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Osteoarthritis, a progressive and degenerative joint disease, disrupts the
integrity of the entire joint structure, underscoring the urgency of identifying
more effective therapeutic strategies and innovative targets. Among these,
exercise therapy is considered a key component in the early management of
osteoarthritis, functioning by stimulating the secretion of myokines from the
skeletal muscle system. Irisin, a myokine predominantly secreted by skeletal
muscle during exercise and encoded by the FNDC5 gene, has garnered
attention for its regulatory effects on bone health. Emerging evidence suggests
that irisin may play a protective role in osteoarthritis by promoting tissue
homeostasis, enhancing subchondral bone density and microstructure, and
inhibiting chondrocyte apoptosis. By improving chondrocyte viability, preserving
extracellular matrix integrity, and maintaining homeostasis in osteoblasts,
osteoclasts, and osteocytes, irisin emerges as a promising therapeutic target
for osteoarthritis. This review delves into the role of irisin in osteoarthritis
pathogenesis, highlighting its influence on cartilage and bone metabolism as
well as its dynamic relationship with exercise. Additionally, this review suggests
that further exploration on its specific molecular mechanisms, optimization of
drug delivery systems, and strategic utilization of exercise-induced benefits will
be pivotal in unlocking the full potential of irisin as a novel intervention for
osteoarthritis.
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1 Introduction

Osteoarthritis (OA) is a chronic, progressive, and debilitating degenerative disease
recognized as one of the most prevalent forms of arthritis. It is marked by complex
pathological changes across the joint including articular cartilage damage, subchondral
bone alterations, synovial tissue proliferation, enhanced vascularity, and instability of
tendons and ligaments (Yao et al., 2023). Between 1990 and 2019, the prevalence
of OA rose sharply, with an especially significant increase during the early 2000s.
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This trend is largely attributed to population growth and the
aging trend, suggesting that OA incidence will continue to rise in
the coming decades (Cao et al., 2024). Current global treatment
guidelines for OA are primarily aimed at symptom relief and
limitation of disease progression. Although no pharmacological
treatment currently exists that completely cures OA, treatment
strategies are gradually shifting towards early prevention,
targeting the delay of disease progression before extensive joint
destruction occurs (Yao et al., 2023).

Exercise therapy is considered a key component in the
management of OA, with its capacity to alleviate pain and
improve physical function by increasing skeletal muscle activity
(Hunter and Bierma-Zeinstra, 2019). By stimulating the secretion
of myokines in response to exercise, skeletal muscle can function
as a secretory organ, which offers a novel insight into the
benefits of exercise for OA treatment (Ning et al., 2022). In
2012, irisin was first identified as an exercise-induced myokine.
It is derived from the fibronectin type III domain-containing
protein-5 (FNDC5) gene product through protease cleavage.
During exercise, peroxisome proliferator-activated receptor-gamma
coactivator (PGC)-1α, released by skeletal muscle, contributes to the
conversion of FNDC5 into irisin, which then enters the bloodstream
and exerts its effects throughout the body (Boström et al., 2012).
Exercise-induced irisin may play a significant role in alleviating
the progression of OA. Moderate-intensity treadmill exercise
increased irisin levels, exhibiting a relatively complete and smoother
cartilage surface in a rat model of OA, as evidenced by the
counteracting effect of irisin-neutralizing antibodies (Jia et al.,
2022). The secreted fragment of irisin is highly conserved across all
sequenced mammals, with 100% sequence identity between mouse
and human irisin, underscoring its potential in shared biological
processes and therapeutic targets (Boström et al., 2012). Irisin levels
in the serum and synovial fluid (SF) correlated negatively with
radiographic severity and Kellgren and Lawrence (KL) knee OA
classification (Mao et al., 2016). In the DMM (Destabilization of
the Medial Meniscus) OA mouse model, local injection of irisin
reduces cartilage erosion and synovitis, enhancing joint integrity
and gait patterns in injured knees (Wang et al., 2020). These results
underscore the promise of irisin in OA management and the need
for a deeper comprehension of its mechanism of action.

This review reveals the correlation between irisin levels and
OA severity, highlighting its potential in cartilage protection and
bone tissue repair (Figure 1). A thorough examination of the impact
of irisin on OA in the context of cartilage and subchondral bone
metabolism was presented, with the hope of providing insights that
will clarify the therapeutic effects of irisin and inform future research
and applications.

2 Exercise and irisin

Irisin is an exercise-induced myokine, and many studies have
demonstrated that exercise significantly increases irisin levels
(Liu L. et al., 2021) (Table 1). For instance, circulating irisin levels in
sedentary adultmaleswere approximately 3.6 ng/mL asmeasured by
mass spectrometry; however, these levels increased to approximately
4.3 ng/mL in aerobically trained individuals (Jedrychowski et al.,
2015). Li et al. conducted studies based on in vitro and in vivo

models, revealing that various forms of physical activity, including
aerobic, resistance, and vibration exercise, as well as electrical
stimulation of skeletal muscle, upregulated the expression of
irisin/FNDC5 in the myocardium of mice (Li H. et al., 2021).
This upregulation promotes mitophagy and enhances antioxidant
function, ultimately leading to an improvement in cardiac function,
particularly with a more pronounced effect observed during
resistance exercise (Li H. et al., 2021).

Although most studies confirm that irisin is significantly
upregulated during exercise, the mechanism of its upregulation
and its transportation from myotubes to bone tissue is still not
fully understood. Recently, Tao et al., (2024) demonstrated that
exercise enhances the expression of irisin upstream protein PGC1-α
by upregulating polyunsaturated fatty acids (arachidonic acid and
docosahexaenoic acid), which, in turn, increases irisin secretion
in skeletal muscle. In addition, this study revealed the mechanism
involved in the transport of irisin from skeletal muscle to bone,
i.e., muscle-derived irisin is transported in vivo using exosomes
as carriers and enters osteoblasts in bone tissue via caveolin-
mediated endocytosis which is dependent on Caveolin-1. But
according to Pekkala et al. (2013), alterations in FNDC5 expression
did not correlate with serum irisin, which indicates that there are
other routes besides transcription that contribute to muscle irisin
release. The entire process by which irisin is produced is still unclear
and needs more research.

