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ABSTRACT: Degenerative diseases of the musculoskeletal system, including sarcopenia, osteoarthritis, and 

osteoporosis, represent a cluster of age-associated conditions pathologically linked to chronic inflammation, 

oxidative stress imbalance, and endocrine dysregulation. These musculoskeletal diseases have emerged as a 

critical public health concern in aging populations worldwide, significantly compromising functional mobility 

and overall quality of life. Apelin, an endogenous ligand for the G protein-coupled receptor apelin receptor 

(APJ), constitutes a crucial component of the apelin/APJ signaling system that exhibits extensive distribution 

throughout human physiological systems.  The multifaceted regulatory roles of apelin in cellular homeostasis, 

tissue remodeling, and inflammatory responses position it as a promising therapeutic target for these 

degenerative conditions. This review mainly discusses the effects of apelin on the occurrence and development 

of degenerative diseases in different musculoskeletal systems, aiming to establish a scientific foundation for 

future investigations and to identify novel therapeutic strategies for these conditions. 
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1. Introduction  

 

The apelin system represents a fundamental physiological 

regulatory network that plays crucial roles in maintaining 

systemic homeostasis. It is composed of three essential 

components: apelin receptor (APJ), along with apelin and 

elabela, the two endogenous ligands [1]. Apelin, a 

multifunctional bioactive peptide, serves as the principal 

endogenous ligand for the APJ [2]. It is extensively 

distributed throughout the body, even in peripheral tissues 

like lungs, kidney, heart, bones, joints and muscles， and 

also the central nervous system [3-10]. Notably, 

adipocytes have been identified as primary synthesis sites 

for apelin, establishing its dual classification as both a 

neuropeptide and adipocytokine  [11]. The past decade 

has witnessed exponential growth in apelin-APJ system 

research, driven by emerging insights into its multifaceted 

regulatory capacities spanning energy metabolism, 

inflammatory modulation, and tissue homeostasis 

maintenance. 

Degenerative diseases of the musculoskeletal system 

are a group of diseases related to aging, inflammation, 

oxidative stress, and hormonal changes, including but not 

limited to sarcopenia, osteoarthritis, osteoporosis, and 

intervertebral disc degeneration [12, 13]. With the 

accelerating global aging trend, degenerative 

musculoskeletal disorders have emerged as a pressing 

public health crisis [14]. Despite decades of mechanistic 
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investigations, the etiological complexities underlying 

these age-related pathologies remain elusive. Apelin/APJ 

system greatly impacts physiological processes and 

diseases of musculoskeletal system [15]，demonstrating 

an apparent duality in musculoskeletal homeostasis. 

Activation of the apelin/APJ system can promote bone 

formation [16]. It can also attenuate osteoporosis [17] 

while induce osteoarthritis (OA) [18]. Some scholars have 

found that apelin can promote skeletal muscle formation 

[19] and plays an positive role in accelerating metabolism 

of the skeletal muscle [20].  

 

2. Apelin/APJ System 

 

2.1 Structure of Apelin/APJ 

 

APJ, classified as a G protein-coupled receptor (GPCR) 

family member, was separated in 1993 [21]. Structural 

analysis reveals APJ contains 380 amino acid residues, 

featuring the characteristic seven-transmembrane 

hydrophobic domains of GPCRs, along with conserved 

phosphorylation sites for cAMP-dependent protein 

kinase, in addition to palmitoylation and glycosylation 

sites [22]. APJ receptor protein is closely related to 

angiotensin II receptor type 1 (AT1R) [23]. First 

discovered in 1998, apelin is an endogenous APJ-binding 

peptide hormone purified from bovine stomach tissue 

[24]. Initially translated as a 77-residue precursor peptide, 

apelin is post-translationally cleaved to produce its 

functional variants [25]. This pre-peptide is composed of 

77 amino acid residues, including a putative N-terminal 

secretory signal peptide of 22 amino acids and a C-

terminal domain of 55 amino acids containing a receptor 

binding site [26]. The C-terminal region of apelin contains 

the critical binding determinants for interaction with APJ 

[27].  

To comprehensively understand the biological 

functions of apelin, it is essential to conduct in-depth 

exploration of its diverse subtypes. These subtypes, 

although originating from the same gene, exhibit 

significant structural differences due to different splicing 

modes. Next, we will provide a detailed analysis of the 

molecular characteristics and unique structural properties 

of each subtype of apelin. 

 

2.2 Subtypes of Apelin 

 

Apelin is considered to belong to the adipokine family and 

is mainly encoded by the apelin gene (APLN). In humans, 

the APLN resides on the long arm of chromosome X 

(Xq25-26.1), encoding a 77 amino acid proprotein [21]. 

This propeptide contains a site with many basic amino 

acid residues (such as Arg-Arg and Arg-Lys), which is cut 

into different subtypes by the endoprotease. For instance, 

dibasic residues contained within the motif RR-XX-RR 

are recognized and cleaved by the proprotein convertase 

subtilisin/kexin type 3 (PCSK3), commonly known as 

furin. Thus forms a biologically active apelin fragment 

family, including but not limited to apelin-13, apelin-17 

and apelin-36 [21, 28, 29]. The C-terminus of all apelin 

subtypes has a common 12-amino acid residue sequence 

structure (Arg-Pro-Arg-Leu-Ser-His-Lys-Gly-Pro-Met-

Pro-Phe) which is exhibits remarkable phylogenetic 

conservation across diverse species. And it is essential for 

receptor activation [30]. Angiotensin-converting enzyme 

2 (ACE2), a circulating metalloprotease, post-

translationally processes apelin by cleaving the C-

terminal phenylalanine residue from all its isoforms [31]. 

The removal of phenylalanine is related to the decrease of 

cell reaction [32]. 

The main difference between different subtypes is the 

size of peptide. The 77-amino acid precursor undergoes 

sequential proteolytic cleavage, initially yielding apelin-

55, which is subsequently processed into shorter active 

forms including apelin-36, apelin-17, and apelin-13 [33]. 

Different apelin subtypes have different receptor binding 

affinity and lead to different APJ intracellular transport. 

Notably, this ability seems to be size-dependent [24]. 

Shorter apelin subtypes like apelin-13 and apelin-17 seem 

to be more effective APJ activators than apelin-36 [34]. 

Comparative functional analyses reveal apelin-13 and its 

pyroglutamate-modified derivative (Pyr-apelin-13) 

exhibit the highest biological activity among all apelin 

isoforms [35]. Apelin-13 is conserved in various species 

[36], and it can be detected in human plasma [37]. 

Structural characterization reveals the N-terminal RPRL 

motif of apelin-13 adopts a classical β-turn conformation, 

as demonstrated by nuclear magnetic resonance 

spectroscopy [38], which is related to the specific 

recognition function of the receptor [39]. Therefore, 

shorter isoforms such as apelin-9, apelin-10 and apelin-11 

have also been shown to be inactive [34, 40]. And it was 

finally found that apelin could not be truncated to a shorter 

form than apelin-12 at the N-terminus, otherwise it would 

lose the ability to bind to ARJ and correspondingly lose 

signal transduction activity [27]. Pyr-apelin-13 is 

generated through post-translational cyclization of apelin-

13's N-terminal glutamine into pyroglutamic acid, a 

modification that confers resistance to N-terminal 

degradation and enhances plasma stability [41]. It has 

been reported that apelin-17 has a better performance in 

recruiting β-arrestin [42], and inhibited intracellular 

cAMP production [43]. Apelin-36 can activate protein 

kinase C, promote cell proliferation and inhibit apoptosis 

[44-46]. Following apelin-36-induced internalization, the 

APJ receptor undergoes β-arrestin1-mediated trafficking 

to endolysosomal compartments via a Rab7-regulated 

pathway [47]. Prior to 2014, apelin was thought to be the 
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exclusive endogenous APJ agonist, when research 

revealed Elabela as a second physiologically relevant 

ligand [48] (Fig. 1). 

 
Figure 1. APLN is located on the human chromosome Xq25-26.1, encoding a 77 amino acid proprotein (apelin-77). After cut 

into different subtypes by the endoprotease (such as PCSK3), it gradually becomes a shorter subtype. The C-terminus of all apelin 

subtypes has a common 12-amino acid residue sequence structure, which has the ability to specifically bind to APJ. The shorter the 

length, the stronger the subtype activity. Apelin-13 and its pyroglutamic acid modified form Pyr-Apelin-13 are the most active 

subtypes. Created in BioRender. 

The various subtypes of apelin not only have different 

structures, but also have different biological functions, 

mainly due to the different signaling pathways activated 

by their binding to receptors, thus exerting diverse 

physiological effects. Next, we will explore the key 

signaling transduction mechanisms mediated by apelin. 

