddu, C., and Guerne, P. A.
(1998). Interleukin (IL)-6 and its soluble receptor induce TIMP-1 expression in
synoviocytes and chondrocytes, and block IL-1-induced collagenolytic activity.
J. Biol. Chem. 273 (22), 13625-13629. doi:10.1074/jbc.273.22.13625

Simpson, K. A, and Singh, M. A. (2008). Effects of exercise on adiponectin: a
systematic review. Obes. (Silver Spring) 16 (2), 241-256. doi:10.1038/0by.2007.53

Snelling, S., Ferreira, A., and Loughlin, J. (2007). Allelic expression analysis suggests
that cis-acting polymorphism of FRZB expression does not contribute to osteoarthritis
susceptibility. Osteoarthr. Cartil. 15 (1), 90-92. doi:10.1016/j.joca.2006.06.016

Sobieh, B. H.,, Kassem, D. H., Zakaria, Z. M., and El-Mesallamy, H. O. (2021). Potential
emerging roles of the novel adipokines adipolin/CTRP12 and meteorin-like/METRNL in
obesity-osteoarthritis interplay. Cytokine 138, 155368. doi:10.1016/j.cyt0.2020.155368

Steel, J. C., Waldmann, T. A., and Morris, J. C. (2012). Interleukin-15 biology and its
therapeutic implications in cancer. Trends Pharmacol. Sci. 33 (1), 35-41. doi:10.1016/j.
tips.2011.09.004

Stone, A. V., Vanderman, K. S., Willey, J. S., Long, D. L., Register, T. C., Shively, C. A.,
et al. (2015). Osteoarthritic changes in vervet monkey knees correlate with meniscus
degradation and increased matrix metalloproteinase and cytokine secretion. Osteoarthr.
Cartil. 23 (10), 1780-1789. doi:10.1016/j.joca.2015.05.020

Sun, J. M., Sun, L. Z., Liu, J., Su, B. H., and Shi, L. (2013). Serum interleukin-15 levels
are associated with severity of pain in patients with knee osteoarthritis. Dis. Markers 35
(3), 203-206. doi:10.1155/2013/176278

Suzuki, M., Hashizume, M., Yoshida, H., Shiina, M., and Mihara, M. (2010). IL-6 and
IL-1 synergistically enhanced the production of MMPs from synovial cells by up-
regulating IL-6 production and IL-1 receptor I expression. Cytokine 51 (2), 178-183.
doi:10.1016/j.cyt0.2010.03.017

Talabot-Ayer, D., McKee, T., Gindre, P., Bas, S., Baeten, D. L., Gabay, C,, et al. (2012).
Distinct serum and synovial fluid interleukin (IL)-33 levels in rheumatoid arthritis,
psoriatic arthritis and osteoarthritis. Jt. Bone Spine 79 (1), 32-37. doi:10.1016/j.jbspin.
2011.02.011

Tang, Q., Hu, Z. C,, Shen, L. Y., Shang, P., Xu, H. Z., and Liu, H. X. (2018). Association
of osteoarthritis and circulating adiponectin levels: a systematic review and meta-
analysis. Lipids Health Dis. 17 (1), 189. doi:10.1186/s12944-018-0838-x

Thornton, S., Sowders, D., Aronow, B., Witte, D. P., Brunner, H. I, Giannini, E. H., et al.
(2002). DNA microarray analysis reveals novel gene expression profiles in collagen-
induced arthritis. Clin. Immunol. 105 (2), 155-168. doi:10.1006/clim.2002.5227

Thysen, S., Luyten, F. P., and Lories, R. J. (2015). Loss of Frzb and Sfrp1 differentially
affects joint homeostasis in instability-induced osteoarthritis. Osteoarthr. Cartil. 23 (2),
275-279. doi:10.1016/j.joca.2014.10.010

Torstensen, T. A., Osteras, H., LoMartire, R., Rugelbak, G. M., Grooten, W. J. A, and
Ang, B. O. (2023). High- versus low-dose exercise therapy for knee osteoarthritis: a
randomized controlled multicenter trial. Ann. Intern Med. 176 (2), 154-165. doi:10.
7326/m22-2348

Tsuchida, A. I, Beekhuizen, M., Rutgers, M., van Osch, G. J., Bekkers, J. E., Bot, A. G.,
et al. (2012). Interleukin-6 is elevated in synovial fluid of patients with focal cartilage
defects and stimulates cartilage matrix production in an in vitro regeneration model.
Arthritis Res. Ther. 14 (6), R262. doi:10.1186/ar4107