The impact of exercise on irisin is influenced by various
factors, including the type and duration of exercise as well as the
specific population being studied. Serum irisin levels were compared
in detail across exercise phases in a 2014 study that involved
subjects who were trained at varying levels in two distinct types
of exercise (sprinting and cycling) (Huh et al., 2014). According
to the researchers, irisin expression was irrespective of the kind of
acute exercise and the individuals’ training state. However, running
produced an extended period of heightened irisin compared to
cycling. Pekkala et al. (2013) found that while a 21-week endurance
training program and 1 h of low-intensity aerobic exercise did not
significantly affect PGC1-α and FNDC5 mRNA levels in middle-
aged men’s skeletal muscle, a single session of acute, high-intensity
resistance exercise boosted FNDC5 mRNA expression by 1.4-fold.
During 1 hour of acute high-intensity resistance exercise, the same
study observed that PGC1-α mRNA alterations in skeletal muscle
were significantly higher in young and older male subjects than
in middle-aged males. According to the aforementioned research,
exercise-induced elevations in irisin levels are beneficial for building
bone health and muscle strength (Pekkala et al., 2013). However,
when high-intensity exercise accompanied by excessive mechanical
stress, not only poses a risk of joint damage but also has the
potential to diminish the protective effects of irisin. For instance,
Liu et al. (2016) established a rat model of exercise-induced OA,
revealing that excessive pressure causes abnormal biochemical
signals and Wnt/β-catenin pathway activation, leading to OA. In
the context of articular cartilage injury, sustained high-intensity
exercise increases catabolic protein activity over anabolic proteins,
causing metabolic imbalance and OA induction. Furthermore,
Rojas-Ortega et al. (2015) reported an increased expression of IL-
1β in the articular cartilage when structural damage is still absent
(3 days after the initiation of high-impact exercise). This finding
helps to elucidate the onset of cartilage deterioration in advanced
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FIGURE 1
Schematic overview of potential mechanisms of irisin in mitigating osteoarthritis. Irisin, secreted by skeletal muscles during physical activity, has shown
potential in reducing osteoarthritis symptoms in humans and rodents. The detailed mechanism has been unraveled by exogenous irisin intervention,
which modulates the function and homeostasis within bone cells by binding to the αV/β5 integrin receptor, thus improving articular cartilage integrity
and restoring subchondral bone mass. Abbreviations. PGC-1α, peroxisome proliferator-activated receptor gamma coactivator-1 alpha; FNDC5,
fibronectin type III domain-containing protein-5; MSC, Mesenchymal Stem Cell.
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TABLE 1 In vivo effects of irisin in alleviating osteoarthritis.

Model Subjects Dosage Effects References

Clinical model

Patients with knee OA
(n = 215)

Not applicable Irisin levels in serum and
synovial fluid inversely
correlate with radiographic KL
severity

Mao et al. (2016)

Aerobic interval training group
(n = 6 males, 25 ± 5 years);
Separate sedentary group
(n = 4 males,26 ± 3 years)

12-week of high-intensity
aerobic training

Human irisin circulates at
∼3.6 ng/mL in sedentary
individuals; this level is
increased to ∼4.3 ng/mL in
individuals undergoing aerobic
interval training

Jedrychowski et al. (2015)

Animal model

Twelve-week-old adult male
C57BL/6 J wide type mice
(n = 12) with OA surgically
induced by ACLT

Not applicable

Rescued OARSI scoring

Li et al. (2021b)
Improved thickness of
cartilage

C57BL6 mice 100 μg/kg body weight;
4 weeks

Alleviated cartilage
degradation; Decreased
MMP-13, Caspase-3, BAX;
Increased Trabecular bone
number and BV/TV

He et al. (2020)

Abbreviations: OA, osteoarthritis; ACLT, anterior cruciate ligament-transverse; KL, kellgren and lawrence; MMP-13, matrix metallopeptidase 13; Caspase-3, cysteinyl aspartate specific
proteinase-3; BAX, Bcl-2-associated X; BV/TV, bone volume/tissue volume; OARSI, osteoarthritis research society international.

stages of OA. IL-1β directly inhibits the expression of cartilage-
specific ECM genes (Goldring et al., 1988), upregulates matrix-
degrading proteases (Richardson and Dodge, 2000), stimulates
the production of reactive oxygen species (ROS), and induces
chondrocyte death, thereby exacerbating cartilage degradation
(Kourí et al., 1997).

The beneficial effects of irisin provide a scientific rationale for
the development of targeted exercise therapies. However, to achieve
optimal therapeutic outcomes, the selection of appropriate exercise
modalities and intensities is of paramount importance (Kong et al.,
2022). When devising exercise programs for patients with OA, it is
imperative to consider individual differences and tailor the form,
intensity, and frequency of exercise accordingly. Only through such
personalized approaches can the therapeutic potential of exercise
be maximized, ultimately yielding the greatest clinical benefits
for patients.

3 FNDC5 gene and bone metabolism

Gene knockout (KO) and overexpression research in animal
models demonstrate that alterations in FNDC5 levels can
substantially affect critical cellular components involved in bone
metabolism and their associated signaling pathways, indicating the
regulatory function of irisin at the genetic level.

3.1 Gene knockout

At the cellular level, FNDC5 KO leads to increased
bone resorption and reduced bone formation. Irisin-deficient
mice created by FNDC5 KO exhibited increased osteoclast

numbers (Luo et al., 2020), with higher expression of matrix
metalloproteinase-9 (MMP-9) in both bone and adipose tissue
(Zhu et al., 2021). Gene expression associated with osteogenesis
in osteoblasts were also reduced in KO mice, including Receptor
Activator for Nuclear Factor-κB Ligand (RANKL) (Luo et al.,
2020), Runt-related transcription factor 2 (Runx2), special
AT-rich sequence-binding protein 2, bone sialoprotein (Bsp),
collagen I (COL I), and alkaline phosphatase (ALP) (Zhu et al.,
2021). Additionally, inflammation-related cytokines like IL-6 and
TNF-α were elevated in these irisin-deficient mice (Luo et al.,
2020). These underlying mechanisms help to explain ultimate
effects of irisin on bone tissue microstructure and overall OA
progression.