 

2.3 Signal Transduction and Function of Apelin 

 

The apelin/APJ system can be activated by different 

factors to initiate a series of subsequent signal 

transduction. One of these factors is hypoxia. Cellular 

responses to low oxygen are orchestrated by hypoxia 

inducible factor (HIF), a functional heterodimer formed 

by the interaction between HIF-1α and HIF-1β proteins 

[49]. HIF-1α has biological activity and functions as an 

essential mediator in oxygen homeostasis [50]. Research 

demonstrates that HIF-1α-mediated transcriptional 

activation upregulates both apelin and APJ expression 

under hypoxic conditions [51]. This has also been 

confirmed in bone marrow-derived mesenchymal stem 

cells (BMSC) [52]. In addition, bone morphogenetic 

protein (BMP) inhibited hypoxia-induced endothelial 

apelin upregulation [53]. Another study demonstrates that 

exposure to chemical hypoxia can also significantly 

increase the level of apelin in rat liver [54].  

In addition to hypoxia, inflammation is another 

powerful factor in activating the apelin/APJ system [55]. 

Inflammation represents a protective physiological 

response triggered by pathogenic invasion or cellular 

injury [56]. The mediators involved in inflammation 

include, but are not limited to, inflammatory cytokines, 

chemokines, and proteolytic enzymes. The inflammatory 

cytokine network encompasses tumor necrosis factor-

alpha (TNF-α), interleukin-1(IL-1), and interleukin-6(IL-

6), which are produced by numerous cell types. As key 

effector cells, macrophages and mast cells orchestrate 

multiple inflammatory processes through endothelial / 

leukocyte activation and acute-phase protein induction 

[57]. Inflammatory response can lead to the activation and 

conduction of apelin signal in vivo. For instance, 

inflammatory cytokines like IL-6 and interferon-gamma 
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(IFN-γ) can increase intestinal apelin levels by activating 

Jak/Stat3 signal transduction in vivo and in vitro [58]. 

Another animal experiment demonstrated that pancreatitis 

could activate apelin, and enhanced apelin-APJ signaling 

regulates pancreatitis and fibrosis during pancreatitis [59]. 

Functioning as an adipokine, apelin demonstrates 

significant involvement in obesity-related metabolic 

dysregulation, including the development of insulin 

resistance [60, 61]. Prolonged obesity and excessive 

nutrient intake promote insulin resistance and sustain low-

grade inflammation [62]. Obesity and insulin increase the 

content of apelin in adipocytes. A study has shown that 

plasma insulin directly promotes apelin production and 

gene transcription in adipocytes by activating PI3K, 

ERK1/2 and PKC in vitro and in vivo [60]. Comparative 

analyses reveal significantly higher plasma apelin 

concentrations in both insulin-resistant subjects and 

severely obese type 2 diabetics versus healthy control 

populations [63-65]. Relevant evidence suggests that 

targeting apelin/APJ signal transduction may represent a 

potential new way to design insulin resistance therapy 

[66]. 

In clinical trials, exercise has also been shown to be 

associated with apelin. Long-term exercise can increase 

the content of apelin in obese individuals, thus delaying 

the progression of metabolic diseases [67]. In turn, apelin 

can be used as an exercise-sensitive factor to increase the 

potential for exercise [68]. While another clinical trial 

showed that exercise seemed to have no effect on apelin 

levels in individuals with type 2 diabetes [69]. This may 

be due to the heterogeneity of different diseases. 

As a GPCR, APJ exhibits significant heterogeneity in 

signal transduction. This receptor mainly works by 

coupling with the Gαi/o protein subtype, where the Gαi 

protein subunit mediates adenylate cyclase inhibition, 

leading to decreased intracellular cAMP production, and 

thereby affect the activation of protein kinase A (PKA)  

[70, 71] . In different cell lines, APJ exhibits a clear 

preference for G protein conjugation: it preferentially 

binds to Gαi1/2 in CHO and HEK293 cells, while it tends 

to bind to Gαi3 in HUVEC cells  [72-74].  

The C-terminal domain of APJ undergoes 

phosphorylation at five distinct serine residues (Ser335, 

Ser339, Ser345, Ser348, and Ser369), a critical 

modification required for β-arrestin recruitment [75, 76]. 

APJ mutation does not interfere with the phosphorylation 

process of β-arrestin itself, but significantly changes its 

signal transduction function, especially the role of Ser335 

and Ser339 sites. Briefly, Ser335 mutation leads to a 

decrease in the binding ability of the receptor to β-

arrestin1 / 2 and AP2.Ser339 mutation completely blocks 

the interaction between the receptor and GRK2 / β-

arrestin1 / 2 under apelin-36 stimulation, which leads to 

the failure of normal internalization of the receptor, thus 

interrupting the β-arrestin-dependent ERK1 / 2 activation 

pathway.  

In the pathological state of ischemia or hypoxia, 

apelin exerts a significant protective effect by activating 

the reperfusion injury salvage kinase (RISK) signaling 

pathway [77]. This protective mechanism involves three 

key signaling molecules in the RISK pathway: PI3K/Akt 

pathway, p44/42 MAPK and ERK1/2. Animal 

experiments further confirmed that apelin can specifically 

activate the two important signal transduction pathways 

of PI3K / Akt and p44 / 42 MAPK under ischemia and 

hypoxia conditions [36]. Thus, effectively counteract the 

cell damage caused by ischemia and hypoxia by 

promoting the molecular mechanism of cell growth and 

survival. Apelin plays a synergistic regulatory role of 

multiple targets to achieve the protective effect on cells.  

The apelin/APJ system exerts potent anti-inflammatory 

actions by modulating key signaling pathways - 

suppressing NF-κB and JNK activation while inhibiting 

pro-inflammatory mediators including TNF-α, IL-1β/6/8, 

monocyte chemoattractant protein-1 (MCP-1), 

nitricoxidesynthase (NOS), and reactive oxygen species 

(ROS) production [22]. Research has shown that apelin 

exerts specific anti-inflammatory mechanisms in different 

organ systems. In a rat model of heart failure, apelin-13 

significantly inhibits ROS generation and NF-κB 

phosphorylation by promoting the Akt/eNOS 

phosphorylation pathway, thereby downregulating the 

expression of pro-inflammatory factors such as TNF-α, 

MCP-1, and IL-1β, effectively improving vascular lesions 

and inflammatory responses [78]. In addition, multiple 

studies have confirmed that exogenous apelin treatment 

can significantly reduce lung tissue inflammation 

infiltration and pathological damage by inducing 

activation of the PI3K/Akt signaling pathway [79]. In the 

mouse model of diabetes nephropathy, exogenous apelin-

13 treatment can up regulate the expression of APJ 

receptor and catalase, reduce the structural changes of 

kidney caused by diabetes, and reduce the expression of 

renal inflammatory mediators such as MCP-1, vascular 

cell adhesion molecule-1(VCAM-1) by inhibiting NF-κB 

signaling pathway [80]. In the intestinal system, the 

apelin/APJ system promotes lymphatic drainage by 

synergistically activating the Akt and ERK1/2 signaling 

pathways, thereby reducing the infiltration of colonic 

mucosal inflammatory cells [81]. These findings 

collectively reveal the molecular basis of apelin's multi 

organ protective effects under different pathological 

conditions. Studies indicate that the biological actions of 

administered apelin are context-specific, varying 

significantly with dosage and delivery method  [82] (Fig. 

2). 
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Figure 2. Many factors can activate the Apelin/APJ system, such as inflammation, obesity and insulin resistance, exercise, 

and the production of HIF under hypoxic conditions. Apelin binds to APJ and conducts downstream signal transduction 

through G protein. Such as inhibiting NF-κB and JNK signaling pathways, down-regulating the content of PKA. It can also 

activate MAPK/β-arrsetin / ERK cascade signaling, promote cytokine expression, activate Akt / mTOR signaling pathway, etc. 

Created in BioRender. 

Given the important role of the apelin signaling 

pathway in cellular regulation, its association with 

degenerative diseases of the musculoskeletal system has 

received increasing attention in recent years. Research has 

shown that abnormal expression of the apelin/APJ system 

may be involved in the pathological processes of various 

degenerative diseases. Next, we will focus on exploring 

the potential mechanisms of apelin in degenerative 

diseases of the musculoskeletal system such as 

sarcopenia, osteoarthritis, and osteoporosis. 

 

3. Apelin and Degenerative Diseases of the Motor 

System 

 

3.1 Apelin and Sarcopenia 

 

Sarcopenia represents a progressive, systemic 

musculoskeletal disorder characterized by accelerated 

decline in both muscle mass and strength, clinically 

associated with elevated risks of falls, functional 

impairment, frailty, and mortality [83].  

Sarcopenia pathogenesis is multifactorial, with 

current research highlighting several key contributors: 

age-related physiological decline, hormonal 

dysregulation, chronic low-grade inflammation, oxidative 

stress imbalance, α-motor neurons degeneration, 

mitochondrial dysfunction, dysregulated myocyte 

autophagy, accelerated apoptosis of myonuclei, and 

satellite cell dysfunction  [84]. Mitochondrial dysfunction 

has emerged as the central pathophysiological mechanism 

of skeletal muscle aging and sarcopenia development 

[85], primarily attributable to the tissue's high oxidative 

metabolic demands that predispose myocytes to ROS-

mediated damage when mitochondrial integrity is 

compromised [86].  

