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Abstract: Obesity and osteoarthritis (OA) are increasingly prevalent conditions that are intricately
linked, with each exacerbating the other’s pathogenesis and worsening patient outcomes. This review
explores the dual impact of obesity on OA, highlighting the role of excessive weight in aggravating
joint degeneration and the limitations OA imposes on physical activity, which further perpetuates
obesity. The role of muscle tissue, particularly the release of myokines during physical activity,
is examined in the context of OA and obesity. Myokines such as irisin, IL-6, and myostatin are
discussed for their roles in metabolic regulation, inflammation, and tissue repair, offering insights
into their potential therapeutic targets. This review emphasizes the importance of supervised
weight management methods in parallel with muscle rehabilitation in improving joint health and
metabolic balance. The potential for myokine modulation through targeted exercise and weight loss
interventions to mitigate the adverse effects of obesity and OA is also discussed, suggesting avenues
for future research and therapy development to reduce the burden of these chronic conditions.

Keywords: obesity; osteoarthritis; myokines; weight management; physical activity; inflammation

1. Introduction

Obesity is a chronic, multifactorial, and complex condition characterized by excessive
adiposity, which significantly impacts overall health and increases the risk of various
complications. Obesity is a major increasing health threat worldwide, and its prevalence
and incidence justify the categorizing it as an epidemic [1]. The increasing consistency with
which it is spreading globally affects quality of life and threatens improvements in public
health [2].

Obesity is associated with a wide array of health complications, including but not lim-
ited to cardiovascular diseases, type 2 diabetes, certain cancers, musculoskeletal disorders,
and metabolic syndrome. From a public health and healthcare system standpoint, obesity
is not merely a result of individual behavior but is influenced by a confluence of genetic,
environmental, behavioral, and socio-economic factors. These include poor dietary habits,
sedentary lifestyles, genetic predisposition, psychological conditions, and socio-economic
determinants that limit access to healthy food and opportunities for physical activity.

Osteoarthritis (OA) is a multifactorial, potentially disabling joint degenerative disease
that has displayed an impressive rise in incidence and prevalence in recent decades [3].

Nutrients 2024, 16, 4231. https://doi.org/10.3390/nu16234231 https://www.mdpi.com/journal/nutrients

https://doi.org/10.3390/nu16234231
https://doi.org/10.3390/nu16234231
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com
https://orcid.org/0000-0002-9330-1691
https://orcid.org/0000-0001-9635-6893
https://doi.org/10.3390/nu16234231
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com/article/10.3390/nu16234231?type=check_update&version=1


Nutrients 2024, 16, 4231 2 of 25

OA-related joint pain is associated with motor impairment, sleep disturbances, fatigue,
depressed mood, and a decline in independence. In comparison to peers matched by age
and sex, individuals with OA incur higher out-of-pocket healthcare expenditures and face
significant costs attributable to lost productivity. A substantial proportion of individuals
with OA (ranging from 59% to 87%) also have at least one comorbid chronic condition, with
a notable prevalence of obesity and cardiometabolic disorders. OA can impair the capacity
of individuals to engage in physical exercise and achieve weight loss, thereby increasing
their risk of adverse health outcomes [4].

There is therefore a bilateral interdependence between obesity and OA; their con-
comitance intricately contributes to enhancing both pathogenic mechanisms, worsening
outcomes and patient experiences. The association of obesity and OA is consistently
increasing health expenditures as well as expenses for assisted living.

It has been stated that weight loss is one of the few interventions that can consistently
contribute to both OA- and obesity-associated health-risk preventions. Single or associated
methods of weight loss such as diet, exercise, obesity drugs, or bariatric surgery decrease
pain even in non-weight bearing joints and fight motor disability associated with loss
of joint function [5–7]. A recent meta-analysis, however, revealed that weight loss only
modestly contributes to pain reduction, functional scores, and structural outcomes in
hip and knee OA [8]. Rather, weight gain prevention, weight loss magnitude, weight
management, and the choice of weight loss modality may impact OA occurrence and
progression in obese individuals [9].

One important, yet constantly overlooked, factor influencing joint health is muscle
tissue in general and the periarticular muscle compartment in particular. Muscle strength
and muscle power [10] are important parameters in hip and knee OA primary and sec-
ondary prevention and management [11]. Muscle rehabilitation interventions are used
to complement the effectiveness of symptomatic therapies [12], alignment, or total joint
replacement surgery [13]. Muscle-dependent joint biomechanics has long been recognized
and employed to support and correct articular structure and function [14]. Periarticular
muscle joint disbalance around the hip and knee is known to strongly promote primary
and/or secondary OA in respective joints [15]. Even though maintenance of biomechanical
stability is crucial for normal joint functioning, recent insights point towards the systemic
and endocrine role of muscle-released cytokines. The role of myokines in musculoskele-
tal tissue turnover, the immune system, and metabolic balance is currently recognized
to go beyond mere biomechanics [16]. Myokines are increasingly recognized to play an
important systemic role in maintaining health by regulating metabolic, inflammatory, and
regeneration processes, involving a large diversity of body maintenance processes such as
metabolic regulation, insulin sensitivity, fatty acid metabolism, endothelial function, an-
giogenesis, and neuroprotection. Dysregulated myokine activity has been associated with
musculoskeletal degenerative diseases such as osteoporosis, sarcopenia, and cachexia [17]
but also with systemic diseases such as insulin resistance, metabolic syndrome [18], obesity,
autoimmunity, and Alzheimer’s [19,20]. Restoring muscle activity using physical training
and exercise has been shown to positively influence the natural history of various muscu-
loskeletal and systemic degenerative diseases, OA and obesity included [21,22]. We will
focus on further describing myokines’ role in the maintenance of articular joint health.
Current knowledge regarding myokine fluctuation during existing interventions for weight
loss and weight management in obesity will be presented. The aim is to give an overview of
existing knowledge on how weight loss methods affect myokine release and consecutively
joint health, OA occurrence, progression, and management.

2. Myokines—The Currency of Physical Activity

A growing understanding has emerged regarding the role of the musculoskeletal
system—bone, muscle, and fascia—in maintaining systemic balance through the regulation
of electrolytes, signaling molecules, metabolism, and immune function [23]. Muscle tissue is
increasingly recognized as a versatile organ with widespread functions throughout the body.
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The muscle compartment, as a whole, has a crucial role in supporting organisms’ integration
within hierarchic ecosystems through body movement and consequent activities [24].
Both the skeletal muscle and smooth muscle components of this system contribute to the
body’s adaptation to its environment from movement, and vascular activity to food intake,
metabolism, and management of energy expenditure. As with bone and adipose tissue,
muscle releases a plethora of small molecules that act in a paracrine and endocrine manner
to harmonize function and contribute to prompt repair in many if not all body organs
and systems. These signaling molecules have been given the generic name of myokines.
“Myo-” (µυo-) is a prefix meaning “muscle” that originates from the Greek word “mys”
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is a suffix meaning “movement” or “activity.” Together,
the term “myokine” essentially translates to “muscle movement signaler,” reflecting the
role of these molecules in mediating biological responses initiated by muscle activity [25].
Myokines are a broad category of cytokines, peptides, and proteins released by skeletal
muscle cells in response to muscle contraction. Myokine signaling essentially accounts for
correlating body functions with physical activity, justifying the inclusion of the skeletal
muscle compartment in the category of endocrine organs. These signaling molecules play
critical roles in autocrine, paracrine, and endocrine communication, influencing a wide
range of physiological processes throughout the body, including metabolism, inflammation,
and tissue repair [26]. Physical exercise has been recognized as a useful intervention for
the prevention and treatment of metabolic degenerative diseases, from type 2 diabetes [27],
obesity [28], and neurodegenerative diseases [29] to musculoskeletal tissue degenerative
diseases including OA [30], tendinopathies [31], osteoporosis management, and prevention
of falls [32]. Exercise therapy may benefit malignancies of various origins by modulating
the immune response and preventing tumor-induced sarcopenia [33]. In this context,
monitoring myokine release has been proposed as a modality for the follow-up of exercise-
based interventions in these categories of patients [25,34]. Even though there are hundreds
of molecules associated with documented or potential roles of myokine, in humans, only
several of them have been related to a specific function, which will be briefly introduced in
the following chapters.