At the tissue level, bone mass reduction is consistently observed
in FNDC5 KO mice (Zhu et al., 2021; Xue et al., 2022). Critical
bone microstructural parameters, such as bone volume/tissue
volume (BV/TV), trabecular bone thickness (Tb.Th), trabecular
number (Tb.N), and bone mineral density (BMD), were all
reduced by approximately one-third. Measurement with OASRI
scoring system (Li X. et al. 2021) also suggested that FNDC5
KO mice could develop more severe OA. Delayed endochondral
ossification in the epiphysis of the limbs and phalanges was
observed in FNDC5 KO mice, indicating the necessity of
optimal irisin levels for proper bone growth and development
(Zhu et al., 2021).

3.2 Gene knock-in and overexpression

Numerous gene overexpression studies reveal the osteogenic
potential of FNDC5. Liu C. et al. (2021) first reported the miR-
135a-5p/FNDC5/Irisin/Integrin αV/SMAD1/5 axis in bonemarrow
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mesenchymal stem cells (BMSCs) osteogenesis, verifying that
overexpression of FNDC5 enhanced osteogenesis by promoting
Runx2 protein synthesis. In vitro assays and H&E staining further
confirmed increased bone regeneration in mice with elevated
FNDC5 expression.

FNDC5 overexpression is also linked to the alleviation of OA
symptoms. Chen et al. (2020) demonstrated in an animal model
that FNDC5 overexpression significantly alleviated OA symptoms,
evidenced by decreased cartilage degradation, lower fat secretion,
reduced synovial hyperplasia, diminished swelling, and fewer bone
spurs. Notably, these mice exhibited significant improvements in
gait, which indicates enhanced joint function.

In addition to overexpression studies, knock-in (KI) approaches
have provided further insights into the role of Irisin in
cartilage biology. Li X. et al. (2021) discovered that in primary
mouse chondrocytes isolated from FNDC5 KI mice, chondrocytes
exhibited reduced expression of inflammatory factors (IL-1, IL-
6, TNF-α) and mediators (COX2, iNOS) alongside upregulated
cartilage anabolic markers (COL2a1, ACAN, SOX9) under
inflammatory conditions These findings highlight the dual role
of Irisin in promoting cartilage proliferation and matrix gene
expression while inhibiting inflammation.

4 Irisin mitigates osteoarthritis
through the modulation of bone
metabolism

A characteristic feature of OA is the degeneration of the
subchondral bone, which disrupts themechanical stress distribution
and exacerbates articular cartilage damage. The subchondral
bone, located beneath the cartilage, provides both mechanical
and nutritional support and is anatomically divided into two
components: the subchondral bone plate (SBP) and the trabeculae.
The SBP is a dense, porous calcified plate, while the trabeculae
are cancellous bone structures that undergo continuous bone
remodeling (Hu et al., 2021). Bone remodeling is an ongoing
process encompassing both osteoblast-mediated bone formation
and osteoclast-mediated bone resorption. At the remodeling site,
osteoblasts recruit bone marrow and blood mononuclear cells to
differentiate into osteoclasts, which resorb bone. Subsequently,
osteocytes attract bone marrow mesenchymal stem cells and
progenitor cells to differentiate further, eventually becoming
osteoblasts that secrete osteoid to fill the cavity. The process
concludes with mineralization of the osteoid, thus completing
bone remodeling (Feng and McDonald, 2011). In the early
stages of OA, an escalation in subchondral bone remodeling is
accompanied by a reduction in bone density and mineralization,
changes that often occur in tandem with or precede the initial
degradation of articular cartilage (Yao et al., 2023). Irisin effectively
boosts subchondral bone mass by promoting the osteogenic
differentiation of BMSCs, increasing osteoblast count and activity,
while curbing osteoclastogenesis and activity. Furthermore, irisin
improves bone microstructure and quality through osteocyte
activation, which provides better support for the articular
cartilage and helps to decelerate OA progression (Li et al., 2021)
(Table 2).

4.1 Irisin and subchondral bone mass

Irisin stabilizes subchondral bone by enhancing BMD and
mechanical strength, improving its microstructure and overall
quality. This effectively reduces the risk of cartilage degeneration
and ameliorates osteoarthritic conditions (Ning et al., 2022). Irisin
serum levels have been found to correlate inversely with age and
directly with femoral and vertebral bone mineral density in the
elderly, indicating a potential role for irisin in maintaining bone
health in older adults (Colaianni et al., 2021). A similar positive
correlation between FNDC5 mRNA levels and BMD has also been
observed in animal models (Kawao et al., 2018). The administration
of irisin resulted in an increase in BMD in the proximal tibia
and the fourth lumbar vertebra, a reduction in resorptive surfaces,
enhanced bone formation, and a decrease in inflammatory cytokines
TNF-α and IL-17 in the caudal and lumbar regions of hindlimb
unloading mice (Metzger et al., 2020). These findings substantiate
the application of irisin in addressing skeletal disorders marked by
diminished subchondral bone mass and underscore the importance
of elucidating the mechanisms of action essential for developing
effective treatments for bone health.

Several studies using FNDC5 KO and KI models with abnormal
irisin levels also demonstrate a positive association between irisin
and bone mass. Zhu et al. constructed a model with targeted
FNDC5/irisin KO in osteoblasts, revealing a significant reduction in
BMD during development and adulthood, accompanied by delays
in bone development and mineralization, which in turn lessened
the attenuated effect of the increased bone thickness that running
wheel exercise promoted in mice (Zhu et al., 2021). Shimonty et al.
observed that irisin plays distinct roles in skeletal development
and maintenance in mice, varying by sex. Female mice with
FNDC5 KO displayed reduced tartrate-resistant acid phosphatase
(TRAP) positive osteoblasts and smaller osteoclast lumen under
conditions of lactation or low-calcium diet, suggesting partial bone
preservation. In contrast, male mice with FNDC5 KO under low-
calcium diet conditions exhibited more significant reductions in
these parameters and more intense osteolysis, indicating increased
bone loss (Shimonty et al., 2024). While irisin correlates positively
with bone density, sustained high irisin expression may affect
osteoblast activity, leading to bone loss. An FNDC5-transgenic
mouse model was employed to illustrate that elevated irisin was
tied to lower bone mass, BV/TV, cortical thickness (Ct. Th),
and osteoblast count at 2 months, accompanied by a reduction
in bone formation rate (BFR). However, these effects were not
observed in 13-month-old mice (Estell et al., 2020). These results
indicate that normal irisin levels play an essential part in bone
development and mineralization, while abnormal irisin levels
may reduce bone strength and quality, thereby accelerating OA
progression.