Emerging evidence demonstrates an inverse 

correlation between apelin levels and sarcopenia 

prevalence [87, 88]. Apelin can affect the progression of 

sarcopenia through a variety of mechanisms. Apelin 

exerts multifactorial therapeutic effects through 

coordinated activation of AMPK/AKT/P70S6K signaling 

axes, which promote mitochondrial biogenesis and 

stimulate muscle protein synthesis [89]. These combined 
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mechanisms ultimately preserve metabolic homeostasis 

and rejuvenate satellite cell functionality in aging 

musculoskeletal systems [90]. Local apelin secreted by 

muscles increases their endurance by increasing 

mitochondrial number and activating AMPK, which 

indicates that there may be an autocrine regulatory loop in 

skeletal muscle [91]. Apelin stimulates epigenetic 

remodeling of the peroxisome proliferator-activated 

receptor gamma coactivator-1α promoter through DNA 

demethylation, upregulating its expression in developing 

muscle tissue and promoting mitochondrial biogenesis 

[92].The level of apelin is positively correlated with the 

number of capillaries, which increases the angiogenesis of 

skeletal muscle and plays an active role in muscle 

physiological changes [93]. In addition to its other roles, 

apelin enhances cellular autophagy, reduces muscular 

inflammation, and facilitates the regenerative capacity of 

satellite cells [94]. Apelin as a biomarker and a 

component of the diagnostic criteria for frailty shows a 

statistically significant correlation [95]. In many animal 

experiments also confirmed the above conclusion  [87, 90, 

96-100] that apelin helps to fight the progress of 

sarcopenia. A clinical trial has also shown that muscle 

strength after resistance training in middle-aged people is 

associated with muscle mass and transcriptional 

adaptation of apelin signaling [101]. 

A variety of mechanisms are also involved in the 

regulation of apelin content. At the micromolecular level, 

some cytokines have been shown to regulate the content 

of apelin. For example, the concentration of TGF-β 

increases with age, and high concentrations of TGF-β can 

reduce the expression of apelin, resulting in rotator cuff 

degeneration [102]. Another cytokine is TNF-α，which 

has been proved to be able to stimulate the expression of 

apelin in mouse and human adipose tissue [103, 104]. 

Interestingly, TNF-α can induce Apelin mRNA 

expression in muscle cells from young mice. However, 

TNF-a failed to induce apelin expression in aged mouse-

derived muscle cells [103]. The specific mechanism of 

TNF regulating apelin needs to be further explored. In the 

macro level, it has been reported that age is one of the 

regulatory factors, and the level of apelin in humans and 

rodents is reduced in an age-dependent manner [105]. 

Another well-known macro-regulatory factor is exercise. 

After a period of aerobic exercise, the expression of apelin 

in male or female subjects was upregulated [96, 106, 107]. 

At the same time, studies have shown that after an acute 

resistance training, the release of apelin in athletes is also 

more than that in non-athletes [108]. 

So apelin 's effect against sarcopenia seems certain, 

but interestingly, some literature supports different 

results. A study has shown that apelin is significantly 

increased in patients with sarcopenia compared to non-

sarcopenia subjects [109]. Contradicting these findings, 

certain cross-sectional analyses have failed to establish a 

significant correlation between circulating apelin 

concentrations and sarcopenia prevalence in elderly 

populations  [110, 111]. This may be due to the fact that 

sarcopenia involves a series of pathophysiological 

processes, such as hypoxia and inflammation. As 

mentioned earlier, hypoxia and inflammation can activate 

the apelin/APJ system, and apelin can exert hypoxia 

protective and anti-inflammatory effects through different 

mechanisms. Therefore, at a certain stage of disease 

progression, due to the compensatory effect of the body, 

the content of apelin in patients with sarcopenia may 

increase. Apelin is related to aging in the body, and it 

decreases with age [19]. Therefore, apelin in elderly 

patients with sarcopenia is subjected to two completely 

opposite driving forces, resulting in a statistically 

"unrelated" result. So, it is necessary to conduct larger 

scale clinical trials involving different populations to 

further explore the impact of apelin on sarcopenia. 

 

3.2 Apelin and Osteoarthritis 

 

Osteoarthritis (OA) represents the predominant arthritic 

disorder in clinical populations [112]. As a chronic joint 

pathology, OA manifests through hyaline cartilage 

erosion, inflammatory synovitis, aberrant bone 

remodeling beneath the cartilage, and bony outgrowth 

formation [113]. The hallmark pathological feature of OA 

is progressive deterioration of articular cartilage [114]. 

Chondrocyte activation in OA drives the release of 

catabolic factors such as MMP-1/3/13 and ADAMTS-4/5, 

contributing significantly to joint destruction [115]. 

Many studies have pointed out that apelin is a risk 

factor for OA. Apelin has been proved to promote 

cartilage catabolism by many studies [116-118]. 

Investigations have demonstrated elevated apelin levels in 

the synovial fluid of knee OA patients compared to 

healthy controls  [117, 119]. Reducing the expression of 

apelin can reduce the severity of OA cartilage and may 

become one of the targets for future OA treatment [120]. 

In view of these findings, apelin can be considered as a 

risk factor for OA pathophysiology [121]. Apelin has been 

used as a biomarker to evaluate the efficacy of OA 

patients in clinical trials [122]. 

Apelin promotes the progress of OA through a variety 

of mechanisms, among which the relationship between 

apelin and VEGF and hydrolase is deeply studied. VEGF 

is a powerful angiogenic stimulator that contributes to the 

inflammatory process [123]. The level of apelin in the 

synovial fluid of the temporomandibular joint is 

positively correlated with the patient 's age and VEGF 

level [119]. Comparative analyses reveal markedly 

elevated VEGF expression in OA patients relative to 

healthy controls [124, 125]. At the genetic level. Genetic 
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variants in VEGF are strongly associated with elevated 

risk of osteoarthritis development [126]. A randomized 

controlled trial demonstrated that elevated VEGF 

concentrations in both plasma and synovial fluid correlate 

strongly with radiographic disease severity in knee OA 

[127]. Apelin can also inhibit the expression of miR-150-

5p through the FAK / Src / Akt signaling cascade, thereby 

enhancing VEGF expression and angiogenesis and 

promoting the progression of OA [128]. 

As mentioned above，  although OA is a disease 

involving the entire joint, it is characterized by 

progressive decomposition and loss of articular cartilage 

[129]. Many hydrolases can promote the decomposition 

of cartilage and extracellular matrix (ECM). Among them, 

matrix metalloproteinase (MMP) is considered to be the 

central mediator of cartilage destruction networks in OA 

pathogenesis  [130]. Apelin promotes chondrocyte 

proliferation while upregulating expression of catabolic 

factors (MMP-1, -3, -9 and IL-1β) and downregulating 

collagen II production. Notably, IL-1β serves as a potent 

cartilage-degrading cytokine [131]. In synovial cells, the 

expression of IL-1β is inhibited by miR-144-3p, and the 

apelin/APJ system can inhibit the expression of miR-144-

3p by phosphorylating PI3K and extracellular signal-

regulated kinase (ERK), thereby up-regulating IL-1β and 

inducing OA [120]. As crucial mediators of cartilage 

degeneration, ADAMTS enzymes specifically target and 

degrade chondrocyte extracellular matrix proteins, 

resulting in structural deterioration [132]. Through apelin 

treatment, it was observed that the mRNA levels of 

ADAMTS-4 and -5 were significantly increased, and 

histological evaluation revealed the depletion of 

proteoglycans in articular cartilage [116]. These findings 

suggest that apelin promotes cartilage catabolism and is a 

risk factor for OA pathophysiology. 

One of the clinical manifestations of osteoarthritis is 

joint pain, and apelin can also cause joint pain through 

different mechanisms. KEGG pathway analysis of 

upregulated differentially expressed genes in 

CD39+CD55- fibroblasts revealed significant enrichment 

in both the Apelin signaling pathway and cGMP-PKG 

cascade, potentially implicating these mechanisms in pain 

pathogenesis [133]. Emerging evidence suggests 

synovial-derived VEGF contributes to OA-associated 

nociception, potentially through functional interactions 

with apelin signaling cascades [123]. 

 

3.3 Apelin and Osteoporosis 

 

Osteoporosis represents a systemic skeletal disorder 

marked by diminished bone density and deteriorated 

microarchitecture, leading to reduced mechanical 

integrity and heightened susceptibility to fractures [134]. 

Osteoporosis pathogenesis involves multifactorial 

mechanisms such as aging, diminished mechanical 

loading, endocrine dysfunction, and stress-induced 

alterations in osteogenic transcription, collectively 

disrupting the equilibrium between osteoclastic bone 

resorption and osteoblastic formation [135], that is, 

osteoclasts absorb bone through acidification and 

proteolysis, and osteoblasts secrete organic matrix into the 

absorption chamber [136].This imbalance can lead to 

osteoporosis. The bone marrow niche comprises a 

sophisticated cellular network that cooperates with 

BMSCs to sustain skeletal homeostasis through lifelong 

remodeling [137]. Apelin can affect the physiological 

changes of BMSCs, osteoblasts, and osteoclasts, thereby 

exerting a role in resisting osteoporosis.  