Several myokines that have been identified so far are involved in a multitude of bio-
chemical pathways, influencing body homeostasis, metabolism, inflammation, and disease
progression [35]. Some myokines are predominantly produced by myocytes, while others,
though not directly myocyte-derived, act as key mediators of pro- or anti-inflammatory
responses, as well as trophic and regenerative effects, particularly during physical exer-
cise [36]. Their currently known relations with physical activity, obesity, and osteoarthritis,
as well as with muscle atrophy and sarcopenia, are introduced below.

3. Predominantly Skeletal Muscle-Specific Myokines

Irisin is produced by proteolytic cleavage of the membrane protein fibronectin type III
domain-containing protein 5 (FNDC5) through PGC1-α (peroxisome proliferator-activated
receptor-gamma coactivator-1 alpha) activation. PGC1-α is a transcriptional co-activator
induced in skeletal muscles by exercise. Irisin is released within the bloodstream during
exercise, having multiple systemic effects on metabolic regulation in terms of energy ex-
penditure and insulin sensitization. Irisin precursor was able to promote differentiation
“browning” of stromal vascular fraction cells derived from white adipose tissue in mice
by increasing the expression of thermogenic genes such as UCP1 (Uncoupling Protein
1) [37]. Studies correlated irisin presence within the bloodstream with increased muscle
metabolism, dependent on previous training and the intensity of physical activity. FNDC5
mRNA and bloodstream irisin levels were found to decrease after surgically induced weight
loss together with decreasing body mass [38], pointing towards the necessity of investi-
gating the effects weight loss methods have on the muscle compartment and metabolic
body maintenance. Levels of circulating irisin were also found to be age-dependent, being
higher in younger versus older subjects. However, increasing irisin levels were reported in
healthy individuals as well as individuals with metabolic syndrome after a similar training
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regimen. Moreover, similar fluctuations in blood irisin levels could be observed in different
age and fitness groups despite different starting basal levels [39]. Increased irisin levels are
thought to be associated with increased skeletal myocyte glucose and lipid metabolism in a
mechanism mediated by AMP-activated protein kinase (AMPK). AMPK acts as a metabolic
sensor and key enzyme in muscle metabolism, and is probably the link between increased
muscle activity, energy consumption, and signaling molecule release [40].

Serum irisin levels were found to be significantly increased compared to basal status
after 12 weeks of endurance training in elderly (68 ± 8) compared to young (21 ± 1) adults,
while reductions in visceral adipose tissue in elderly adults negatively correlated with irisin
serum levels [41].

Other studies, however, found that mRNA levels of PGC-1α and FNDC5 in muscle
biopsies of previously inactive individuals increased after 12 weeks of training while blood
levels only increased modestly and shortly after exercise with few effects in increasing white
adipose tissue (WAT) UCP1 [42]. Given the brief persistence within the bloodstream as
well as the weak association of irisin and FNDC5 with glucose tolerance or with metabolic
disturbances, the direct contribution of both the precursor and myokine on overall health
might not be direct. It has been proposed that factors beyond PGC-1α and its transcription
could influence FNDC5 expression and contribute to systemic metabolic effects [43].

It is important to note that not only skeletal myocytes but also WAT adipocytes have
been found to release FNDC5, making it a possible myokine–adipokine signaling molecule.
FDNC5 could be obtained from rat explants of WAT as well as from visceral adipose tissue
and was expressed by the respective tissues in vivo after endurance training in rats [44].
Even though a similar dual role in humans has not been confirmed yet, irisin could be
regarded as one of the factors involved in muscle–adipose tissue crosstalk. The situation
of irisin release could, however, be different in obesity. In highly obese patients, irisin
levels were found to be positively correlated with BMI and WAT mass. The existence of a
mechanism of irisin resistance similar to that already described in the case of insulin and
leptin could be a compensatory mechanism from one side and could threaten the efficiency
of irisin as a therapeutic agent in such patients [45].

4. Irisin in Osteoarthritis Pathogenesis—Multiple Roles in Supporting Articular
Joint Tissues

In mice under experimental conditions, irisin was found to be involved in articular
tissue joint development. Irisin protected surgical- induced mice OA and human OA
cartilage samples from degradation, and rescued chondrocyte metabolism in irisin knock-
out mice. Interestingly, irisin expression could be found by immunohistochemistry in
pre-hypertrophic and hypertrophic zones of growth plate cartilage and postnatal mice
while being absent in the proliferating and resting areas of the same tissue [46]. Irisin-
knocked-out mice developed severe OA while intraarticular delivery of recombinant irisin
inhibited OA progression (OARSI histological score) assessed at 8 weeks. Translational
and clinical evidence supports the fact that exercise-induced increases in irisin levels
influence metabolic syndrome, attenuate aging, and protect articular joint tissue from OA
development [47]. Resistance training in high-fat diet-fed prediabetic mice increased irisin
levels and was associated with decreased serum cholesterol and triglycerides [48]. Not
all studies are consistent in correlating exercise with increased irisin levels. The type and
dynamics of serum irisin fluctuations could be some of the reasons for conflicting reports.
A recent meta-analysis curated 560 human studies of which only 7 met the inclusion
criteria and concluded that exercise increased irisin serum levels, ultimately affecting
WAT metabolism and thermogenesis [49]. Skeletal muscle secreted irisin during exercise
positively influences subchondral bone density and increases chondrocyte proliferation,
therefore contributing to joint protective mechanisms. Irisin’s role in decreasing JNK
phosphorylation levels with consecutive reductions in inflammatory markers, (IL-1), and
the inhibition of chondrocyte catabolism observed in vitro [50] could also act in protecting
senescence-induced OA progression.
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By binding to transmembrane integrin receptors, irisin activates intracellular wnt/β-
catenin and ERK/MAPK, influencing the balance between osteoblast and osteoclast activity
within the subchondral bone, resulting in increased structural integrity and mechanical sup-
port in preclinical settings as well as in clinical studies [51]. Exercise increased irisin expres-
sion and ameliorated osteoporosis and osteoarthritis progression in estrogen-deficient rats
(ovariectomized) [52], offering potential targets for treating estrogen deficiency-aggravated
bone loss and OA.

Conversely, increased irisin expression inhibits Wnt/β-catenin and NF-κB activation
in OA chondrocytes, partially restoring anabolic/catabolic activity, increasing autophagy
and proliferation, and supporting cartilage extracellular matrix (ECM) [53]. Irisin’s role in
mitigating inflammatory markers and chondrocyte pyroptosis has been proved in a pre-
clinical study. Moderate-intensity training in rats increased blood and synovial fluid levels
of irisin, recovering the expression of collagen II, and attenuated MMP-13 and ADAMTS-5
in vitro in IL-1β-induced chondrocytes [54]. Exercise-induced irisin and lubricin release
can act on cartilage, influencing OA progression by inhibiting inflammation and support-
ing joint lubrication and functional biomechanics [55], both being valuable biomarkers
as well as possible targets for OA. Moreover, as enhanced metabolism and autophagy in
meniscal cells have been shown to prevent posttraumatic OA in experimental models [56],
interventions such as exercise, quadriceps strengthening, and the associated release of irisin
could serve as a preventative strategy for OA following joint trauma [57].