4.2 Irisin and mesenchymal stem cells

The extensive cartilage damage overwhelms intrinsic reparative
mechanisms in OA. Mesenchymal stem cells (MSCs), with their
multilineage differentiation, are pivotal in the regeneration of
cartilage and subchondral bone (Giorgino et al., 2023). Irisin
augmentsMSCs chondrogenic and osteogenic differentiation, which
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TABLE 2 Specific mechanisms that irisin ameliorates bone metabolism imbalance.

Cell type Dosage Effects References

Mesenchymal stem cells (MSC)

BMSCs 40 μM; 48 h

Elevated autophagy through upregulation of the
Atg12-Atg5-Atg16 L complex

Chen et al. (2020)
Activation of Wnt/β-catenin signaling pathway and
osteogenic

Human mesenchymal stem cells (hMSCs) 100 ng/mL; 7.14 days

Activation of the Rap1/PI3K/Akt signaling axis by
up-regulating miR-125b-5p targeting SIPA1L2

Chen et al. (2022)

Induction of chondrogenic differentiation

Osteoblast

MC3T3-E1 preosteoblast cells 0.1 μg/mL; 48 h

Activated the AMPK pathway promoted osteoblast
proliferation

Tao et al. (2024)

Ferroptosis inhibition

Primary rat osteoblasts and MC3T3-E1 cells 100 ng/mL; 24 h Promoted osteoblast proliferation and differentiation via
the activation of the p38/ERKMAPK pathway

Qiao et al. (2016)

Osteoclast

Pre-osteoclast RAW264.7 cells and mouse bone marrow
monocytes

20 nM; 60 min, 4 days Decreased expression of p-p65, IkBα and p-JNK protein
Increased expression of p-p38 protein

Ma et al. (2018b)

Osteocyte

MLO-Y4 cells 100 ng/mL; 8 and 24 h

Downgraded H2O2–induced apoptosis via the activation
of the ERK pathway Increased Pdpn mRNA

Storlino et al. (2020)

Decreased Sclerostin and Dkk1 mRNA

Abbreviations: MSC, mesenchymal stem cells; Atg, autophagy-related gene; Rap1, ras-related protein 1; PI3K, phosphatidylinositol 3-kinase; Akt, protein kinase B; SIPA1L2, signal-induced
proliferation-associated 1 like 2; AMPK, AMP-activated protein kinase; p-p65, phosphorylated p65; IkBα, inhibitor of nuclear factor kappa-B alpha; p-JNK, phosphorylated c-Jun N-terminal
kinase; Pdpn, podoplanin; Dkk1, dickkopf-1.

is pivotal for cartilage and subchondral bone repair, thus attenuating
OA advancement (Figure 2). This process consisted of the activation
of the Atg12-Atg5-Atg16 L complex and an increase in levels of light
chain 3 (LC3)-I/II and autophagy protein 5 (Atg5), both of which
serve as markers of autophagy (Chen et al., 2020). Autophagy was
downregulated in aged BMSCs and that autophagy played a vital
role in maintaining the properties of BMSCs (Ma et al., 2018a).
With increased autophagy, osteogenic differentiation and Wnt/β-
catenin pathway activity enhanced, which led to upregulation of
osteogenic genes like RUNX2, osteocalcin (OCN), and ALP, as well
as key factors in the Wnt/β-catenin pathway, including β-catenin,
lymphoid enhancer factor 1 (Lef-1), and T cell factor 4 (Tcf-4),
while the expression of the osteogenic repressor sclerostin (SOST)
was downregulated. Furthermore, the application of autophagy
inhibitors validated that irisin depended on autophagy to enhance
osteogenesis and was closely related to the Wnt/β-catenin pathway
(Chen et al., 2020). By activating the Wnt/β-catenin pathway, irisin
enhanced osteoblast activity and upregulated the expression of key
osteogenic genes: RUNX2, Bsp, COL-I, ALP and Osterix (Osx).
Osteoblastogenesis and mineralization followed as well. In addition,
irisin could act on osteogenic differentiation by activating the p38

and ERK1/2 mitogen-activated protein kinase (MAPK) pathways,
notably in combination with mechanical stretching (Zhang et al.,
2019). Concomitantly, it was observed that irisin counteracted
the suppressive effects of palmitate on osteogenic differentiation
in BMSCs via the AMP-activated protein kinase (AMPK)/bone
morphogenetic protein 2 (BMP2)/SMAD signaling pathway
(Zhang et al., 2024).

In addition to promoting osteogenic differentiation, irisin
effectively enhances the chondrogenic differentiation of MSCs.
Irisin treatment at 100 ng/mL for 14 days increased the expression of
miR-125b-5p, which targeted SIPA1L2 and consequently activated
the Rap1/PI3K/AKT signaling pathway during chondrogenic
differentiation in human MSCs (hMSCs). Along with enhancing
the cartilage tissue quantity, this approach boosted the cartilage
matrix production and upregulated the expression of the cartilage-
specific markers COL2A1, ACAN, and SOX9 (Chen et al., 2022). In
contrast, treatment of hMSCs with 20 nM irisin for 7 days impaired
chondrocyte and osteocyte differentiation, which was evidenced
by decreased expression of key genes critical for these processes,
including osteopontin (OPN), Runx2 and collagenase XI (Di et al.,
2024). Furthermore, the study indicated that irisin downregulated
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FIGURE 2
Role of irisin in the regulation of MSC proliferation and differentiation. Irisin upregulates autophagy through activation of the Atg12-Atg5-Atg16 L
complex and activates the Wnt/β-catenin pathway, thereby inhibiting lipogenic differentiation and promoting osteogenic differentiation. Irisin exerts its
regulatory effects on osteogenic differentiation also through the AMPK/BMP/SMAD pathway. In addition, Irisin promotes chondrogenic differentiation
through the PI3K/Akt/mTOR pathway. By regulating the differentiation process of MSCs, Irisin mitigates metabolic disruptions in OA cartilage and
subchondral bone, sustaining architecture and promoting repair.

the expression of stem cell-specific genes, including OCT3/4,
NANOG, and SOX2, which could interfere with stemness properties
and drive their differentiation into specific cell lines (Di et al.,
2024). Moreover, MSCs differentiation may follow a balanced
process. By inhibiting adipogenic differentiation, irisin could steer
more MSCs toward osteogenic and chondrogenic differentiation.
Irisin modulates MSCs differentiation via Wnt/β-catenin
pathways, promoting osteogenic differentiation while inhibiting
adipogenic differentiation (Xing et al., 2025). This dual regulatory
mechanism, further enhanced by mechanical stretch, may offer
significant therapeutic potential for OA treatment by rebalancing
MSCs fate determination toward bone and cartilage formation
(Zhu et al., 2024).