BMSCs exhibit numerous advantageous properties 

that make them ideal candidates for regenerative medicine 

applications [138]. In BMSCs, the Wnt/β-catenin cascade 

serves as the primary mechanistic pathway through which 

apelin promotes osteogenesis. Dysregulation of this 

signaling axis represents a fundamental contributor to 

impaired bone formation in osteoporosis [139]. The 

apelin/APJ axis enhances BMSC osteogenesis by 

activating Wnt/β-catenin signaling, thereby upregulating 

the expression of bone-related genes and proteins  [16]. 

For instance, procollagen type I propeptide (PINP) is a 

protein derived from osteoblasts and can be used as a 

biomarker to evaluate the efficacy of osteoporosis [140]. 

The carboxy-terminal telopeptide of type I collagen 

(ICTP) serves as a unique biochemical marker of bone 

resorption, representing a specific degradation product of 

type I collagen metabolism [141]. A direct association 

between apelin levels and PINP concentration, while 

demonstrating an inverse relationship with ICTP  [17]. 

Lack of apelin can also lead to decreased expression of 

lysyl oxidase subtypes loxl3 and loxl4 [142]. Loxl can 

mediate the formation of collagen fibers, and collagen 

fibers can act as a three-dimensional scaffold for tissue 

mineral deposition, which is conducive to bone formation. 

[143]. In other aspects, apelin-13 activates mitophagy in 

BMSC and improves oxidative stress, thereby restoring 

osteogenic function through AMPK-α phosphorylation  

[144]. Preclinical studies demonstrate apelin's regulatory 

capacity in bone homeostasis, with apelin-13 exhibiting 

osteoprotective effects through modulation of BMSC 

inflammatory responses and apoptosis pathways [145]. 

Apelin also exerts its physiological effects by acting 

on osteoblasts and osteoclasts. Apelin/APJ receptor 

engagement triggers both PI3K/Akt pathway initiation 

and enhanced JNK phospho-activation, collectively 

driving osteoblast multiplication [146]. While for 

osteoclasts, apelin-13 inhibits osteoclastogenesis and 

bone resorptive activity by attenuating NLRP3 

inflammasome-mediated pyroptosis through Nrf2 

pathway activation  [147]. From another perspective, 
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relevant studies have shown that ROS accumulation can 

upregulate RANKL/M-CSF, activate MAPK and NF - κ 

B pathways, promote osteoclast differentiation, and 

exacerbate osteoporosis [148]. The activation of APJ can 

enhance mitochondrial autophagy, reduce ROS, and 

inhibit NLRP3/IL-1 β inflammatory response through the 

AMPK-BNIP3-PINK1-PARKIN axis [149]. Through this 

mechanism, the apelin/APJ system can indirectly inhibit 

the function of osteoclasts, thereby delaying osteoporosis. 

 

 
Figure 3. Apelin affects degenerative diseases of the musculoskeletal system through different mechanisms. Upper-left 

section: Apelin delays the progression of sarcopenia at the overall level. Apelin promotes angiogenesis The level of apelin is 

positively correlated with the number of capillaries, which increases the angiogenesis of skeletal muscle and plays an active role 

in muscle physiological changes. It rejuvenates satellite cell functionality in aging musculoskeletal systems. Apelin also induces 

DNA demethylation of the peroxisome proliferator-activated receptor gamma coactivator-1α (Ppargc1a) promoter and enhances 

its expression in fetal muscle and mitochondrial biogenesis. Apelin coordinated activation of AMPK/AKT/P70S6K signaling 

axes, which promote mitochondrial biogenesis and stimulate muscle protein synthesis. Upper-right section: Apelin promotes 

the pathophysiological progress of osteoarthritis. Apelin can inhibit the expression of miR-150-5p through the FAK / Src / Akt 

signaling cascade, thereby enhancing VEGF expression and angiogenesis and promoting the progression of OA. Apelin can 

induce the expression of a variety of hydrolases, such as ADAMTS, MMP, IL-1β. Thus, destroying the cartilage matrix and 

aggravating the severity of osteoarthritis. Lower-middle section: Apelin can fight the disease progression of osteoporosis. 

Apelin enhances BMSC osteogenic differentiation via Wnt/β-catenin signaling, upregulating bone-specific genes/proteins while 

concurrently activating AMPK-α-dependent mitophagy to alleviate oxidative stress and restore osteogenic capacity. Conversely, 

apelin deficiency reduces LOXL3/4 expression—enzymes critical for collagen fiber crosslinking, which provides the structural 

scaffold for mineral deposition during bone formation. Apelin can activate PI3K / Akt signal transduction and enhance JNK 

phosphorylation, thereby promoting osteoblast proliferation. Apelin-13 mitigates osteoclast formation and bone resorption by 

suppressing NLRP3 inflammasome-driven pyroptosis via activation of the Nrf2 signaling pathway. The activation of APJ can 

enhance mitochondrial autophagy, reduce ROS, and inhibit NLRP3/IL-1 β inflammatory response through the AMPK-BNIP3-

PINK1-PARKIN axis. Created in BioRender. 
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At the genetic level, there are also valuable discoveries.  

[149]. Briefly, a study investigating ketogenic diet-

induced osteoporosis revealed that KEGG pathway 

analysis highlighted significant enrichment of the apelin 

signaling pathway, PI3K-Akt signaling pathway and 

ECM-receptor interaction pathway, with these pathways 

exhibiting both high enrichment scores and a substantial 

number of differentially expressed genes. This indicates 

that genetic factors are also worth further investigation. 

Apelin can delay the progression of osteoporosis 

[150, 151]. Nevertheless, apelin from different sources 

seems to have inconsistent effects on bone formation. 

Apelin can promote osteoblast proliferation and inhibit 

osteoblast apoptosis through the APJ / PI3 kinase / Akt 

pathway. Notably, apelin secreted by osteoblasts shows 

no significant influence on Runx2 levels, ALP enzymatic 

activity, or the production of osteocalcin and collagen I, 

suggesting it does not regulate osteogenic differentiation 

[146, 152, 153]. While muscle-derived apelin plays an 

active role in bone formation [105]. Interestingly, mice 

lacking adipose-derived apelin showed an increase in 

bone mass [154]. This also indicates that the 

musculoskeletal system is an interdependent organic 

whole, and the specific mechanism by which apelin 

regulates bone formation needs further exploration. 

Apelin has a variety of active forms, among which apelin-

13 has important physiological significance [155]. It has 

been reported that apelin-13 levels are lower in 

osteoporosis patients than in non-osteoporosis individuals 

[17, 142]. The intrinsic mechanism of Apelin-13 

regulation has potential therapeutic value in the treatment 

of osteoporosis. 

Although apelin is associated with osteoporosis, a 

previous clinical study has shown that apelin is not an 

important independent predictor of bone strength [156]. 

Interestingly, previous studies have found that apelin 

knockout mice have increased bone mass compared with 

wild-type mice, indicating that apelin has an anti-

synthetic metabolic effect in vivo [154]. Despite this, 

most current studies support apelin as a protective factor 

for osteoporosis. In order to fully tap the potential of 

Apelin in the field of osteoporosis treatment, the effect of 

Apelin on osteoporosis still needs further study (Fig. 3). 

 

4. Discussion 

 

Degenerative diseases of the motor system are a group of 

diseases related to multiple factors, which seriously affect 

the patient 's ability to work and lead to adverse sequelae 

such as fractures and even death [157]. Global population 

aging has precipitated a marked increase in the incidence 

and prevalence of locomotor system degenerative 

disorders, significantly impairing patient quality of life 

while escalating healthcare expenditures worldwide. In 

this article, we mainly reviewed the association between 

apelin and motor system degenerative diseases. As 

discussed above, apelin plays a pleiotropic role in the 

development of degenerative diseases of the motor 

system. The mainstream view is that in bone-related 

aspects, apelin can delay the progression of osteoporosis 

through different mechanisms and signaling pathways. 

Nevertheless, apelin promotes the pathophysiology of 

OA. When it comes to muscle-related aspects, apelin 

fights the progression of sarcopenia. 