5. Irisin in Muscle Atrophy and Sarcopenia—Can It Function as a Predictive Biomarker?

In a prospective cross-sectional study including 715 subjects of both sexes, blood irisin
levels positively correlated with appendicular lean mass and hand grip strength being lower
in individuals with identified sarcopenia [58]. Decreased levels of irisin < 1.0 µg/mL for
men and <1.16 µg/mL for women were proposed to be predictive for the onset of sarcope-
nia after adjusting for age and sex [59] with similar findings in postmenopausal women [60].
However, circulating irisin levels could not be associated with muscle mass and function in
the elderly and may not be useful as a marker in the geriatric population [61]. Irisin release
might be affected by age-related muscle atrophy. As expected, mice and human serum
samples from older individuals were found to display decreased levels of circulating irisin
mRNA levels while FDNC5 knock-out mice displayed aggravated muscle performance.
Recombinant irisin administration was able to rescue muscle strength in both aged and
irisin-deficient mice while decreasing fat tissue expansion, insulin resistance, and liver
steatosis [62]. In another study, disease-related malnourishment and subsequent sarcopenia
correlated well with decreased irisin levels after age and sex adjustments but not with
myostatin levels, which remained similar in sarcopenic and non-sarcopenic subjects [63].
Decreased irisin serum levels and increased tumor necrosis α(TNFα) in newly diagnos-
ticated patients with malignancies correlated with decreased muscle performance [64],
possibly pointing towards an inverse correlation between systemic inflammation levels
and irisin release, which could explain the lack of predictability of irisin in the case of older
adults. Even more notable for the context of this work, serum irisin levels were found
to be positively correlated with sarcopenic obesity in patients with type 2 diabetes [65].
Even though the correlation between sarcopenic obesity, irisin levels, and OA has not been
examined, the outlined intricate pathogenic mechanism could prompt further investigation.

The association of various methods of weight loss and management with increased
irisin levels is notable as it could correlate with improved articular joint pain, OA preven-
tion, and/or management after such interventions. In bariatric surgery patients, increased
irisin levels after nine months but not after one month correlated with the total amount
of fat loss post-surgery. Body weight reduction following 6 months of diet, exercise, and
behavioral cognitive therapy did not result in significant circulating irisin level changes;
however, patients who displayed a significant increase had lower fasting insulin levels and
insulin resistance [66] (Table 1). This suggests that irisin fluctuations may be influenced by
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individual factors and, in some cases, particularly after bariatric surgery, improvements in
irisin levels may take longer to manifest.

Table 1. Summary of the metabolic role of irisin and its impact on osteoarthritis, weight loss,
and sarcopenia.

Irisin Details

Source and Activation Irisin is produced by cleavage of FNDC5, induced by PGC1-α activation during
exercise within skeletal muscle

Metabolic Effects Regulates energy expenditure, promotes insulin sensitization, and induces
“browning” of white adipose tissue

Association with Exercise Irisin levels increase with exercise, correlating with increased energy expenditure
and browning of adipose tissue in animal models and possibly in humans

Age-Related Differences Higher levels are found in younger individuals and levels increase with training in
all age groups

Effects on Osteoarthritis Protects against cartilage degradation, increases bone density, and reduces
inflammation in OA models

Impact on Sarcopenia Lower irisin levels associated with sarcopenia, may serve as a biomarker for
muscle atrophy

Impact of Weight Loss Irisin levels increase post-bariatric surgery, display correlation with fat loss and
lower insulin levels and insulin resistance

Potential Biomarker Role Could serve as biomarker for metabolic health, OA progression, and muscle
conditions like sarcopenia

β-aminoisobutyric acid (BAIBA) produced during the catabolism of thymine is re-
leased by skeletal muscle myocytes during physical activity. Metabolomics profiling of
skeletal myocytes identified BAIBA as a myokine associated with muscle activity. BAIBA
induced expression of brown adipocyte genes in WAT adipocytes and β-oxidation in
hepatocytes in vitro and in vivo by a PPARα mechanism [67]. BAIBA has been identi-
fied as one of the thermogenetic factors involved in the browning of WAT together with
physical exercise, irisin, gamma amino butyric acid (GABA), PPAR
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Lower irisin levels associated with sarcopenia, may serve as a biomarker for muscle 

atrophy 

Impact of Weight Loss 
Irisin levels increase post-bariatric surgery, display correlation with fat loss and lower 

insulin levels and insulin resistance 

Potential Biomarker Role 
Could serve as biomarker for metabolic health, OA progression, and muscle conditions 

like sarcopenia 

β-aminoisobutyric acid (BAIBA) produced during the catabolism of thymine is re-

leased by skeletal muscle myocytes during physical activity. Metabolomics profiling of 

skeletal myocytes identified BAIBA as a myokine associated with muscle activity. BAIBA 

induced expression of brown adipocyte genes in WAT adipocytes and β-oxidation in 

hepatocytes in vitro and in vivo by a PPARα mechanism [67]. BAIBA has been identified 

as one of the thermogenetic factors involved in the browning of WAT together with 

phys-ical exercise, irisin, gamma amino butyric acid (GABA), PPA ɣ agonists, and JAK 
inhibi-tors. Browning of WAT and the possible therapeutic targets offered by browning 

agents could serve as important factors in the treatment and prevention of obesity and 

metabolic syndrome [68]. BAIBA stimulates the oxidation of fatty acids by reducing 

WAT-specific lipogenesis through an AMPK-mediated mechanism and is involved in 

mitigating inflam-mation and insulin resistance [69]. BAIBA was reported to reduce 

hyperlipidemia-in-duced endoplasmic reticulum stress and to protect hepatocytes from 

apoptosis. BAIBA reduces free fatty acid (FFA) β-oxidation, and ketone body production, 

as well as increas-ing mRNA of the β-oxidation-limiting enzyme carnitine 

palmitoyltransferase 1 (CPT-1). Its role in linking physical activity and metabolism by 

acting as a possible mediator of inter-tissue and organ communication during exercise 

could be further used as a target for treating metabolic syndrome and its complications 

[70]. While there is no available correlation between BAIBA fluctuation in OA models or 

clinical studies, its association 

agonists, and JAK in-
hibitors. Browning of WAT and the possible therapeutic targets offered by browning agents
could serve as important factors in the treatment and prevention of obesity and metabolic
syndrome [68]. BAIBA stimulates the oxidation of fatty acids by reducing WAT-specific
lipogenesis through an AMPK-mediated mechanism and is involved in mitigating inflam-
mation and insulin resistance [69]. BAIBA was reported to reduce hyperlipidemia-induced
endoplasmic reticulum stress and to protect hepatocytes from apoptosis. BAIBA reduces
free fatty acid (FFA) β-oxidation, and ketone body production, as well as increasing mRNA
of the β-oxidation-limiting enzyme carnitine palmitoyltransferase 1 (CPT-1). Its role in
linking physical activity and metabolism by acting as a possible mediator of inter-tissue
and organ communication during exercise could be further used as a target for treating
metabolic syndrome and its complications [70]. While there is no available correlation
between BAIBA fluctuation in OA models or clinical studies, its association with bone min-
eral density might stimulate further research. Enantiomer, as well as a gender-dependent
correlation with mineral bone mass density, suggest that any prospective study should
consider these parameters. L-BAIBA may be correlated with bone density and body com-
position in females but not in males while D-BALB could serve as a marker of aging and
decreasing physical activity [71]. Experimental diet-induced obesity could be prevented by
oral BAIBA administration in partially leptin-deficient mice. The accumulation of body fat
as well as the onset of insulin intolerance, liver steatosis, and hypertriglyceridemia as well
as leptin levels could be restored in partially but not completely leptin-deficient mice [72].
Relative to weight loss management, a low-caloric diet was found to increase BAIBA serum
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levels independent of physical activity in obese women. Increased BAIBA serum levels
correlated with weight loss, improved energy metabolism, and insulin levels [73].

Regarding sarcopenia, BAIBA addition in the drinking water of mice in a mice model
of osteocyte apoptosis protected them from bone and muscle loss. However, this effect
was lost in the case of age-related sarcopenia due to a decrease in muscle Mas-related G
protein-coupled receptor type D (mrgprd). Skeletal muscle mrgprd was found to mediate
the protective effect of BAIBA osteocyte against ROS-related mitochondrial breakdown in
mice. Its diminished expression might explain its reduced role in protection against bone
loss in aging [74] (Table 2).

Table 2. Summary of metabolic role of BAIBA and its impact on osteoarthritis, weight loss,
and sarcopenia.