Beyond directing MSC differentiation, irisin also stimulates
the proliferation of these cells, thereby supplying a substantial
pool of precursors for osteochondral tissue formation. Despite
extensive research into the proliferative effects of irisin on MSCs,

the literature has yielded inconsistent findings regarding its
specific influence. The proliferative impact of irisin on BMSCs
is likely contingent on both temporal and dosage factors, with
possible detrimental effects emerging at high concentrations or
with extended exposure (Chen et al., 2020). A comprehensive
assessment of irisin as a therapeutic agent necessitates further
studies to explore its effects and potential adverse outcomes on
the proliferation and differentiation of various MSC subtypes
(Di et al., 2024).

4.3 Irisin and osteoblasts

Irisin enhances osteoblast activity, bone formation, and
osteogenesis through multiple signaling pathways, including
Wnt/β-catenin, MAPK, and AMPK (Figure 3). The regulation
effects of irisin on Wnt/β-catenin signaling pathway has been
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FIGURE 3
Mechanism of the improvement of osteoblast activity by irisin. In osteoblasts, the main role of irisin is to promote cell survival and osteogenesis. Irisin
activates the AMPK pathway through caveosome formation, which regulates the cell cycle and inhibits iron death. Irisin also modulates the ERK
signaling pathway and inhibits apoptosis by upregulating Atf4, in addition to regulating downstream pathways to promote glycolysis.

discussed in Section 4.2. Irisin and Mesenchymal Stem Cells
(Chen et al., 2020). According to research by Qiao et al.
(2016), irisin promotes the proliferation, differentiation, and in
vitro mineralization of osteoblasts through the phosphorylation
activation of p38/ERK MAP kinase signaling cascades in vitro.
Irisin induces a rapid upregulation of Atf4 by stimulating the
phosphorylation of MAPK ERK1 and ERK2 (pERK) (Storlino et al.,
2020). Furthermore, as a downstream mediator of parathyroid
hormone (PTH), Atf4 is involved in the promotion of PTH-
mediated osteoblast/preosteoblast proliferation and the inhibition of
osteoblast/osteocyte apoptosis (Kan et al., 2022). Similarly, Xue et al.
(2022) demonstrated that irisin activates the αV integrin-induced
ERK/STAT pathway, which in turn enhances BMP2 expression
and activates the BMP/SMAD signaling cascade, ultimately
promoting osteogenic differentiation. Despite these findings,
the precise role of irisin in the p38/ERK MAPK signaling
pathway remains insufficiently understood, warranting further
research.

AMPK serves as a highly conserved regulator of cellular
metabolism, playing an indispensable part in maintaining cellular
homeostasis through energy regulation (Göransson et al., 2023).
Research has shown that the activation of AMPK can inhibit
inflammatory responses, promote chondrocyte proliferation,
and prevent chondrocyte apoptosis. These signaling pathways
confer chondroprotective effects (Feng et al., 2020), yet the

exact regulatory mechanisms linking AMPK and irisin in bone
metabolism remain to be fully explored (Ning et al., 2022). Tao et al.
(2024) discovered that FNDC5/irisin binds to the scaffolding
domain of caveolin-1 (Cav1) during endocytosis into osteoblasts,
which then binds to AMPKα, forming a FNDC5/irisin-Cav1-
AMPKα complex that activates the AMPK pathway. Nuclear
factor E2-related factor 2 (Nrf2), a downstream target of the
AMPK pathway, increases the transcription of HMOX1 and Fpn
(Grignano et al., 2020; Soares and Hamza, 2016). This research
also confirmed that irisin upregulates E2F2 in osteoblasts through
an HMOX1-dependent mechanism, thereby promoting osteoblast
proliferation by enhancing the S and G2/M phases of the cell cycle
(Tao et al., 2024). This suggests that irisin can indirectly regulate
the cell cycle through HMOX1, thereby promoting osteoblast
proliferation. Additionally, Fpn upregulation in osteoblasts
enhances iron removal, inhibiting osteoblast ferroptosis (Tao et al.,
2024). Reduced ferroptosis, coupled with increased osteoblast
proliferation, supports bone formation and prevents potential bone
loss.

It is noteworthy that mixtures combining multiple cytokines
may exhibit even greater therapeutic potential in OA. For instance,
Recombinant human BMP-2 (rh-BMP-2), a critical growth
factor widely applied in bone regeneration and fracture repair,
demonstrates a remarkable synergistic effect when combined with
irisin. Ohyama et al. have shown that combining rh-BMP-2 with
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recombinant irisin (re-irisin) significantly increases the mRNA
expression levels of osteoblast differentiation markers (e.g., Runx2,
ALP, OCN, and OPN) and enhances ectopic bone formation
compared to the rh-BMP-2 alone group (Ohyama et al., 2024).

4.4 Irisin and osteoclasts

Osteoclasts, multinucleated cells derived from hematopoietic
precursors in bone marrow (Teitelbaum, 2000; Asagiri and
Takayanagi, 2007; Boyle et al., 2003), are solely responsible for bone
resorption (Yin et al., 2019). Over-activation of these cells perturbs
bone metabolic balance, leading to enhanced resorption, reduced
bone mass, and compromised microarchitecture (Teitelbaum,
2000; Jin et al., 2017). Important cytokines, including RANKL
and macrophage colony-stimulating factor (M-CSF), are essential
for regulating the proliferation and differentiation of osteoclast
precursors. Notably, these cytokines are expressed by osteoblast
lineage cells (Fumoto et al., 2014) or osteocytes (Xiong et al., 2011;
Nakashima et al., 2011). Upon release, RANKL binds to its receptor
RANK on osteoclast precursor cells, a process upregulated by M-
CSF (Park et al., 2017). This interaction initiates signaling through
the NF-κB and MAPK pathways, culminating in the activation of
the transcription factor NFATc1 (Huang et al., 2006; Kim K. et al.,
2018; Cui et al., 2020; Lee et al., 2016). Studies have shown that
NFATc1 can directly promote the expression of osteoclast-specific
markers, including TRAP, osteoclast-associated receptor (OSCAR),
and cathepsin K (CTSK). Consequently, this process facilitates
osteoclast differentiation and bone resorption (Bharti et al., 2004),
ultimately promoting osteoclast formation. Irisin has been shown to
inhibit bone resorption by downregulating these pathways, thereby
suppressing osteoclast formation (Figure 4).