The above results are mainly based on animal 

experiments. However, further large-scale clinical trials 

are needed to perform for the benefit of determining 

whether apelin can be used as a reliable biomarker for 

degenerative diseases of the human motor system. As 

mentioned above, a few of animal experiments support the 

opposite result. What’s more, A small number of clinical 

trials have suggested that apelin may lack the association 

with motor system degenerative diseases [110, 111, 156], 

which makes it challenging to further prove whether 

apelin has reliable clinical significance in practical 

applications. However, there is more evidence to support 

that there is a close relationship between apelin and 

degenerative diseases of the motor system [15, 19]. When 

there are conflicting conclusions between basic research 

(such as cell and animal experiments) and clinical 

research, more rigorous epidemiological and translational 

medicine strategies are needed to validate and resolve 

these differences. Firstly, the internal validity of clinical 

research should be reassessed, potential selection bias or 

information bias should be identified, and subjects should 

be strictly screened to avoid confounding factors. Multi-

center clinical cohort studies can also be conducted to 

further reduce bias. Due to the objective differences in 

physiology between humans and animals, as well as the 

influence of in vivo and in vitro experimental conditions 

on experimental results, and the existence of many 

unexplored physiological mechanisms in the medical field 

that may also affect experimental results, the results of 

cell and animal experiments cannot be fully extrapolated 

to clinical applications. It is crucial to adopt reverse 

transformation, within the framework of medical research 

ethics, by using humanized animal models to reproduce 

basic research results in a near clinical environment, while 

using techniques such as single-cell sequencing to reveal 

cellular heterogeneity that may be masked by population 

data. 

Further research in the future can focus on the 

relevant signal transduction of apelin, to further elucidate 

the relationship between upstream pathophysiological 

stimuli and downstream signals. At the same time, 

attention should be paid to the heterogeneity of the target 

audience of apelin, and basic research should be 

conducted on different cells, tissues, and organs to 
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provide reliable basis for the formulation of precise 

treatment strategies in the future. The specific biological 

mechanism of apelin regulation may be an interesting 

strategy for the prevention as well as treatment of 

degenerative diseases of the motor system, and may be a 

potential and promising therapeutic target, which should 

attract further attention in future research. 

 

Acknowledgements 

 

This work was supported by the National Key R&D 

Program of China (No. 2023YFC3603400); National 

Natural Science Foundation of China (No. 82272611, 

82472522, 92268115); Hunan Provincial Science Fund 

for Distinguished Young Scholars (No. 2024JJ2089), 

Science and Technology Innovation Programm of Human 

Province (No. 2023SK2024); Provincial Clinical Medical 

Technology Innovation Project of Hunan (No. 2020SK 

53709); National Clinical Research Center for Geriatric 

Disorders (Xiangya Hospital, Grant No. 2021LNJJ05, 

Grant No.2021KFJJ02), Natural Science Foundation of 

Human Province (No. 2023JJ30949), the Fundamental 

Research Funds for the Central Universities of Central 

South University (2024ZZT S0274). 

 

Competing interests 

 

The authors declare that there are no potential competing 

interests. 

 

Author contributions 

 

Jinkun Xu and Hengzhen Li: Resources, Investigation, 

Data curation, Writing-Original draft preparation, 

Visualization. Jianfeng Sun, Gaoming Liu, Yuming Yao, 

Dongliang Yuan: Resources, Investigation, Writing-

Review & editing. Wenfeng Xiao and Yusheng Li: 

Conceptualization, Methodology, Writing-Review & 

editing, Supervision, Project administration, Funding 

acquisition. 

 

References 

 
[1] Read C, Nyimanu D, Williams TL, Huggins DJ, Sulentic 

P, Macrae RGC, et al. (2019). International Union of 

Basic and Clinical Pharmacology. CVII. Structure and 

Pharmacology of the Apelin Receptor with a 

Recommendation that Elabela/Toddler Is a Second 

Endogenous Peptide Ligand. Pharmacol Rev, 71:467-

502. 

[2] Chapman FA, Maguire JJ, Newby DE, Davenport AP, 

Dhaun N (2023). Targeting the apelin system for the 

treatment of cardiovascular diseases. Cardiovasc Res, 

119:2683-2696. 

[3] Yan J, Wang A, Cao J, Chen L (2020). Apelin/APJ 

system: an emerging therapeutic target for respiratory 

diseases. Cell Mol Life Sci, 77:2919-2930. 

[4] Luo H, Han L, Xu J (2020). Apelin/APJ system: A novel 

promising target for neurodegenerative diseases. J Cell 

Physiol, 235:638-657. 

[5] Major J, Crotta S, Finsterbusch K, Chakravarty P, Shah 

K, Frederico B, et al. (2023). Endothelial AHR activity 

prevents lung barrier disruption in viral infection. 

Nature, 621:813-820. 

[6] Chapman FA, Melville V, Godden E, Morrison B, Bruce 

L, Maguire JJ, et al. (2024). Cardiovascular and renal 

effects of apelin in chronic kidney disease: a randomised, 

double-blind, placebo-controlled, crossover study. Nat 

Commun, 15:8387. 

[7] Wei M, Wu T, Chen N (2024). Bridging neurotrophic 

factors and bioactive peptides to Alzheimer's disease. 

Ageing Res Rev, 94:102177. 

[8] Trang NTN, Lai CY, Tsai HC, Huang YL, Liu SC, Tsai 

CH, et al. (2023). Apelin promotes osteosarcoma 

metastasis by upregulating PLOD2 expression via the 

Hippo signaling pathway and hsa_circ_0000004/miR-

1303 axis. Int J Biol Sci, 19:412-425. 

[9] Xu J, Si H, Zeng Y, Wu Y, Zhang S, Liu Y, et al. (2023). 

Transcriptome-wide association study identifies new 

susceptibility genes for degenerative cervical 

spondylosis. Bone Joint Res, 12:80-90. 

[10] Fasshauer M, Blüher M (2015). Adipokines in health and 

disease. Trends Pharmacol Sci, 36:461-470. 

[11] Li C, Cheng H, Adhikari BK, Wang S, Yang N, Liu W, 

et al. (2022). The Role of Apelin-APJ System in Diabetes 

and Obesity. Front Endocrinol (Lausanne), 13:820002. 

[12] Vincent HK, Raiser SN, Vincent KR (2012). The aging 

musculoskeletal system and obesity-related 

considerations with exercise. Ageing Res Rev, 11:361-

373. 

[13] Kuang L (2024). Editorial: The mechanisms of 

degenerative and geriatric disorders of the 

musculoskeletal system. Front Med (Lausanne), 

11:1422428. 

[14] Collino S, Martin FP, Karagounis LG, Horcajada MN, 

Moco S, Franceschi C, et al. (2013). Musculoskeletal 

system in the old age and the demand for healthy ageing 

biomarkers. Mech Ageing Dev, 134:541-547. 

[15] Luo J, Liu W, Feng F, Chen L (2021). Apelin/APJ 

system: A novel therapeutic target for locomotor system 

diseases. Eur J Pharmacol, 906:174286. 

[16] Hang K, Ye C, Xu J, Chen E, Wang C, Zhang W, et al. 

(2019). Apelin enhances the osteogenic differentiation of 

human bone marrow mesenchymal stem cells partly 

through Wnt/β-catenin signaling pathway. Stem Cell Res 

Ther, 10:189. 

[17] Liu S, Wang W, Yin L, Zhu Y (2018). Influence of 

Apelin-13 on osteoporosis in Type-2 diabetes mellitus: 

A clinical study. Pak J Med Sci, 34:159-163. 

[18] MᵃᶜDonald IJ, Liu SC, Huang CC, Kuo SJ, Tsai CH, 

Tang CH (2019). Associations between Adipokines in 

Arthritic Disease and Implications for Obesity. Int J Mol 

Sci, 20:1505. 



 Xu J., et al.                                                                                        Apelin: Target for Musculoskeletal Degeneration

   

Aging and Disease • Volume 17, Number 5, October 2026                                                                         11 

 

[19] Zhou Q, Chen L, Tang M, Guo Y, Li L (2018). 

Apelin/APJ system: A novel promising target for anti-

aging intervention. Clin Chim Acta, 487:233-240. 

[20] Dray C, Knauf C, Daviaud D, Waget A, Boucher J, 

Buléon M, et al. (2008). Apelin stimulates glucose 

utilization in normal and obese insulin-resistant mice. 

Cell Metab, 8:437-445. 

[21] O'Dowd BF, Heiber M, Chan A, Heng HH, Tsui LC, 

Kennedy JL, et al. (1993). A human gene that shows 

identity with the gene encoding the angiotensin receptor 

is located on chromosome 11. Gene, 136:355-360. 

[22] Wang X, Zhang L, Li P, Zheng Y, Yang Y, Ji S (2022). 

Apelin/APJ system in inflammation. Int 

Immunopharmacol, 109:108822. 

[23] Sasaki K, Yamano Y, Bardhan S, Iwai N, Murray JJ, 

Hasegawa M, et al. (1991). Cloning and expression of a 

complementary DNA encoding a bovine adrenal 

angiotensin II type-1 receptor. Nature, 351:230-233. 

[24] Tatemoto K, Hosoya M, Habata Y, Fujii R, Kakegawa T, 

Zou MX, et al. (1998). Isolation and characterization of 

a novel endogenous peptide ligand for the human APJ 

receptor. Biochem Biophys Res Commun, 251:471-476. 

[25] Kuba K, Sato T, Imai Y, Yamaguchi T (2019). Apelin 

and Elabela/Toddler; double ligands for APJ/Apelin 

receptor in heart development, physiology, and 

pathology. Peptides, 111:62-70. 