BAIBA Details

Source Produced during catabolism of thymine, released by skeletal muscle myocytes
during physical activity

Mechanism of Action Induces browning of white adipose tissue (WAT) and β-oxidation in hepatocytes
via PPARα mechanism

Metabolic Effects Reduces WAT-specific lipogenesis, mitigates inflammation and insulin resistance,
and enhances FFA oxidation

Protective Roles Protects hepatocytes from apoptosis, reduces hyperlipidemia-induced stress, may
protect against bone and muscle loss in sarcopenia

Potential Therapeutic Uses Potential treatment for obesity, metabolic syndrome, and sarcopenia; may correlate
with bone density

Gender-Dependent Effects L-BAIBA may be linked to bone density and body composition in females, not
males; D-BAIBA could serve as marker of aging

Impact on Obesity Prevents diet-induced obesity and associated metabolic disorders in mice

Impact on Sarcopenia BAIBA addition protects against bone and muscle loss in animal models, though
effects diminish with age-related sarcopenia

Existing evidence supports BAIBA involvement in reductions in fat mass, improve-
ments in insulin sensitivity, and the promotion of the browning of adipose tissue. These find-
ings suggest that BAIBA holds promise as a therapeutic agent for addressing obesity, insulin
resistance, and potentially degenerative joint diseases. However, further research is neces-
sary to test its importance as a targetable molecule for potential therapeutic applications.

Isoform 15 of the C1q/TNF-related protein (CTRP) family (CTRP15), also known as
myonectin, is expressed by differentiated myotubes of skeletal muscle. CTRP15 mRNA
transcripts as well as blood levels were found to increase upon voluntary exercise, decrease
by fasting, and be restored by refeeding [75]. Compounds that increase cellular cAMP
production were found to increase myonectin transcripts. Cultured adipocytes and hepato-
cytes treated with myonectin increased fatty acid uptake by cells and its administration
to mice reduced the levels of circulating free fatty acids (FFAs). These findings lead to the
conclusion that myonectin might serve as the connection between muscle activity and lipid
metabolism within WAT and the liver [49]. Lower circulating levels of myonectin were
found in obese, type 2 diabetic patients and patients with glucose intolerance [76], while its
increase was proposed as a biomarker for the development of diabetes mellitus [77] or as
a marker of metabolic syndrome [78]. Myostatin overexpression in these cases could be
a compensatory mechanism for counteracting insulin resistance [79]. Of note, CTRP-15
has a similar structure to WAT-released adiponectin, an insulin-sensitizing adipokine with
anti-diabetic and anti-inflammatory functions in mice and humans [80]. Other members of
the large and ubiquitous C1q protein family with homology to the immune complement
C1q (such as cerebellin, adiponectin, and collagen VIII and X) display a large variety of
functions in development, growth, immunity, and metabolic balance [81].
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An in vitro study showed that myonectin inhibited mouse osteoblast differentia-
tion and alkaline phosphatase activity as well as osteoclast formation in bone marrow
cells at least in part by inhibiting mitochondrial biogenesis [82]. A link between increas-
ing serum myonectin levels in insulin resistance and metabolic syndrome as a compen-
satory mechanism and the impaired subchondral bone metabolism during OA warrants
further investigation.

Of note, after the laparoscopic sleeve procedure for weight management increased,
myonectin serum levels were found to be negatively correlated with weight, waist, and
hip circumference, body mass index, fasting plasma glucose, and HbA1c up to 6 months
after surgery [83]. Notably, the long-term effects of bariatric surgery that yielded good
anthropometric results did not completely restore metabolic features compared to normal
weight controls, while maintaining improvement compared to obese subjects, including
lower myonectin levels [84].

As with irisin, skeletal muscle-released myonectin contributes to lipid metabolism
via the cluster of differentiation 36 (CD36) gene, fatty acid transporter protein (FATP), and
fatty acid binding protein (FABP4). FABP4, however, does not involve glucose balance and
lipolysis. Stimulation of myonectin release by exercise as well as lipids and glucose increases
fatty acid uptake and storage by the liver and WAT, while decreasing circulating FFAs. This
mechanism is reportedly involved in the prevention of insulin resistance. However, the
development of hyperlipidemia-induced skeletal muscle insulin resistance leads to reactive
oxygen species accumulation and subsequent mitochondrial dysfunction, altering skeletal
muscle metabolism [85]. In this situation, myonectin could further contribute to insulin
resistance due to impaired muscle–adipose tissue cross-talk [86] (Table 3).

Table 3. Summary of the metabolic role of myonectin and its impact on osteoarthritis, weight loss,
and sarcopenia.

Myonectin Details

Expression and Regulation Expressed by differentiating myotubes in skeletal muscle; increased with exercise,
decreased by fasting, restored by refeeding

Lipid Metabolism Increases fatty acid uptake in adipocytes and hepatocytes; reduces circulating free
fatty acids (FFAs)

Role in Metabolic Diseases Lower levels in obese, type 2 diabetic patients; potential biomarker for diabetes
mellitus and metabolic syndrome

Comparison to Adiponectin Shares structural similarities with insulin-sensitizing adipokine adiponectin

Impact on Bone and Muscle Health Inhibits osteoblast differentiation and osteoclast formation; linked to subchondral
bone metabolism

Cardiometabolic Protection Protects against skeletal muscle atrophy, cardiac muscle ischemia, and
metabolic dysfunctions

Response to Weight Management Increased after weight loss interventions; associated with improvements in
insulin resistance

Impact on Sarcopenia No direct correlation with age-related sarcopenia was observed in some studies

Myonectin treatment could restore skeletal muscle mass in aged as well as Duchenne
dystrophy mice models, mitigating mitochondrial dysfunction and restoring the expression
of mitochondrial biogenesis-associated genes including PGC1α [87]. Myonectin admin-
istration was found to protect cardiac muscle from ischemia–reperfusion injury [88]. In
preclinical settings, myonectin protected mice via activation of AMPK/PGC1α signaling
from skeletal muscle atrophy in several models (age-related, sciatic nerve denervation, or
dexamethasone-induced). In addition, myonectin administration was shown to protect
against accelerated muscle loss in accelerated aging models in mice and an mdx model of
mice with Duchenne muscular dystrophy, pointing towards its role in supporting skeletal
muscle metabolism [89]. There could be a place for using myonectin as a potential ther-
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apy for OA associated with cardiovascular and cardiometabolic diseases. A duration of
8 weeks of aerobic exercise training for weight loss in obese women was found to increase
myonectin serum levels and decrease insulin resistance compared to controls [90], pointing
towards its role in exerting physical activity-based modulation of metabolic syndrome.

Clinical studies could not identify a direct correlation between myonecti serum levels
and age-related sarcopenia in older Asian adults regarding skeletal muscle mass, grip
strength, gait speed, the chair stand test, or short physical performance battery (SPPB)
score [91]. Lifestyle changes that favor physical activity and preservation of skeletal
muscle myokine synthesis including myonectin could at least in part prevent T2D-related
sarcopenia that increases with age [92] (Table 3).

Existing evidence supports the potential use of myonectin as a biomarker for the man-
agement of weight loss after bariatric surgery. Further studies are needed to establish its
role in follow-ups regarding skeletal muscle condition during weight loss management reg-
imens that are not centered on physical exercise, such as bariatric surgery and medication.