Udomsinprasert, W., Manoy, P., Yuktanandana, P., Tanavalee, A., Anomasiri, W.,
and Honsawek, S. (2020). Decreased serum adiponectin reflects low vitamin D, high
interleukin 6, and poor physical performance in knee osteoarthritis. Arch. Immunol.
Ther. Exp. Warsz. 68 (3), 16. doi:10.1007/s00005-020-00580-8

Vadala, G., Di Giacomo, G., Ambrosio, L., Cannata, F., Cicione, C., Papalia, R,, et al.
(2020). Irisin recovers osteoarthritic chondrocytes in vitro. Cells 9 (6), 1478. doi:10.
3390/cells9061478

van Loon, K., Huijbers, E. J. M., and Griffioen, A. W. (2021). Secreted frizzled-related
protein 2: a key player in noncanonical Wnt signaling and tumor angiogenesis. Cancer
Metastasis Rev. 40 (1), 191-203. doi:10.1007/s10555-020-09941-3

Vinel, C., Lukjanenko, L., Batut, A., Deleruyelle, S., Pradere, J. P., Le Gonidec, S., et al.
(2018). The exerkine apelin reverses age-associated sarcopenia. Nat. Med. 24 (9),
1360-1371. doi:10.1038/s41591-018-0131-6

Wang, D, Day, E. A, Townsend, L. K., Djordjevic, D., Jorgensen, S. B., and Steinberg,
G. R. (2021). GDF15: emerging biology and therapeutic applications for obesity and
cardiometabolic disease. Nat. Rev. Endocrinol. 17 (10), 592-607. doi:10.1038/s41574-
021-00529-7

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

Wang, Y., Li, D,, Xu, N, Tao, W., Zhu, R, Sun, R., et al. (2011). Follistatin-like protein
1: a serum biochemical marker reflecting the severity of joint damage in patients with
osteoarthritis. Arthritis Res. Ther. 13 (6), R193. doi:10.1186/ar3522

frontiersin.org


https://doi.org/10.1038/nrrheum.2016.49
https://doi.org/10.1038/nrrheum.2016.49
https://doi.org/10.1016/j.immuni.2017.01.004
https://doi.org/10.1186/s13075-015-0605-6
https://doi.org/10.3389/fgene.2021.662908
https://doi.org/10.1016/j.coph.2020.06.003
https://doi.org/10.1016/j.yexcr.2012.12.012
https://doi.org/10.1016/j.bbi.2011.02.010
https://doi.org/10.1038/s41574-019-0174-x
https://doi.org/10.1152/physrev.90100.2007
https://doi.org/10.1152/physrev.90100.2007
https://doi.org/10.1152/physrev.90100.2007
https://doi.org/10.1016/j.metabol.2018.05.003
https://doi.org/10.3389/fendo.2019.00908
https://doi.org/10.1126/sciadv.abo3192
https://doi.org/10.1126/sciadv.abo3192
https://doi.org/10.3275/8014
https://doi.org/10.3390/pharmaceutics15020585
https://doi.org/10.1016/j.cell.2014.03.065
https://doi.org/10.1172/JCI168121
https://doi.org/10.1172/JCI168121
https://doi.org/10.3389/fimmu.2022.891456
https://doi.org/10.7150/ijbs.4989
https://doi.org/10.7150/ijbs.4989
https://doi.org/10.1002/art.39844
https://doi.org/10.1016/j.joca.2009.02.011
https://doi.org/10.5932/JKPHN.2012.26.3.417
https://doi.org/10.1210/endrev/bnaa016
https://doi.org/10.1161/circulationaha.112.150656
https://doi.org/10.1161/circulationaha.112.150656
https://doi.org/10.1074/jbc.273.22.13625
https://doi.org/10.1038/oby.2007.53
https://doi.org/10.1016/j.joca.2006.06.016
https://doi.org/10.1016/j.cyto.2020.155368
https://doi.org/10.1016/j.tips.2011.09.004
https://doi.org/10.1016/j.tips.2011.09.004
https://doi.org/10.1016/j.joca.2015.05.020
https://doi.org/10.1155/2013/176278
https://doi.org/10.1016/j.cyto.2010.03.017
https://doi.org/10.1016/j.jbspin.2011.02.011
https://doi.org/10.1016/j.jbspin.2011.02.011
https://doi.org/10.1186/s12944-018-0838-x
https://doi.org/10.1006/clim.2002.5227
https://doi.org/10.1016/j.joca.2014.10.010
https://doi.org/10.7326/m22-2348
https://doi.org/10.7326/m22-2348
https://doi.org/10.1186/ar4107
https://doi.org/10.1007/s00005-020-00580-8
https://doi.org/10.3390/cells9061478
https://doi.org/10.3390/cells9061478
https://doi.org/10.1007/s10555-020-09941-3
https://doi.org/10.1038/s41591-018-0131-6
https://doi.org/10.1038/s41574-021-00529-7
https://doi.org/10.1038/s41574-021-00529-7
https://doi.org/10.3390/antiox9090810
https://doi.org/10.1186/ar3522
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1302769