[26] Habata Y, Fujii R, Hosoya M, Fukusumi S, Kawamata 

Y, Hinuma S, et al. (1999). Apelin, the natural ligand of 

the orphan receptor APJ, is abundantly secreted in the 

colostrum. Biochim Biophys Acta, 1452:25-35. 

[27] Medhurst AD, Jennings CA, Robbins MJ, Davis RP, 

Ellis C, Winborn KY, et al. (2003). Pharmacological and 

immunohistochemical characterization of the APJ 

receptor and its endogenous ligand apelin. J Neurochem, 

84:1162-1172. 

[28] Shin K, Pandey A, Liu XQ, Anini Y, Rainey JK (2013). 

Preferential apelin-13 production by the proprotein 

convertase PCSK3 is implicated in obesity. FEBS Open 

Bio, 3:328-333. 

[29] Adam F, Khatib AM, Lopez JJ, Vatier C, Turpin S, 

Muscat A, et al. (2016). Apelin: an antithrombotic factor 

that inhibits platelet function. Blood, 127:908-920. 

[30] Murali S, Aradhyam GK (2023). Structure-function 

relationship and physiological role of apelin and its G 

protein coupled receptor. Biophys Rev, 15:127-143. 

[31] Vickers C, Hales P, Kaushik V, Dick L, Gavin J, Tang J, 

et al. (2002). Hydrolysis of biological peptides by human 

angiotensin-converting enzyme-related 

carboxypeptidase. J Biol Chem, 277:14838-14843. 

[32] Wang W, McKinnie SM, Farhan M, Paul M, McDonald 

T, McLean B, et al. (2016). Angiotensin-Converting 

Enzyme 2 Metabolizes and Partially Inactivates Pyr-

Apelin-13 and Apelin-17: Physiological Effects in the 

Cardiovascular System. Hypertension, 68:365-377. 

[33] Kleinz MJ, Davenport AP (2005). Emerging roles of 

apelin in biology and medicine. Pharmacol Ther, 

107:198-211. 

[34] Tatemoto K, Takayama K, Zou MX, Kumaki I, Zhang 

W, Kumano K, et al. (2001). The novel peptide apelin 

lowers blood pressure via a nitric oxide-dependent 

mechanism. Regul Pept, 99:87-92. 

[35] Pitkin SL, Maguire JJ, Bonner TI, Davenport AP (2010). 

International Union of Basic and Clinical Pharmacology. 

LXXIV. Apelin receptor nomenclature, distribution, 

pharmacology, and function. Pharmacol Rev, 62:331-

342. 

[36] Simpkin JC, Yellon DM, Davidson SM, Lim SY, Wynne 

AM, Smith CC (2007). Apelin-13 and apelin-36 exhibit 

direct cardioprotective activity against ischemia-

reperfusion injury. Basic Res Cardiol, 102:518-528. 

[37] Mesmin C, Dubois M, Becher F, Fenaille F, Ezan E 

(2010). Liquid chromatography/tandem mass 

spectrometry assay for the absolute quantification of the 

expected circulating apelin peptides in human plasma. 

Rapid Commun Mass Spectrom, 24:2875-2884. 

[38] Langelaan DN, Bebbington EM, Reddy T, Rainey JK 

(2009). Structural insight into G-protein coupled 

receptor binding by apelin. Biochemistry, 48:537-548. 

[39] Macaluso NJ, Glen RC (2010). Exploring the 'RPRL' 

motif of apelin-13 through molecular simulation and 

biological evaluation of cyclic peptide analogues. 

ChemMedChem, 5:1247-1253. 

[40] De Mota N, Lenkei Z, Llorens-Cortès C (2000). Cloning, 

pharmacological characterization and brain distribution 

of the rat apelin receptor. Neuroendocrinology, 72:400-

407. 

[41] Zhen EY, Higgs RE, Gutierrez JA (2013). Pyroglutamyl 

apelin-13 identified as the major apelin isoform in 

human plasma. Anal Biochem, 442:1-9. 

[42] Gerbier R, Alvear-Perez R, Margathe JF, Flahault A, 

Couvineau P, Gao J, et al. (2017). Development of 

original metabolically stable apelin-17 analogs with 

diuretic and cardiovascular effects. Faseb j, 31:687-700. 

[43] Murza A, Parent A, Besserer-Offroy E, Tremblay H, 

Karadereye F, Beaudet N, et al. (2012). Elucidation of 

the structure-activity relationships of apelin: influence of 

unnatural amino acids on binding, signaling, and plasma 

stability. ChemMedChem, 7:318-325. 

[44] Perjés Á, Skoumal R, Tenhunen O, Kónyi A, Simon M, 

Horváth IG, et al. (2014). Apelin increases cardiac 

contractility via protein kinase Cε- and extracellular 

signal-regulated kinase-dependent mechanisms. PLoS 

One, 9:e93473. 

[45] Zeng X, Yu SP, Taylor T, Ogle M, Wei L (2012). 

Protective effect of apelin on cultured rat bone marrow 

mesenchymal stem cells against apoptosis. Stem Cell 

Res, 8:357-367. 

[46] Zhang BH, Wang W, Wang H, Yin J, Zeng XJ (2013). 

Promoting effects of the adipokine, apelin, on diabetic 

nephropathy. PLoS One, 8:e60457. 

[47] Lee DK, Ferguson SS, George SR, O'Dowd BF (2010). 

The fate of the internalized apelin receptor is determined 

by different isoforms of apelin mediating differential 

interaction with beta-arrestin. Biochem Biophys Res 

Commun, 395:185-189. 

[48] Pauli A, Norris ML, Valen E, Chew GL, Gagnon JA, 

Zimmerman S, et al. (2014). Toddler: an embryonic 

signal that promotes cell movement via Apelin receptors. 

Science, 343:1248636. 



 Xu J., et al.                                                                                        Apelin: Target for Musculoskeletal Degeneration

   

Aging and Disease • Volume 17, Number 5, October 2026                                                                         12 

 

[49] Kaelin WG, Jr., Ratcliffe PJ (2008). Oxygen sensing by 

metazoans: the central role of the HIF hydroxylase 

pathway. Mol Cell, 30:393-402. 

[50] Jiang BH, Zheng JZ, Leung SW, Roe R, Semenza GL 

(1997). Transactivation and inhibitory domains of 

hypoxia-inducible factor 1alpha. Modulation of 

transcriptional activity by oxygen tension. J Biol Chem, 

272:19253-19260. 

[51] Shi N, Wang Y, Xia Z, Zhang J, Jia S, Jiao Y, et al. 

(2024). The regulatory role of the apelin/APJ axis in 

scarring: Identification of upstream and downstream 

mechanisms. Biochim Biophys Acta Mol Basis Dis, 

1870:167125. 

[52] Li L, Li L, Zhang Z, Jiang Z (2015). Hypoxia promotes 

bone marrow-derived mesenchymal stem cell 

proliferation through apelin/APJ/autophagy pathway. 

Acta Biochim Biophys Sin (Shanghai), 47:362-367. 

[53] Poirier O, Ciumas M, Eyries M, Montagne K, Nadaud S, 

Soubrier F (2012). Inhibition of apelin expression by 

BMP signaling in endothelial cells. Am J Physiol Cell 

Physiol, 303:C1139-1145. 

[54] Han S, Wang G, Qi X, Lee HM, Englander EW, Greeley 

GH, Jr. (2008). A possible role for hypoxia-induced 

apelin expression in enteric cell proliferation. Am J 

Physiol Regul Integr Comp Physiol, 294:R1832-1839. 

[55] Han S, Wang G, Qiu S, de la Motte C, Wang HQ, Gomez 

G, et al. (2007). Increased colonic apelin production in 

rodents with experimental colitis and in humans with 

IBD. Regul Pept, 142:131-137. 

[56] Nathan C (2002). Points of control in inflammation. 

Nature, 420:846-852. 

[57] Medzhitov R (2008). Origin and physiological roles of 

inflammation. Nature, 454:428-435. 

[58] Han S, Wang G, Qi X, Englander EW, Greeley GH, Jr. 

(2008). Involvement of a Stat3 binding site in 

inflammation-induced enteric apelin expression. Am J 

Physiol Gastrointest Liver Physiol, 295:G1068-1078. 

[59] Han S, Englander EW, Gomez GA, Aronson JF, 

Rastellini C, Garofalo RP, et al. (2013). Pancreatitis 

activates pancreatic apelin-APJ axis in mice. Am J 

Physiol Gastrointest Liver Physiol, 305:G139-150. 

[60] Boucher J, Masri B, Daviaud D, Gesta S, Guigné C, 

Mazzucotelli A, et al. (2005). Apelin, a newly identified 

adipokine up-regulated by insulin and obesity. 

Endocrinology, 146:1764-1771. 

[61] García-Díaz D, Campión J, Milagro FI, Martínez JA 

(2007). Adiposity dependent apelin gene expression: 

relationships with oxidative and inflammation markers. 