6. Signaling Molecules Functioning as Myokines

One member of the large family of fibroblast growth factors (FGFs), FGF-21, is consid-
ered a “metabolic regulator” and is described as a contributor to controlling glucose and
lipid metabolism. FGF21 stimulates glucose uptake by adipocytes, inhibits liver production
of glucose, and protects pancreatic beta cells from glucose toxicity [93]. FGF21 increases
in human plasma as well as skeletal muscle during hyperinsulinemia, and is therefore
considered a myokine involved in regulating circulating insulin levels [94]. Evidence re-
garding FGF21’s function as an exercise-released myokine has yielded inconclusive results
mainly because the relevant investigation focused on serum FGF21 levels in relation to
exercise and not on its presence and/or increased transcription within skeletal muscle.
FGF21 serum levels increased significantly in previously sedentary women after 2 weeks of
exercise [95]. After a single round of “acute” exercise (30 min treadmill at 50 or 80 VO max
of healthy male volunteers), FGF21 serum levels increased. Similarly, serum levels as well
as FGF21 gene expression were induced in the liver but not in the skeletal muscle or adipose
tissue of mice [96]. Increased liver transcription of FGF21 correlated with the increased
expression of peroxisome proliferator-activated receptor alpha (PPARα), a factor involved
in the activation of lipolysis as well as activating transcription factor 4 (ATF4). ATF4 is
involved in the activation of autophagy during mitochondrial stress and is considered a
regulator of osteoblast functions and a mediator of neural-dependent regulation of bone
mass. FGF21 function as a possible missing link in brain–bone metabolism is currently
being investigated [97].

FGF21 was found to ameliorate senescence and apoptosis as well as ECM catabolism
in vitro in tert-butyl hydroperoxide (TBHP)-stressed chondrocytes by mediating apoptosis.
In a mice model of damaged medial meniscus (DMM), FGF21 administration alleviated OA
as assessed by Rx and OARSI histological score [98]. In a mice model of rheumatoid arthritis,
FGF21 administration was shown to exert an antioxidant effect, inhibiting nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB)-induced inflammation, suggesting
possible similar activity in limiting OA flares [99]. No clinical data are available to date
regarding the possible role of FGF21 in OA prevention or progress; however, the proposed
role of FGF21 agonists in treating liver steatosis and other metabolic diseases might be
relevant for OA of metabolic origin or OA with disease comorbidities [100].

In mice, the glucagon-like peptide-1 receptor (GLP-1R) agonist (GLP-1RA) liraglu-
tide and FGF21 exert similar metabolic benefits. Liraglutide administration increased
liver FGF21 expression independent of a high carbohydrate diet, while Fgf21 knockout
(LivFgf21−/−) mice did not respond to treatment. The GLP-1RA-FG21 axis could be
exploited further for weight loss [101]. A correlation between the possible increase in
FGF21 during physical exercise and its relevance to weight loss mechanisms and potential
practicability derived from it will need further attention.
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In a group of older adults, serum levels of circulating FGF21 were found to positively
correlate with sarcopenia determinants (grip strength, muscle mass). Wherever these find-
ings indicate a catabolic role of FGF21 or an adaptation to reduced muscle activity, further
investigation is needed [102]. In another study, FGF21 levels were found to negatively
correlate with muscle strength but showed no correlation with muscle mass, potentially
reflecting a response of liver-derived FGF21 to reduced muscle strength [103].

Several interleukins with intricate roles in immunity as well as tissue repair have been
reported to be associated with muscle activity.

Interleukin-6 (IL-6) is a cytokine produced immediately and in large quantities during
tissue injuries as well as infection; it induces acute phase response mechanisms, immune
reactivity, and hematopoiesis. Its dysregulation is implicated in chronic inflammation
as well as autoimmunity [104]. During intense muscle activity, high levels of IL-6 are
recorded whenever liver glycogen levels are low. IL-6 increases in this situation induce
lipolysis and/or fatty acid oxidation by means of AMPK pathway and/or PI3-kinase
pathway activation, thereby increasing energy availability [105]. Muscle activity-induced
increases in calcium ions induce MAPK and calcineurin activation, which leads to IL-6
production [106]. Increased IL-6 levels have been found in preclinical models as well
as in humans after intensive training or endurance exercise (marathon) together with
anti-inflammatory IL-10 [107]. Both IL-6 and IL-10 were expressed in cultured myocytes
stimulated with calcium ionophores [108]. The paradoxical situation of IL-6 exerting either
pro-inflammatory or anti-inflammatory effects seems to depend on its mode of signaling. IL-
6 activity via the membrane-anchored receptor IL-6R (mIL-6R), so-called “classic signaling”,
is activated by the acute-phase response, hematopoiesis, and homeostatic processes [109].
The pro-inflammatory function of IL-6 arises from trans-signaling when the soluble form
of IL-6 receptor (sIL-6R) is generated through cleavage by sheddases such as ADAM10
and ADAM17. These enzymes are activated by the depletion of cholesterol or by phorbol
12-myristate 13-acetate (PMA), leading to the release of sIL-6R, which then binds to IL-6.
This IL-6/sIL-6R complex subsequently interacts with gp130-expressing cells, initiating
pro-inflammatory signaling. Conversely, the anti-inflammatory effect of IL-6 is mediated
through classical signaling. While soluble glycoprotein130 (sgp130) exhibits low affinity
for IL-6 alone, it demonstrates high affinity for the IL-6/sIL-6R complex (known as hyper-
IL-6). Consequently, sgp130 can bind to this complex and inhibit the pro-inflammatory
signaling pathway, thus exerting an anti-inflammatory effect [102]. IL-6 released during
exercise has an anti-inflammatory effect, while leucocyte-derived IL-6 release exerts a
pro-inflammatory effect possibly related to plasma levels of sIL-6 and sgp130. There
might be variability between clinical observation results and the preexistent inflammatory
and metabolic statuses of investigated subjects. Thus, in sedentary overweight males,
moderate exercise increased IL-6 plasma levels while decreasing sIL-6 and sgp130 [110].
A single bout of exercise in children with juvenile arthritis resulted in increased plasma
IL-6 and sgp130 levels, while sIL-6R concentration decreased [111]. Muscle-derived IL-6
might function not as an inflammatory cytokine but rather as an anti-inflammatory one.
Summing up, the divergent roles of IL-6 are dependent on the signaling system, as well as
on the activation of the sheddases ADAM10 and ADAM17. Additionally, the downstream
signaling molecules transcribed in response to IL-6 vary depending on its concentration. It
is possible that in individuals with pre-existent systemic inflammation, muscle IL-6 release
has divergent effects.

In OA patients, increased serum and synovial fluid IL-6 levels have been correlated
with disease progression and worsened prognosis. IL-6 activity results in ECM degradation
via induction of MMPs (3,13), ADAMTS, matrix mineralization [112], and reduced chondro-
cyte proliferation. However, the role of IL-6 trans-signaling in cartilage degradation does
not seem to be straightforward since soluble IL-6 was found to augment the production
of anti-catabolic TIMPs in chondrocytes, pointing toward a cartilage-protective role [113].
The expression levels of IL-6 receptors in chondrocytes, and potentially in other articular
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cell types such as synovial fibroblasts, may play a crucial role in determining the balance
between IL-6’s pro-catabolic and anti-catabolic effects.

The time-dependent immediate increase in IL-6 serum levels after physical exercise
might function as an acute serum response to muscle stress that induces classical IL-6
signaling, harnessing its anti-inflammatory effects. In tumor-bearing mice, acute (up to a
29-fold increase) IL-6 skeletal muscle levels led to a significant decrease in tumor volume
and an increase in natural killer (NK) cells infiltrating the tumor. Since the effect was
reduced by the administration of IL-6 antagonists, the authors concluded that, at least in
part, IL-6 mediated the acute serum response after skeletal muscle activity prompted NK
cells to infiltrate tumors and to exert their specific clearing activity [114].

In a small patient group, early weight loss after sleeve gastrectomy was associated with
a decrease in subcutaneous adipocyte size and decreased IL-6 mRNA levels [115]. Animal
studies have pointed out that IL-6 overexpression was able to reduce weight gain while
IL-6 deficient mice developed obesity at maturity [116]. As one of the acute phase response
reactants, IL-6 as well as other inflammatory cytokines (such as TNFα) act in decreasing
appetite and food intake. However, in the context of obesity and metabolic syndrome,
chronic systemic inflammation is associated with the production of inflammatory cytokines
by adipose tissue, partially reversed by weight loss and changes in lifestyle [117]. A
systematic review and meta-analysis of ten studies involving 1537 patients revealed that a
common IL-6 pathway inhibitor used as therapy for immune diseases such as rheumatoid
arthritis (tocilizumab) was associated with an increase in body weight as determined by
BMI, pointing towards a role of IL-6 signaling in weight management [118].