Jia et al.

Warner, S. C,, Nair, A,, Marpadga, R,, Chubinskaya, S., Doherty, M., Valdes, A. M., et al.
(2020). IL-15 and IL15RA in osteoarthritis: association with symptoms and protease production,
but not structural severity. Front. Immunol. 11, 1385. doi:10.3389/fimmu.2020.01385

Watt, F. E., Hamid, B., Garriga, C., Judge, A., Hrusecka, R., Custers, R. J. H,, et al.
(2020). The molecular profile of synovial fluid changes upon joint distraction and is
associated with clinical response in knee osteoarthritis. Osteoarthr. Cartil. 28 (3),
324-333. doi:10.1016/j.joca.2019.12.005

Wiegertjes, R., van de Loo, F. A. ], and Blaney Davidson, E. N. (2020). A roadmap to
target interleukin-6 in osteoarthritis. Rheumatol. Oxf. 59 (10), 2681-2694. doi:10.1093/
rheumatology/keaa248

Wojdasiewicz, P., Poniatowski £, A., Kotela, A., Skoda, M., Pyzlak, M., Stangret, A.,
et al. (2020). Comparative analysis of the occurrence and role of CX3CL1 (fractalkine)
and its receptor CX3CR1 in hemophilic arthropathy and osteoarthritis. J. Immunol. Res.
2020, 2932696. doi:10.1155/2020/2932696

Xi, Y., Hao, M, Liang, Q., Li, Y., Gong, D. W., and Tian, Z. (2021). Dynamic resistance
exercise increases skeletal muscle-derived FSTL1 inducing cardiac angiogenesis via
DIP2A-Smad2/3 in rats following myocardial infarction. J. Sport Health Sci. 10 (5),
594-603. doi:10.1016/j.jshs.2020.11.010

Xu, C, Jiang, T., Ni, S., Chen, C,, Li, C., Zhuang, C,, et al. (2020). FSTLI1 promotes
nitric  oxide-induced chondrocyte apoptosis via activating the SAPK/JNK/
caspase3 signaling pathway. Gene 732, 144339. doi:10.1016/j.gene.2020.144339

Yang, F., Zhou, S., Wang, C,, Huang, Y., Li, H., Wang, Y., et al. (2017). Epigenetic
modifications of interleukin-6 in synovial fibroblasts from osteoarthritis patients. Sci.
Rep. 7, 43592. doi:10.1038/srep43592

Yang, S, Ryu, J. H,, Oh, H,, Jeon, J., Kwak, J. S, Kim, J. H,, et al. (2015). NAMPT (visfatin), a
direct target of hypoxia-inducible factor-2a, is an essential catabolic regulator of osteoarthritis.
Ann. Rheum. Dis. 74 (3), 595-602. doi:10.1136/annrheumdis-2013-204355

Yang, Y., Wang, Y., Kong, Y., Zhang, X., Zhang, H., Feng, X,, et al. (2020). Moderate
mechanical stimulation protects rats against osteoarthritis through the regulation of

Frontiers in Physiology

14

10.3389/fphys.2023.1302769

TRAIL via the NF-kB/NLRP3 pathway. Oxid. Med. Cell Longev. 2020, 6196398. doi:10.
1155/2020/6196398

Yang, Y., Wang, Y., Kong, Y., Zhang, X., Zhang, H., Gang, Y., et al. (2019). Mechanical
stress protects against osteoarthritis via regulation of the AMPK/NF-kB signaling
pathway. J. Cell Physiol. 234 (6), 9156-9167. doi:10.1002/jcp.27592