Mol Cell Biochem, 305:87-94. 

[62] Ahmed B, Sultana R, Greene MW (2021). Adipose tissue 

and insulin resistance in obese. Biomed Pharmacother, 

137:111315. 

[63] Krist J, Wieder K, Klöting N, Oberbach A, Kralisch S, 

Wiesner T, et al. (2013). Effects of weight loss and 

exercise on apelin serum concentrations and adipose 

tissue expression in human obesity. Obes Facts, 6:57-69. 

[64] Li L, Yang G, Li Q, Tang Y, Yang M, Yang H, et al. 

(2006). Changes and relations of circulating visfatin, 

apelin, and resistin levels in normal, impaired glucose 

tolerance, and type 2 diabetic subjects. Exp Clin 

Endocrinol Diabetes, 114:544-548. 

[65] Soriguer F, Garrido-Sanchez L, Garcia-Serrano S, 

Garcia-Almeida JM, Garcia-Arnes J, Tinahones FJ, et al. 

(2009). Apelin levels are increased in morbidly obese 

subjects with type 2 diabetes mellitus. Obes Surg, 

19:1574-1580. 

[66] Xu S, Tsao PS, Yue P (2011). Apelin and insulin 

resistance: another arrow for the quiver? J Diabetes, 

3:225-231. 

[67] Nikseresht M, Hafezi Ahmadi MR, Hedayati M (2016). 

Detraining-induced alterations in adipokines and 

cardiometabolic risk factors after nonlinear periodized 

resistance and aerobic interval training in obese men. 

Appl Physiol Nutr Metab, 41:1018-1025. 

[68] Ligetvári R, Szokodi I, Far G, Csöndör É, Móra Á, 

Komka Z, et al. (2023). Apelin as a Potential Regulator 

of Peak Athletic Performance. Int J Mol Sci, 24:8195. 

[69] García-Hermoso A, Ramírez-Vélez R, Díez J, González 

A, Izquierdo M (2023). Exercise training-induced 

changes in exerkine concentrations may be relevant to 

the metabolic control of type 2 diabetes mellitus patients: 

A systematic review and meta-analysis of randomized 

controlled trials. J Sport Health Sci, 12:147-157. 

[70] Park JC, Luebbers A, Dao M, Semeano A, Nguyen AM, 

Papakonstantinou MP, et al. (2023). Fine-tuning GPCR-

mediated neuromodulation by biasing signaling through 

different G protein subunits. Mol Cell, 83:2540-

2558.e2512. 

[71] Chapman NA, Dupré DJ, Rainey JK (2014). The apelin 

receptor: physiology, pathology, cell signalling, and 

ligand modulation of a peptide-activated class A GPCR. 

Biochem Cell Biol, 92:431-440. 

[72] Masri B, Lahlou H, Mazarguil H, Knibiehler B, Audigier 

Y (2002). Apelin (65-77) activates extracellular signal-

regulated kinases via a PTX-sensitive G protein. 

Biochem Biophys Res Commun, 290:539-545. 

[73] Masri B, Morin N, Pedebernade L, Knibiehler B, 

Audigier Y (2006). The apelin receptor is coupled to Gi1 

or Gi2 protein and is differentially desensitized by apelin 

fragments. J Biol Chem, 281:18317-18326. 

[74] Kang Y, Kim J, Anderson JP, Wu J, Gleim SR, Kundu 

RK, et al. (2013). Apelin-APJ signaling is a critical 

regulator of endothelial MEF2 activation in 

cardiovascular development. Circ Res, 113:22-31. 

[75] Vishnivetskiy SA, Raman D, Wei J, Kennedy MJ, 

Hurley JB, Gurevich VV (2007). Regulation of arrestin 

binding by rhodopsin phosphorylation level. J Biol 

Chem, 282:32075-32083. 

[76] Chen J, Chen X, Li S, Jiang Y, Mao H, Zhang R, et al. 

(2020). Individual phosphorylation sites at the C-

terminus of the apelin receptor play different roles in 

signal transduction. Redox Biol, 36:101629. 

[77] Zhang Z, Yu B, Tao GZ (2009). Apelin protects against 

cardiomyocyte apoptosis induced by glucose 

deprivation. Chin Med J (Engl), 122:2360-2365. 

[78] Koguchi W, Kobayashi N, Takeshima H, Ishikawa M, 

Sugiyama F, Ishimitsu T (2012). Cardioprotective effect 

of apelin-13 on cardiac performance and remodeling in 

end-stage heart failure. Circ J, 76:137-144. 



 Xu J., et al.                                                                                        Apelin: Target for Musculoskeletal Degeneration

   

Aging and Disease • Volume 17, Number 5, October 2026                                                                         13 

 

[79] Luo K, Long H, Xu B, Luo Y (2015). Apelin attenuates 

postburn sepsis via a phosphatidylinositol 3-

kinase/protein kinase B dependent mechanism: A 

randomized animal study. Int J Surg, 21:22-27. 

[80] Day RT, Cavaglieri RC, Feliers D (2013). Apelin retards 

the progression of diabetic nephropathy. Am J Physiol 

Renal Physiol, 304:F788-800. 

[81] Ge Y, Li Y, Chen Q, Zhu W, Zuo L, Guo Z, et al. (2018). 

Adipokine apelin ameliorates chronic colitis in Il-10(-/-) 

mice by promoting intestinal lymphatic functions. 

Biochem Pharmacol, 148:202-212. 

[82] Antushevich H, Wójcik M (2018). Review: Apelin in 

disease. Clin Chim Acta, 483:241-248. 

[83] Cruz-Jentoft AJ, Sayer AA (2019). Sarcopenia. Lancet, 

393:2636-2646. 

[84] Picca A, Calvani R (2021). Molecular Mechanism and 

Pathogenesis of Sarcopenia: An Overview. Int J Mol Sci, 

22:3032. 

[85] Ferri E, Marzetti E, Calvani R, Picca A, Cesari M, Arosio 

B (2020). Role of Age-Related Mitochondrial 

Dysfunction in Sarcopenia. Int J Mol Sci, 21:5236. 

[86] Nemes R, Koltai E, Taylor AW, Suzuki K, Gyori F, 

Radak Z (2018). Reactive Oxygen and Nitrogen Species 

Regulate Key Metabolic, Anabolic, and Catabolic 

Pathways in Skeletal Muscle. Antioxidants (Basel), 7:85. 

[87] Chen YY, Chiu YL, Kao TW, Peng TC, Yang HF, Chen 

WL (2021). Cross-sectional associations among P3NP, 

HtrA, Hsp70, Apelin and sarcopenia in Taiwanese 

population. BMC Geriatr, 21:192. 

[88] Kwak SE, Cho SC, Bae JH, Lee J, Shin HE, Di Zhang D, 

et al. (2019). Effects of exercise-induced apelin on 

muscle function and cognitive function in aged mice. 

Exp Gerontol, 127:110710. 

[89] Enoki Y, Nagai T, Hamamura Y, Osa S, Nakamura H, 

Taguchi K, et al. (2023). The G protein-coupled receptor 

ligand apelin-13 ameliorates skeletal muscle atrophy 

induced by chronic kidney disease. J Cachexia 

Sarcopenia Muscle, 14:553-564. 

[90] Vinel C, Lukjanenko L, Batut A, Deleruyelle S, Pradère 

JP, Le Gonidec S, et al. (2018). The exerkine apelin 

reverses age-associated sarcopenia. Nat Med, 24:1360-

1371. 

[91] Leuchtmann AB, Adak V, Dilbaz S, Handschin C 

(2021). The Role of the Skeletal Muscle Secretome in 

Mediating Endurance and Resistance Training 

Adaptations. Front Physiol, 12:709807. 

[92] Son JS, Chae SA, Wang H, Chen Y, Bravo Iniguez A, de 

Avila JM, et al. (2020). Maternal Inactivity Programs 

Skeletal Muscle Dysfunction in Offspring Mice by 

Attenuating Apelin Signaling and Mitochondrial 

Biogenesis. Cell Rep, 33:108461. 

[93] Son JS, Chae SA, Testroet ED, Du M, Jun HP (2018). 

Exercise-induced myokines: a brief review of 

controversial issues of this decade. Expert Rev 

Endocrinol Metab, 13:51-58. 

[94] Takada S, Sabe H, Kinugawa S (2020). Abnormalities of 

Skeletal Muscle, Adipocyte Tissue, and Lipid 

Metabolism in Heart Failure: Practical Therapeutic 

Targets. Front Cardiovasc Med, 7:79. 

[95] Suganuma M, Furutani M, Hosoyama T, Mitsumori R, 

Otsuka R, Takemura M, et al. (2024). Identification of 

Potential Blood-Based Biomarkers for Frailty by Using 

an Integrative Approach. Gerontology, 70:630-638. 

[96] Kwon JH, Moon KM, Min KW (2020). Exercise-

Induced Myokines can Explain the Importance of 

Physical Activity in the Elderly: An Overview. 