A crucial mechanism in the development of bone resorption
is the NF-κB signaling pathway. The NF-κB signaling pathway is
phosphorylated to cause the osteoclast to mature when the RANK
on the surface of the osteoclast precursor cell attaches to RANKL
(Enjuanes et al., 2010). The researchers found that irisin inhibits
RANKL-induced degradation of IκBα and phosphorylation of p65,
thereby suppressing the NF-κB signaling pathway and osteoclast
differentiation (Sun et al., 1993; Ma et al., 2018b).

Moreover, the MAPK signaling pathway, which includes JNK,
ERK, and p38 signaling pathways, serves as an important regulatory
pathway in osteoclast formation (Stevenson et al., 2011). It was
discovered that irisin altered the activation pattern of the RANKL-
induced MAPK signaling pathway (Enjuanes et al., 2010). In
particular, the p-ERK peak advanced while remaining high in
response to irisin, while the p-JNK peak was dropped and delayed,
and the p-p38 peak was delayed but increased. Additionally, irisin
was shown to promote RAW264.7 cell proliferation by inducing
activation of the p38 and JNK signaling pathway, as demonstrated in
the presence of p38 and JNK inhibitors. However, it is noteworthy
that the inhibition of osteoclast differentiation by irisin was not
mediated by these pathways, suggesting that irisin may have a
distinct effect on the MAPK pathway (Enjuanes et al., 2010).

Despite these findings, conflicting results regarding the effects
of irisin on osteoclasts have emerged. Some studies suggest that
irisin acts as a key factor in inducing bone remodeling. For example,
Kim et al. demonstrated that by deactivating osteocytic osteolysis

and osteoclastic bone resorption, 9-month-old ovariectomized
FNDC5 global KO mice are protected against trabecular bone
loss brought on by ovariectomy (Kim H. et al., 2018). In contract,
Estell et al. found that bone marrow progenitor cells were dose-
dependently stimulated to differentiate osteoclasts under treatment
with different concentrations of recombinant irisin. Specifically, low
concentrations of irisin had little effect on the number of osteoclasts
in vitro, while higher concentrations of irisin reduced the number
of osteoclasts (Estell et al., 2020). In this regard, Estell et al. (2020)
suggested that the dose and duration of irisin exposure may be
key determinants of skeletal response, drawing parallels to the
bidirectional regulatory effects of PTH in vivo. Moreover, the use
of exclusive single-sex mice in most studies may have been a factor
in the conflicting results (Shimonty et al., 2024). Irisin triggers
bone resorption in females by activating osteocytes and osteoclasts
but protects against osteolysis in males during calcium deficiency,
highlighting sex-specific skeletal effects (Shimonty et al., 2024).

4.5 Irisin and osteocytes

Osteocytes, comprising over 90% of skeletal cells, are integral to
bone homeostasis.Their neuron-like dendritic processes traverse the
bone’s tubules, facilitating communication within the mineralized
matrix and with peripheral cells. This network regulates osteoblast-
driven bone formation and osteoclast-mediated bone resorption,
thereby having an impact on overall bone metabolism. Impairment
of this dendritic network can be a cause of bone fragility (Lm
and Sl, 2019). Podoplanin (PDPN), also known as E11/gp38,
is a glycoprotein predominantly expressed in newly embedded
osteoblasts. In vitro and in vivo studies have both demonstrated
that PDPN is essential for the formation of dendrites and
the development of a normal osteocytic canalicular network
(Zhang et al., 2006; Staines et al., 2017). Storlino et al. (2020) have
shown that irisin significantly increases the mRNA expression of
PDPN in MLO-Y4 cells, implicating its role in promoting osteocyte
dendrite formation. However, further studies are still necessary to
determine if this effect occurs in vivo, which would support the
hypothesis that irisin enhances cortical bone mass by improving the
tubular network in osteocytes (Colaianni et al., 2021).

Irisin directly promotes osteocyte proliferation and inhibits
apoptosis, suggesting a significant role in regulating bone
metabolism and alleviating OA (Figure 5). Irisin mitigated the
H2O2-induced decline in proliferative activity of MLO-Y4 by
activating the MAPK signaling pathway and regulating BAX, Bcl-2,
and c-myc expression (He et al., 2019). Inmice inducedwith anterior
cruciate ligament-transverse (ACLT), He et al. (2020) observed that
irisin not only attenuated articular cartilage degeneration but also
reduced the levels of apoptotic markers in the subchondral bone,
including Caspase-3, BAX, and MMP-13. It was also suggested
that irisin stimulated the LC3-II to LC3-I ratio, which serves as a
critical marker for monitoring the initiation of autophagy, and the
expression of LC3 and Ulk1 mRNA in MLO-Y4, indicating its role
in reducing autophagy in osteocytes (Li et al., 2024). Furthermore,
irisin improved the subchondral bone microstructure, which
contributes to slowing the progression of OA. Bone microstructure
parameters, including Tb. N and BV/TV, were also improved in the
irisin-treated group (He et al., 2020).
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FIGURE 4
Main regulatory mechanism of irisin in osteoclasts. This figure is a summary of the main pathways involved in the attenuation of osteoclast
overproduction.

Osteocytes can also indirectly regulate osteoblast differentiation
and function by modulating Wnt/β-catenin signaling through
the production of Wnt antagonists such as SOST and dickkopf-1
(Dkk1). Storlino et al. demonstrated that intermittent treatment
with irisin significantly downregulated SOST expression in MLO-
Y4 osteocytes, counteracting stretch-induced upregulation, while
continuous exposure had no effect on that (Storlino et al.,
2020). Conversely, Kim H. et al. (2018) observed an increase
in SOST expression following six consecutive days of irisin
treatment (10 nM). These findings indicate that the mode
of irisin exposure is crucial. Regarding Dkk1, Storlino et al.
provided in vitro evidence that irisin also directly affects Dkk1
expression, an inhibitor of the Wnt signaling pathway, in osteocytes
(Storlino et al., 2020).