Exercise duration and intensity, diet and previous training levels, and particularly
the preexistent glycogen levels within muscle consistently affect the level of IL-6 release.
When released by muscle activity, Il-6 functions locally, systemically, and at the central
nervous system levels (hypothalamus–pituitary axis) to maintain muscle fiber homeostasis
during and following exercise. IL-6 activity contributes to exercise-associated health
benefits, particularly in the context of chronic inflammatory diseases related to physical
inactivity, such as type 2 diabetes, by increasing energy substrate availability, inducing
fatigue to prevent excessive homeostasis stress, and promoting an anti-inflammatory
environment within the bloodstream and tissues. Resistance training appears to be the
most efficient in this respect, potentially reversing trans to cis signaling and promoting
IL-6’s anti-inflammatory effect [119]. The relevance of this effect in the context of OA needs
to be further investigated.

Perhaps not surprisingly, IL-6, as an inflammatory marker, has been associated with
sarcopenia and cachexia in clinical studies as well as in animal models. Prospective
clinical investigations have pointed out that elevated serum IL-6 could be associated with
sarcopenia in elderly patients with hepatic cirrhosis [120] or chronic pulmonary obstructive
disease (COPD) [121]. Increased IL-6 as well as IL-6/IL-10 serum levels were positively
associated with degree of sarcopenia and increased with age—overall indicative of a
systemic inflammatory status that cannot be compensated by anti-inflammatory IL-10
release [122]. Neoplastic-associated sarcopenia was found to correlate with increased
IL-6 and CRP levels in post-surgical colorectal cancer patients [123]. These studies have
not investigated the origin or signaling pathway of IL-6. In a mice C57BL/6 model of
cancer-associated cachexia, increased serum levels of IL-6 were found to correlate with
the inset of muscle and adipose waste. In this model, adipose tissue waste was caused by
reduced lipid uptake and synthesis and increased lipolysis and not with increased elevated
beta-adrenergic signaling or with the browning of adipose tissue. Muscle atrophy was
reflected by decreased myofiber cross-sectional area. Changes were completely reversible
after IL-6 was deleted from the injected cancer cells, pointing towards a causative role of
IL-6 in the installation of neoplastic cachectic syndrome at least in this mice model [124].
Chronic inflammation associated with sarcopenia and sarcopenic obesity as well as aging
(the latter commonly referred to as inflammation) converges in altering the immune profile
of muscle components [125] with a tendency to release pro-inflammatory mediators such
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as IL-6. In turn, the inflammatory milieu might aggravate sarcopenia by activating the
ubiquitin–protease system [126] and by antagonizing the muscle trophic role of insulin
growth factor 1 (IGF-1) [127]. Chronic inflammation associated with low-level inflammatory
cytokine release at the systemic and local level during obesity and aging may cause both
insulin resistance (IR) as well as so-called anabolic resistance (AR). AR, defined as the
impaired production of structural protein by skeletal muscle as a response to protein
intake and physical exercise, is an important determinant of sarcopenia both in obesity
and during aging. Healthy elderly require increased dietary protein intake compared to
younger subjects to maintain similar myofibrillar protein synthesis {MPS) [128] and double
the volume of physical exercise [129]. The synergistic effect of IR and AR can contribute
to both age-related as well as obesity-related sarcopenia by mitochondrial disturbances,
impaired protein synthesis, and myokine release that affects adipose tissue, skeletal muscle
compartments, bone, and vascularization [130]. Efforts have been made to summarize
the current data regarding the impact of sarcopenia, sarcopenic obesity, and circulating
markers of inflammation in OA onset and progression [131] (Table 4).

Table 4. Summary of the systemic role of IL-6 and its impact on osteoarthritis, weight loss,
and sarcopenia.

IL-6 Details

Cytokine Type Pro-inflammatory cytokine produced during tissue injury, infection, and
muscle activity.

Acute Phase Response Induces immune reactivity, hematopoiesis, and acute phase response mechanisms.

Metabolic Regulation Promotes lipolysis and fatty acid oxidation during muscle activity; contributes to
energy availability.

Signaling Pathways It could exert pro-inflammatory or anti-inflammatory effects depending on the
signaling pathway (classic vs. trans-signaling).

Exercise Impact IL-6 levels increase during intense exercise, potentially offering anti-inflammatory
benefits and contributing to muscle fiber homeostasis.

Role in Osteoarthritis (OA) Elevated in OA, associated with disease progression, extracellular matrix (ECM)
degradation, and altered chondrocyte function.

Impact on Sarcopenia and Cachexia Associated with increased sarcopenia and cachexia, particularly in conditions like
chronic inflammation, cancer, and aging.

Obesity and Metabolic Syndrome Chronic IL-6 release in obesity contributes to systemic inflammation; implicated in
appetite regulation and potential weight management.

Therapeutic Implications IL-6 pathway inhibitors used in conditions like rheumatoid arthritis; effects on
weight and inflammation are of interest for broader applications.

IL-6, a key cytokine involved in both pro-inflammatory and anti-inflammatory pro-
cesses, plays a dual role in influencing myokine activity and subsequent effects on joint
health. During muscle activity, IL-6 is released in response to calcium-mediated signaling
and acts through classical (cis) signaling pathways to exert anti-inflammatory effects. How-
ever, in the context of chronic systemic inflammation, as seen in obesity, IL-6 predominantly
engages in trans-signaling via its soluble receptor (sIL-6R), promoting catabolic and inflam-
matory effects in joint tissues. This shift in IL-6 signaling has been implicated in matrix
degradation and impaired chondrocyte function, which are key features of OA progression.

Current evidence exists to support the fact that the inflammatory milieu in obesity,
characterized by elevated levels of TNF-α and other adipokines, exacerbates dysregulation
of myokines such as myostatin and irisin. These inflammation-driven alterations in the
myokine profile contribute to a vicious cycle of joint tissue degeneration, muscle weakness,
and metabolic imbalances. The interplay between IL-6 signaling and myokines highlights
the need for interventions that not only have the ability to reduce systemic inflammation but
also can enhance the release of beneficial myokines through tailored physical activity. This
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dual approach could mitigate OA progression and improve metabolic health in individuals
with obesity.

Interleukine-15 (IL-15) is another cytokine that has important functions in immune
modulation released by skeletal muscle. IL-15 might function in an endocrine manner
to adapt energy metabolism to physical activity, potentially acting in reducing adiposity
and improving insulin sensitivity [132]. Resistance training in healthy individuals was
found to double mRNA IL-15 levels in skeletal muscle even 24 h after training in a fiber
muscle type-dependent manner [133]. IL-15 has been proposed as a major component
of muscle–adipose tissue crosstalk in both animal models and human clinical studies.
Mice overexpressing mIL-15 plasmids were able to run to exhaustion twice as long as
controls. Fast-acting skeletal muscle fibers were found to overexpress sirtuin 1, peroxisome
proliferator-activated receptor (PPAR)-δ, PPAR-γ coactivator-1α, and PPAR-γ coactivator-
1β, subsequently increasing myosin heavy-chain and troponin I mRNA expression. Such
findings indicate an increased oxidative phenotype as compared to controls, demonstrating
a role for IL-15 in muscle adaptation to physical training [134]. Furthermore, IL-15 over-
expression in mice was found to maintain insulin sensitivity during diet-induced obesity,
maintaining lean body mass and low levels of visceral adiposity. The skeletal muscle of
IL-15 overexpressing mice displayed increased mRNA levels of troponin1 as well as SRT1.
SRT4 and UCP2 demonstrated increased oxidative metabolism [135].