Yao, Q., Wu, X, Tao, C., Gong, W., Chen, M., Qu, M,, et al. (2023). Osteoarthritis:
pathogenic signaling pathways and therapeutic targets. Signal Transduct. Target Ther. 8
(1), 56. doi:10.1038/s41392-023-01330-w

Yuan, J., Xu, B., Ma, ], Pang, X, Fu, Y., Liang, M, et al. (2023). MOTS-c and aerobic
exercise induce cardiac physiological adaptation via NRG1/ErbB4/CEBP modification
in rats. Life Sci. 315, 121330. doi:10.1016/;.1fs.2022.121330

Yue, L., and Berman, J. (2022). What is osteoarthritis? Jama 327 (13), 1300. doi:10.
1001/jama.2022.1980

Zhang, H. X., Wang, Y. G., Ly, S. Y., Lu, X. X,, and Liu, J. (2016a). Identification of
IL-7 as a candidate disease mediator in osteoarthritis in Chinese Han population: a
case-control study. Rheumatol. Oxf. 55 (9), 1681-1685. doi:10.1093/rheumatology/
kew220

Zhang, P. L., Liu, J., Xu, L, Sun, Y., and Sun, X. C. (2016b). Synovial fluid
macrophage migration inhibitory factor levels correlate with severity of self-
reported pain in knee osteoarthritis patients. Med. Sci. Monit. 22, 2182-2186.
doi:10.12659/msm.895704

Zhang, X., Wu, Y., Pan, Z,, Sun, H., Wang, J., Yu, D,, et al. (2016¢). The effects of
lactate and acid on articular chondrocytes function: implications for polymeric
cartilage scaffold design. Acta Biomater. 42, 329-340. doi:10.1016/j.actbio.2016.
06.029

Zhang, Y., Li, D., Zhu, Z., Chen, S., Lu, M., Cao, P, et al. (2022). Evaluating the
impact of metformin targets on the risk of osteoarthritis: a mendelian
randomization study. Osteoarthr. Cartil. 30 (11), 1506-1514. doi:10.1016/j.joca.
2022.06.010

frontiersin.org


https://doi.org/10.3389/fimmu.2020.01385
https://doi.org/10.1016/j.joca.2019.12.005
https://doi.org/10.1093/rheumatology/keaa248
https://doi.org/10.1093/rheumatology/keaa248
https://doi.org/10.1155/2020/2932696
https://doi.org/10.1016/j.jshs.2020.11.010
https://doi.org/10.1016/j.gene.2020.144339
https://doi.org/10.1038/srep43592
https://doi.org/10.1136/annrheumdis-2013-204355
https://doi.org/10.1155/2020/6196398
https://doi.org/10.1155/2020/6196398
https://doi.org/10.1002/jcp.27592
https://doi.org/10.1038/s41392-023-01330-w
https://doi.org/10.1016/j.lfs.2022.121330
https://doi.org/10.1001/jama.2022.1980
https://doi.org/10.1001/jama.2022.1980
https://doi.org/10.1093/rheumatology/kew220
https://doi.org/10.1093/rheumatology/kew220
https://doi.org/10.12659/msm.895704
https://doi.org/10.1016/j.actbio.2016.06.029
https://doi.org/10.1016/j.actbio.2016.06.029
https://doi.org/10.1016/j.joca.2022.06.010
https://doi.org/10.1016/j.joca.2022.06.010
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1302769

	Exerkines and osteoarthritis
	1 Introduction
	2 Myokines
	2.1 Irisin
	2.2 Interleukin-6 (IL-6)
	2.3 Interleukin-7 (IL-7)
	2.4 Interleukin-15 (IL-15)
	2.5 Meteorin-like (METRNL)
	2.6 Myostatin
	2.7 Fractalkine
	2.8 Lactate

	3 Cardiokines
	3.1 Growth differentiation factor (GDF)-15
	3.2 Activin A
	3.3 Follistatin-like 1 (FSTL1)
	3.4 Migration inhibitory factor (MIF)
	3.5 Interleukin-33 (IL-33)
	3.6 Secreted frizzled-related protein (SFRP)
	3.7 Neuregulin

	4 Adipokines
	4.1 Adiponectin
	4.2 Visfatin
	4.3 Apelin

	5 Discussion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