5 Cartilage metabolism

Irisin displays a differential expression pattern during
chondrogenesis, suggesting its potential involvement in regulating
this process (Li X. et al., 2021). Inflammatory state in OA
significantly reduces the expression and total level of Irisin/FNDC5
in human and mouse cartilage tissues (Wang et al., 2020; Li X. et al.,

2021), as well as in serum (Zhu et al., 2021), and leads to an
increase in chondrocyte apoptosis (Wang et al., 2020). These
findings establish a foundation for further investigation into
the potential of irisin to promote chondrocyte survival and
enhance cartilage integrity. Numerous in vivo and in vitro studies
have demonstrated that irisin functions in cartilage metabolism
through the regulation of various signaling pathways essential
for chondrocyte proliferation, senescence, apoptosis, oxidative
stress, and ECM synthesis and degradation, which ultimately
improves OA progress and relieves OA syndromes (Figure 6)
(Table 3).

5.1 Irisin and chondrocytes

Excessive chondrocyte apoptosis and diminished proliferation
are hallmarks of cartilage degradation. The PI3K/Akt pathway,
a key modulator of chondrocyte survival and apoptosis, can
mitigate osteoarthritis by curbing chondrocyte death (Sun et al.,
2020). According to current research, findings regarding the
PI3K/Akt signaling pathway are largely consistent. Jia et al.
(2022) demonstrated that irisin ameliorates IL-1β-induced
pyroptosis in chondrocytes by inhibiting the inflammation-induced
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FIGURE 5
Mechanism of action of irisin in osteocytes. This figure illustrates the mechanism of irisin in restoring the balance between apoptosis and proliferation
of bone cells in the context of OA. In addition, irisin promotes dendrite formation, thereby enhancing intercellular communication between osteocytes.

NLRP3/caspase-1 pathway. The work also revealed that irisin
alleviates chondrocyte inflammation by blocking IL-1β-induced
NF-κB p65 nuclear translocation and suppressing the PI3K/Akt/NF-
κB signaling pathway, as evidenced by the downregulation of PI3K,
Akt and NF-κB p65.

OA usually accompanies an inflammatory milieu that
accelerates chondrocyte demise and cartilage breakdown (Arra et al.,
2020). Studies have implicated various signaling pathways in
OA pathogenesis, with MAPK signaling pathway being a crucial
player. Dysregulation of this pathway can exacerbate inflammatory
responses, resulting in the release of substantial quantities ofmassive
cartilage matrix degrading enzymes and the intensification of
cartilage degeneration (Li et al., 2022). In terms of the MAPK
signaling pathway, Zhang et al. (2021) confirmed that irisin
promotes the expression of TDP-43 in cartilage tissue, inhibiting
the activation and nuclear translocation of p38 MAPK, which
in turn suppresses the expression of downstream inflammatory
cytokines such as IL-1β and IL-6, thus alleviating OA. On
the other hand, the regulation of irisin on the ERK signaling
pathway displays controversial results. Posa et al. (2023) found
that irisin enhances the expression of pERK in HAC cells, while
Vadalà (Vadalà et al., 2020) reported that irisin has no significant
effect on the level of pERK protein in hOACs. The difference
in response of pERK to irisin may be related to its dosage and
treatment time. Vadalà’s study (Vadalà et al., 2020) also confirmed

that irisin restores the normal ECM gene expression profile in
hOACs by inhibiting the p38, Akt, JNK, and NF-κB signaling
pathways, downregulating IL-1, IL-6, MMP-1, MMP-13, iNOS,
and COL X, while upregulating TIMP-1, TIMP-3, and COL II
levels.

In addition, the study by Wang et al. (2020) provides
a fresh perspective on investigating the mechanisms behind
chondrocyte fate and metabolism. It focused on the effects
of irisin in improving inflammatory chondrocyte survival and
ECM anabolism by ameliorating mitochondrial dysfunction with
defective mitochondrial autophagy and preserving mitochondrial
activity. They revealed, and elucidated the mechanism behind
this by finding reduced levels of FNDC5 and LC3-II expression
and increased levels of oxidative DNA damage marker 8-
hydroxydeoxyguanosine (8-OHdG) and apoptosis in human
osteoarthritic articular chondrocytes. Irisin treatment reversed the
disruption of the dynamic balance between mitochondrial fusion
and division by IL-1β, and improved mitochondrial autophagic
vesicle development and mitochondrial formation, which were
achieved by upregulation of themitochondrial fusionmarker,Mfn1,
downregulation of the mitochondrial division marker, Drp1, and
by increased expression of mitochondrial autophagy-associated
proteins, PINK1 and Parkin. Treatment with irisin reversed the
effects of IL -1β inhibition of Sirt3 and UCP-1 signaling pathways,
which play key roles in maintaining mitochondrial integrity
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FIGURE 6
Regulatory functions of irisin in osteoarthritis relief through modulation of chondrocyte metabolism. Irisin enhances mitochondrial function via
UCP1/SIRT3 signaling, upregulating Mfn1 and downregulating Drp1 to promote mitochondrial fusion. Irisin also inhibits pyroptosis through the
NLRP3/caspase-1 pathway. Additionally, irisin blocks the PI3K/Akt/NF-κB signaling and suppresses JNK and p38 MAPK. This regulation leads to a
balance in ECM homeostasis, with upregulation of genes promoting ECM formation (TIMP-1, COLII) and downregulation of genes linked to ECM
degradation (MMP-1, COL X).

and biosynthesis, significantly ameliorated PGC-1α, Tfam loss,
and deficient ATP production in inflammatory chondrocytes to
maintain their membrane potential. In addition, Irisin inhibited IL-
1β-mediated apoptosis and autophagy defects in chondrocytes by
improving the expression of Atg4, Atg12, and p62, and by promoting
LC3-II conversion.