Remarkably, IL-15 was able to induce hypertrophy in mature cultured human skeletal
muscle cells [136]. IL-15’s ability to induce skeletal muscle hypertrophy by increased protein
synthesis could be relevant for treating sarcopenia and cachectic syndromes without the
risk of inducing uncontrolled cellular proliferative events [137]. Mice overexpressing IL-15
increased in lean body mass on both low-caloric and high-caloric diets, demonstrating a
role of circulating (but not of locally released) IL-15 in regulating body fat composition [138].
A recent meta-analysis including 27 studies with 1310 participants undergoing acute or
chronic physical exercise confirmed that acute exercise increases IL-15 levels one hour
after training, with possible roles in improving metabolism in human adult subjects with
different levels of prior training [139]. To date, no correlation between activity-induced
muscle release of IL-15 and OA has been made. Given IL-15’s proposed role in attenuating
age-induced skin deterioration via a muscle-regulated AMPK mechanism [140], its role
in mitigating articular joint tissue deterioration could offer an avenue for further research
(Table 5).

Table 5. Summary of IL-15’s role in obesity and osteoarthritis.

Activity Details

Lean Body Mass Regulation Overexpression in mice increases lean body mass across diets, demonstrating
IL-15’s systemic role in regulating fat composition.

Effects of Exercise Meta-analysis indicates acute exercise significantly increases IL-15 levels,
enhancing metabolism across varying fitness levels.

Potential in OA and Skin Health Potential to mitigate articular joint tissue deterioration and age-related skin issues
through AMPK-regulated mechanisms.

Members of the large transforming growth factor superfamily (TGF) were among the
first isolated from skeletal muscle and described as signaling molecules involved in cell
growth, differentiation, and apoptosis, as well as in muscle tissue regeneration and/or
fibrosis [141].

One of the members of the TGF family, myostatin (also known as growth differen-
tiation factor 8—GDF8), is expressed during the embryonic stage, and acts in limiting
muscle growth during development [142]. Myostatin’s role in negatively regulating skele-
tal muscle growth continues in adulthood, having a role in balancing the anabolic/catabolic
protein synthesis in skeletal muscle fibers. Several modalities for its targeting and inhibit-
ing myostatin gene expression or receptors have been proposed as a therapeutic modality



Nutrients 2024, 16, 4231 14 of 25

to counteract muscle atrophy of various causes (such as genetically inherited muscular
dystrophies, aging, or AIDS–HIV-related) [143]. Myostatin circulates systemically in a
latent form and becomes active upon enzymatic cleavage. Once activated, it binds with
high affinity to ACTRIIB Activin receptors [144]. The consecutive activation of Smad family
transcription factors, specifically Smad2 and Smad3, leads to muscle atrophy by subse-
quently activating the Forkhead Box family transcription factors, FOXO (1, 2, and 3), and
inhibition of the AKT/mTOR pathway [145,146]. Increased levels of myostatin in patients
with heart failure-driven muscle unloading [147] or cancer-related cachexia [148] seem to
confirm its role as a negative skeletal muscle regulator. Conversely, the genetic deletion
of the myostatin gene in vitro and from cardiomyocytes of mice models of heart failure
prevented loss of skeletal muscle fibers, weakness, and exercise intolerance. In the same
model, cardiac myostatin overexpression was found to increase blood levels of myostatin
by four-fold with a consecutive reduction in skeletal and cardiac muscle weight [149].
Peroxisome proliferator-activated receptor gamma co-activator 1-alpha (PGC-1α) is stimu-
lated by physical exercise and its upregulation increases muscle mitochondrial biogenesis.
Compounds that target and inhibit myostatin increase PGC-1α, having FOXO inhibition
and increased insulin sensitivity as a result [150] (Table 6).

Table 6. Summary of the metabolic role of myostatin and its impact on osteoarthritis, weight loss,
and sarcopenia.

Myostatin Details

Function Negatively regulates skeletal muscle growth, balancing anabolic/catabolic
protein synthesis.

Expression Expressed during the embryonic stage; continues to regulate muscle growth
in adulthood.

Receptors Binds to ACTRIIB Activin receptors, activating Smad2/3, leading to
muscle atrophy.

Cachexia and sarcopenic obesity Increased levels associated with muscle wasting in heart failure, cancer cachexia,
and obesity.

Therapeutic Target Inhibiting myostatin is explored as a treatment for muscle atrophy, obesity, and
metabolic syndrome.

Impact on Adipose Tissue Prevents the browning of white adipose tissue (WAT), decreases insulin sensitivity,
and may contribute to obesity-related metabolic issues.

Osteoarthritis (OA) Connection Higher myostatin levels in OA linked to disease severity, muscle atrophy, and
bone resorption; potential target for preventing posttraumatic OA.

Role in Muscle and Bone Maintenance Myostatin inhibition shown to improve muscle mass, and bone density, and
prevent muscle fiber shift in various models, including hypergravity simulation.

Impact on Pain Promotes M1 polarization in nervous tissue, potentially contributing to persistent
pain in OA and after joint surgery.

Therapeutic Potential Targeting myostatin could offer treatment approaches for sarcopenia, cancer
cachexia, and OA-related muscle wasting and bone degeneration.

White adipose tissue is another postnatal organ that expresses myostatin. Adipose
tissue myostatin prevents the browning of adipose tissue and decreases insulin sensitivity.
Increased mRNA myostatin and ActRIIb could be retrieved in visceral and subcutaneous
fat of mice models of obesity [151] as well as in non-diabetic obese patients [152].

Weight loss management in a group of healthy obese patients consisting of physical
exercise, diet, and counseling resulted in increased serum levels of both myostatin and
adiponectin. However, the relative ratio between myostatin and adiponectin serum levels
was dependent on the degree of weight loss; only subjects with more than 5% weight
loss displayed increased strength and exercise capability. The authors concluded that
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monitoring the myostatin/adiponectin ratio during weight loss management could prevent
skeletal muscle mass loss during such interventions [153].

Transgenic myostatin knockout mice displayed increased skeletal muscle mass com-
pared to wild-type mice even when fed a high-fat diet. They also displayed increased
expression of AMPK and phosphorylation within skeletal muscle with consecutive activa-
tion of PGC1α and Fndc5 (irisin precursor), demonstrating that targeting myostatin could
be effective in treating obesity and metabolic syndrome [154].

No direct correlation has been established between physical activity and serum myo-
statin levels in animal models or humans. However, myostatin may function as an energy
modulator in obesity, as studies have shown that trained obese mice exhibit increased
ACTRIIb expression in brown adipose tissue compared to sedentary mice, while no such
increase was observed in visceral fat [155].

Compared to healthy controls, myostatin serum concentration was found to increase
in 184 patients with knee OA correlated with radiographic grading. More advanced OA
stages (KL4) were found to exhibit increased myostatin serum levels compared to KL 3,
2. Myostatin (GDF8) presence within patients with an anterior cruciate ligament (ACL)
tear was found to be predictive of periarticular bone resorption, muscle atrophy, and
weakness at 6 months following ACL reconstruction procedures [156]. In a mice model
of ACL tears, anti-GDF8 administration attenuated posttraumatic OA occurrence and
periarticular bone loss while genetic deletion prevented bone and muscle deficiency after
ACL transection in mice, suggesting that blocking myostatin can function as a modality to
prevent posttraumatic OA [157].

Remarkably, myostatin was shown to promote macrophage type 1 (M1) polarization
within nervous tissue (dorsal root ganglia), this being a key ligand in the neuroimmune
connection that results in persistent OA pain. Circulating myostatin may be a cause for
persistent joint pain even after the surgical removal of pain-producing tissues during total
joint arthroplasty, particularly in the knee joint [158].

A retrospective study including muscle biopsy from patients who had undergone
total hip arthroplasty (THA) for either femoral head fractures (subjects diagnosed with
osteoporosis—OP) or patients who underwent THA for OA. Histomorphometry and im-
munohistology analysis displayed a decrease in muscle regeneration ability with decreased
BMP2/4 and -7 expression and increased myostatin in OP patients compared to OA and
healthy controls while OA patients displayed a higher number of regenerative Pax7 and
myogenin-positive muscle fibers. The authors suggested that BMP and myostatin pathways
are important for the induction of sarcopenia in OA and OP patients and could serve as
therapeutic targets [159].