5.2 Irisin and the extracellular matrix of
articular cartilage

Irisin exerts multiple beneficial effects on the extracellular
matrix (ECM), including promoting matrix production,

inhibiting degradation, enhancing chondrocyte differentiation
and proliferation, and reducing cell death. At the level of gene
regulation, irisin effectively promoted chondrocyte differentiation
and tissue growth by decreasing SOX9 expression (Wang et al.,
2020; Posa et al., 2023). Inhibition of COX2 and iNOS gene
expression by Irisin contributed to ECM protection by reducing
oxidative stress at the cellular level (Li et al., 2020). For ECM
components, Irisin dose-dependently promoted ECMproduction in
inflammatory chondrocytes, reversing IL-1β-induced degradation
of collagen II (Wang et al., 2020), proteoglycans (Wang et al., 2020;
Posa et al., 2023), and glycosaminoglycans (GAGs) (Zhang et al.,
2021; Vadalà et al., 2000). Additionally, Irisin inhibited ECM
degradation by significantly downregulating the expression of
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TABLE 3 Role of irisin in cartilage metabolism during osteoarthritis progression.

Chondrocyte type Dosage Effects References

Chondrocytes isolated from the knee
articular cartilage of 4-week-old SD rats

0, 5, 10 ng/mL; 1 h

Inhibition of PI3K/Akt/NF-κB
signaling pathway

Jia et al. (2022)

Inhibited activity of NLRP3/caspase-1

Chondrocytes isolated from he hips,
femurs and tibiae of 7-day-old mice

1, 5 and 10 ng/mL; 6 h

Upregulated autophagy and apoptosis

Wang et al. (2020)
Reversed Sirt3 and UCP-1 pathways

Improved mitochondrial function and
ECM components synthesis

human osteoarthritic chondrocytes
(hOAC)

25 ng/mL; 14 days

Inhibition of p38, Akt, JNK, and NF-κB
signaling pathways

Vadalà et al. (2020)
Increased cell proliferation and ECM
component synthesis

Inhibited ECM degradation and
inflammatory factor expression

Abbreviations: PI3K, phosphatidylinositol 3-kinase; NF-κB, nuclear factor kappa-B; NLRP3, NOD-like receptor thermal protein domain associated protein 3; Sirt3, Sirtuin 3; UCP-1,
uncoupling protein 1; ECM, extracellular matrix; hOAC, human osteoarthritic chondrocytes; p38, p38 mitogen-activated protein kinase; JNK, c-Jun N-terminal kinase.

MMPs, including MMP-3 (Chen et al., 2022), MMP-9 (Wang et al.,
2020), MMP-13 (Chen et al., 2022), and metalloprotease ADAMTS-
5 (Posa et al., 2023), thereby preventing ECM breakdown. Irisin
also reduced inflammatory mediators such as IL-6 (Chen et al.,
2022), IL-1β, and TNF-α (Posa et al., 2023), which is conducive to
maintaining a stable ECM environment.

6 Conclusion and perspective

Irisin, a myokine produced during exercise by cleavage of
the membrane protein FNDC5, has gained increasing attention
with advancements in genetic editing techniques. Recent studies
using FNDC5 KO (Li et al., 2021; Giorgino et al., 2023),
gene overexpression (Li et al., 2021; Liu et al., 2022), and
transgenicmodels (Estell et al., 2020) have validated the role of irisin
on bone metabolism. Given the significance of the FNDC5 gene in
OA and the sparse literature on its comprehensive role, this review
emphasizes its exercise-induced effects and regulatory impact on
skeletal health.

Bone and cartilage metabolism are closely interconnected
during the complex progression of OA. Compared to bone
metabolism, fewer reviews have explored the potential role and
regulatory effects of irisin on chondrocytes. This review aims to
provide a broader perspective by investigating the multifaceted
signaling pathways that irisin may modulate to influence bone and
cartilage homeostasis, thereby revealing its potential in mitigating
OA progression and associated symptoms. Here, we review in vitro
and in vivo evidence to clarify the multifaceted effects of irisin
on chondrocyte function, ECM dynamics, inflammatory mediators,
cartilage matrix histology, and bone metabolism.

Although we explore the connection between the biological
effects of irisin on bone and cartilage homeostasis and OA

development, some important recent literature was not included due
to limited research on specific areas. Current research on irisin and
OAhas primarily focused on its effects on end-stage kneeOA. Future
studies could investigate the early-stage changes in irisin levels and
its mechanisms of action in preserving cartilage and subchondral
bone integrity, as well as refining studies of OA in other body sites.
Moreover, examining how irisin mitigates organelle dysfunction to
maintain skeletal cell survival and function inOA is a promising area
for future research (Wang et al., 2020).

These insights deepen the current understanding of the
biological functions of irisin and offer promising directions for
developing novel OA therapies. We highlight the promising
potential of irisin as a therapeutic agent for OA and delve into
its mechanisms in alleviating OA symptoms generally. However,
in a study examining the association of synovial irisin level
with progression of KOA determined by the Kellgren-Lawrence
(KL) criteria, irisin levels varied significantly among patient
groups of different KOA inflammatory phenotypes (KOIP), with
distinct patterns observed in relation to radiographic progression
status (Calvet et al., 2024). Therefore, it is imperative to conduct
comparative studies to elucidate themitigating effects of irisin across
distinct subtypes of OA. Studies have shown that irisin levels are
significantly lower in obese individuals, which may be associated
with metabolic dysfunction (Wang et al., 2022). In individuals
with obesity and type 2 diabetes mellitus (T2DM), low levels of
irisin are associated with the progression of OA (Kurdiova et al.,
2014; Liu et al., 2013). Obesity impacts joint health through
increased mechanical load and metabolic/inflammatory changes.
Irisin deficiency impairs the protective effects on bone metabolism,
acceleratingOAprogression (Colaianni et al., 2015). In T2DM, irisin
enhances muscle insulin signaling and glucose uptake, indirectly
supporting bone health. Irisin also interacts with adipocytokines
such as leptin and adiponectin, increasing adiponectin levels to
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improve insulin sensitivity and reduce inflammation. Metabolic
hormone dysregulation and non-esterified fatty acid (NEFA) release
in T2DM affect bone metabolism, where irisin may play a beneficial
role (Zhang et al., 2014). Metabolic disorders in obesity and
diabetes can influence irisin levels, exacerbating OA pathology.
Thus, irisin serves as a protective factor at the intersection of obesity,
diabetes, and OA, with its level changes closely related to disease
progression (Kurdiova et al., 2014). Further research is needed
to systematically compare the efficacy of irisin with current OA
treatments, evaluate its anti-inflammatory effects, and ensure its
safety. Such investigations will enhance our understanding of the
clinical potential of irisin for OA treatment and may provide a
solid theoretical foundation for developing innovative and targeted
strategies to alleviate the progression of OA.
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