In a mice model of OA, hypergravity obtained by periodic centrifugation as a re-
placement for physical activity was found to prevent muscle fiber-type shifts and muscle
loss, along with increases in both catabolic (myostatin and myostatin receptor) as well as
irisin precursor gene expression. Hypergravity can mimic some of the effects of resistance
training for trabecular bone and muscle mass but not for cortical bone maintenance [160].

Myostatin and its activin receptors (together with lipocalin A and growth differen-
tiation factor GDF15) have been described as mediators of cachexia–anorexia syndrome
associated with malignancies [161] together with circulating inflammatory factors. Target-
ing the myostatin pathway potentially offers an approach for treating cancer as well as
age-, obesity-, and spinal dystrophy-related muscle loss associated with progressive body
wasting and loss of motor function [162] (Table 6).

Folliculin (a Birt–Hoge–Dubé syndrome tumor suppressor) is a metabolic regulator
involved in intracellular lysosomal nutrient distribution, a part of the signaling cascade
that correlates nutrient availability with mTORC1 activation [163]. Folliculin has been
related to skeletal muscle fiber specification and adaptation to training. Skeletal muscle
fibers in mammals contain a variety of distinct types, which differ based on the type of
myosin heavy chain (MHC) protein, number of mitochondria, and blood capillaries, and
consecutively differ in fatigue resistance and metabolic energetic pathway [164]. Type I
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fibers (“slow twitch”) have a different type of MHC content and capillaries and support
sustained physical activity that relies on oxidative phosphorylation. Type II “fast” fibers
have less myoglobin content and rely on anaerobic glycolysis. They account for muscle
strength and contraction speed but only for small spikes in activity and are quickly fatigued.
Type IIa and IIx have intermediate characteristics between type I and II. Type I fibers rely
on fatty acid oxidation for producing energy; therefore, increasing their representation
within skeletal muscle has been regarded as a strategy to prevent obesity and metabolic-
related diseases [165]. Folliculin-interacting protein-1 (FNIP-1) interacted with folliculin
to control muscle fiber specification in mice, increasing type I fibers, muscle oxidative
phosphorylation, and endurance [166]. FNIP-1, a key regulator of a mitochondrial function,
might act through AMPK and mTORC1 activation in several other immune and metabolic
functions such as the development of immune B and natural killer T cells (NKTs), muscle
fiber-type specification, and browning of white adipocytes [167]. In mice, FNIP-1 activa-
tion using the AMPK pathway governed mitochondrial electron transfer chain complex
assembly, fuel utilization, and, in consequence, exercise performance [168]. FNP-1 involve-
ment in OA onset and progression has not been studied; however, evidence regarding the
muscle–bone homeostatic axis via FNP-1-IGF2 in humans and mice might warrant further
investigation [169].

7. Obesity, Weight Loss Management, and Musculoskeletal Health: A Proposed
Road Ahead

The intricate role of diseases centered on nutritional status and metabolic disturbances
in the onset and/or aggravation of musculoskeletal diseases is increasingly recognized.
Obesity and metabolic syndrome as well as cachexia have been correlated, and occasionally
causally related to degenerative joint diseases in general and OA in particular. Regarding
weight loss and particularly weight loss management, the importance of avoiding muscle
atrophy and even sarcopenia, which sometimes accompany interventions, is recognized as
important. Recent evidence supports the role of several weight loss strategies in alleviating
symptoms and possibly acting in a disease-modifying manner concerning OA treatment.
Thus, GLP-1 agonists were found to significantly reduce OA-related pain in obese individu-
als [170]. Little is known, however, about how weight loss surgery and medication impact
skeletal muscle health, especially when interventions are not accompanied by physical
exercise (Figure 1).

Physical activity and exercise are considered a crucial link between weight loss man-
agement and articular joint functional preservation. In this context, skeletal muscle as an
endocrine organ involved in systemic metabolic balance is increasingly being seen as a
therapeutic modality to address obesity, metabolic syndrome, and OA. There is, however,
little existing evidence to support and inform physical therapy as a therapeutic regimen. In
this respect, we propose that developing personalized exercise programs to optimize the
release of specific myokines, such as irisin and IL-6, could be tested to enhance joint health
and reduce systemic inflammation. Integrating myokine modulation into multidisciplinary
weight management strategies that combine dietary, pharmacological, and physical activity
interventions offers a comprehensive approach. Circulating myokine levels could serve
as valuable biomarkers for tailoring and monitoring treatment efficacy in patients with
OA and obesity. Additionally, promoting physical activity campaigns that emphasize
the systemic benefits of exercise-induced myokine release could extend beyond weight
management, highlighting broader public health benefits.

Thus, the complex interplay between obesity and osteoarthritis (OA) highlights the
importance of addressing both conditions to improve patient outcomes. Obesity exacerbates
OA through mechanical stress and systemic inflammation, while OA symptoms frequently
limit physical activity. Pain-induced inactivity further contributes to weight gain and
metabolic complications. Effective management strategies should encompass weight loss
and muscle rehabilitation to enhance joint health and overall metabolic balance.
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Figure 1. Sedentary life and obesity are associated with muscle inactivity/waste and predominance
of pro-inflammatory status and catabolic myokines (such as Il-6 and myostatin), favoring occurrence
and progression of osteoarthritis. Lean mass, brown adipose tissue, and physical activity increase
predominance of anabolic myokines (such as irisin, BAIBA, myonectin, and FGF21) contributing to
joint health. Ascending arrows signify increased myokine/cytokine expression. More evidence is
needed to understand impact of different types of weight management strategies including physical
activity on muscle mass, myokine release, and articular joint and overall health.

Recent research underscores the significant role of myokines, cytokines released by
muscle tissue during physical activity, in maintaining systemic health. These molecules
influence various physiological processes, including metabolism, inflammation, and tissue
repair, which are crucial in the context of both obesity and OA. Notably, myokines like irisin,
IL-6, and myostatin are implicated in muscle and joint health, with potential therapeutic
implications for metabolic and musculoskeletal diseases.

Exercise-induced myokines promote beneficial adaptations in muscle and adipose
tissues, supporting metabolic regulation and reducing inflammation. For instance, irisin
facilitates energy expenditure and insulin sensitivity, while IL-6 modulates inflammation
and energy substrate availability. Myostatin, on the other hand, negatively regulates muscle
growth, but its inhibition may offer therapeutic potential in preventing muscle atrophy and
enhancing metabolic health.

A significant limitation in the current body of research is the lack of standardized
methodologies for measuring myokine activity across diverse populations and intervention
studies. Variations in techniques, inconsistent sampling protocols, and different analytical
approaches have led to discrepancies in the reported findings, which appear contradictory.
This situation challenges our ability to draw definitive conclusions that can inform clinical
practice as well as future research. Standardized frameworks for assessing myokine levels,
including the timing of measurements relative to exercise or interventions, the selection
of biomarkers, and population-specific factors such as age, sex, and metabolic status,
are urgently needed. Furthermore, there is a pressing need for well-designed clinical
trials that evaluate the efficacy of exercise regimens tailored to modulate myokines in
both OA and obesity. Such trials should incorporate robust outcome measures, including
joint health parameters, systemic inflammation markers, and functional performance
indices, to elucidate the therapeutic potential of myokine-targeted strategies and inform
clinical practice.

Addressing the bilateral relationship between obesity and OA through integrated
approaches involving weight management, physical activity, and myokine modulation
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could provide extensive benefits. Future research should focus on elucidating the precise
mechanisms by which myokines influence joint and metabolic health, optimizing exercise
regimens to enhance myokine release, and developing targeted therapies to mitigate the
adverse effects of obesity and OA. Myokines could be used as biomarkers for following up
on different weight loss strategies as well as overall health status or could be targeted for
pharmacological intervention.

This integrative approach could significantly reduce the burden of these chronic condi-
tions and improve the quality of life and promote the long-term health of affected individuals.
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