Healthcare (Basel), 8:378. 

[97] Crunkhorn S (2018). Ageing: Reversing muscle 

degeneration. Nat Rev Drug Discov, 17:706. 

[98] Rolland Y, Dray C, Vellas B, Barreto PS (2023). Current 

and investigational medications for the treatment of 

sarcopenia. Metabolism, 149:155597. 

[99] Vinel C, Schanstra JP, Boizard F, Péreira O, Auriau J, 

Dortignac A, et al. (2019). Apelin affects the mouse 

aging urinary peptidome with minimal effects on kidney. 

Sci Rep, 9:10647. 

[100] Rai R, Ghosh AK, Eren M, Mackie AR, Levine DC, Kim 

SY, et al. (2017). Downregulation of the Apelinergic 

Axis Accelerates Aging, whereas Its Systemic 

Restoration Improves the Mammalian Healthspan. Cell 

Rep, 21:1471-1480. 

[101] McKenna CF, Salvador AF, Keeble AR, Khan NA, De 

Lisio M, Konopka AR, et al. (2022). Muscle strength 

after resistance training correlates to mediators of muscle 

mass and mitochondrial respiration in middle-aged 

adults. J Appl Physiol (1985), 133:572-584. 

[102] Tazawa R, Uchida K, Kenmoku T, Nakawaki M, 

Muneshige K, Ishii D, et al. (2021). Increasing 

transforming growth factor-beta concentrations with age 

decrease apelin in the rat rotator cuff. J Orthop Surg Res, 

16:539. 

[103] Koyama T, Uchida K, Itakura M, Miyagi M, Tazawa R, 

Inoue G, et al. (2022). TNF-α Suppresses Apelin 

Receptor Expression in Mouse Quadriceps Femoris-

Derived Cells. Curr Issues Mol Biol, 44:3146-3155. 

[104] Daviaud D, Boucher J, Gesta S, Dray C, Guigne C, 

Quilliot D, et al. (2006). TNFalpha up-regulates apelin 

expression in human and mouse adipose tissue. Faseb j, 

20:1528-1530. 

[105] Zhao Z, Yan K, Guan Q, Guo Q, Zhao C (2023). 

Mechanism and physical activities in bone-skeletal 

muscle crosstalk. Front Endocrinol (Lausanne), 

14:1287972. 

[106] Chen TC, Huang TH, Tseng WC, Tseng KW, Hsieh CC, 

Chen MY, et al. (2021). Changes in plasma C1q, apelin 

and adropin concentrations in older adults after 

descending and ascending stair walking intervention. Sci 

Rep, 11:17644. 

[107] Son JS, Zhao L, Chen Y, Chen K, Chae SA, de Avila JM, 

et al. (2020). Maternal exercise via exerkine apelin 

enhances brown adipogenesis and prevents metabolic 

dysfunction in offspring mice. Sci Adv, 6:eaaz0359. 

[108] Cornish SM, Bugera EM, Duhamel TA, Peeler JD, 

Anderson JE (2020). A focused review of myokines as a 

potential contributor to muscle hypertrophy from 

resistance-based exercise. Eur J Appl Physiol, 120:941-

959. 

[109] Ghzaiel I, Zarrouk A, Pires V, de Barros JP, Hammami 

S, Ksila M, et al. (2023). 7β-Hydroxycholesterol and 7-



 Xu J., et al.                                                                                        Apelin: Target for Musculoskeletal Degeneration

   

Aging and Disease • Volume 17, Number 5, October 2026                                                                         14 

 

ketocholesterol: New oxidative stress biomarkers of 

sarcopenia inducing cytotoxic effects on myoblasts and 

myotubes. J Steroid Biochem Mol Biol, 232:106345. 

[110] de Luis D, Primo D, Izaola O, López Gómez JJ (2024). 

Lack of association between serum apelin levels and 

sarcopenia in elderly malnourished subjects. Eur Rev 

Med Pharmacol Sci, 28:3841-3848. 

[111] Sanchez-Sanchez JL, He L, Virecoulon Giudici K, 

Guyonnet S, Parini A, Dray C, et al. (2022). Circulating 

Levels of Apelin, GDF-15 and Sarcopenia: Lack of 

Association in the MAPT Study. J Nutr Health Aging, 

26:564-570. 

[112] Felson DT, Lawrence RC, Dieppe PA, Hirsch R, 

Helmick CG, Jordan JM, et al. (2000). Osteoarthritis: 

new insights. Part 1: the disease and its risk factors. Ann 

Intern Med, 133:635-646. 

[113] Xie C, Chen Q (2019). Adipokines: New Therapeutic 

Target for Osteoarthritis? Curr Rheumatol Rep, 21:71. 

[114] Abramoff B, Caldera FE (2020). Osteoarthritis: 

Pathology, Diagnosis, and Treatment Options. Med Clin 

North Am, 104:293-311. 

[115] Glyn-Jones S, Palmer AJ, Agricola R, Price AJ, Vincent 

TL, Weinans H, et al. (2015). Osteoarthritis. Lancet, 

386:376-387. 

[116] Hu PF, Chen WP, Tang JL, Bao JP, Wu LD (2010). 

Apelin plays a catabolic role on articular cartilage: in 

vivo and in vitro studies. Int J Mol Med, 26:357-363. 

[117] Hu PF, Tang JL, Chen WP, Bao JP, Wu LD (2011). 

Increased apelin serum levels and expression in human 

chondrocytes in osteoarthritic patients. Int Orthop, 

35:1421-1426. 

[118] Zhu J, Ruan G, Cen H, Meng T, Zheng S, Wang Y, et al. 

(2022). Association of serum levels of inflammatory 

markers and adipokines with joint symptoms and 

structures in participants with knee osteoarthritis. 

Rheumatology (Oxford), 61:1044-1052. 

[119] Bayındır Ş, Yılmaz Asan C, Demirbaş AE, Keti DB, 

Kütük N (2022). Evaluation of aggrecan and adipokine 

levels in temporomandibular joint synovial fluid. J 

Craniomaxillofac Surg, 50:432-438. 

[120] Chang TK, Wang YH, Kuo SJ, Wang SW, Tsai CH, 

Fong YC, et al. (2020). Apelin enhances IL-1β 

expression in human synovial fibroblasts by inhibiting 

miR-144-3p through the PI3K and ERK pathways. 

Aging (Albany NY), 12:9224-9239. 

[121] Jia S, Yu Z, Bai L (2023). Exerkines and osteoarthritis. 

Front Physiol, 14:1302769. 

[122] Zheng S, Wang B, Han W, Zhu Z, Wang X, Jin X, et al. 

(2018). Vitamin D supplementation and inflammatory 

and metabolic biomarkers in patients with knee 

osteoarthritis: post hoc analysis of a randomised 

controlled trial. Br J Nutr, 120:41-48. 

[123] Takano S, Uchida K, Inoue G, Matsumoto T, Aikawa J, 

Iwase D, et al. (2018). Vascular endothelial growth 

factor expression and their action in the synovial 

membranes of patients with painful knee osteoarthritis. 

BMC Musculoskelet Disord, 19:204. 

[124] Leonardi R, Lo Muzio L, Bernasconi G, Caltabiano C, 

Piacentini C, Caltabiano M (2003). Expression of 

vascular endothelial growth factor in human 

dysfunctional temporomandibular joint discs. Arch Oral 

Biol, 48:185-192. 

[125] Yuan Q, Sun L, Li JJ, An CH (2014). Elevated VEGF 

levels contribute to the pathogenesis of osteoarthritis. 

BMC Musculoskelet Disord, 15:437. 

[126] Rodriguez-Fontenla C, Calaza M, Evangelou E, Valdes 

AM, Arden N, Blanco FJ, et al. (2014). Assessment of 

osteoarthritis candidate genes in a meta-analysis of nine 

genome-wide association studies. Arthritis Rheumatol, 

66:940-949. 

[127] Saetan N, Honsawek S, Tanavalee A, Yuktanandana P, 

Meknavin S, Ngarmukos S, et al. (2014). Relationship of 

plasma and synovial fluid vascular endothelial growth 

factor with radiographic severity in primary knee 

osteoarthritis. Int Orthop, 38:1099-1104. 

[128] Wang YH, Kuo SJ, Liu SC, Wang SW, Tsai CH, Fong 

YC, et al. (2020). Apelin Affects the Progression of 

Osteoarthritis by Regulating VEGF-Dependent 

Angiogenesis and miR-150-5p Expression in Human 

Synovial Fibroblasts. Cells, 9:594. 

[129] Shu CC, Flannery CR, Little CB, Melrose J (2019). 

Catabolism of Fibromodulin in Developmental 

Rudiment and Pathologic Articular Cartilage 

Demonstrates Novel Roles for MMP-13 and ADAMTS-

4 in C-terminal Processing of SLRPs. Int J Mol Sci, 

20:579. 

[130] Li H, Wang D, Yuan Y, Min J (2017). New insights on 

the MMP-13 regulatory network in the pathogenesis of 

early osteoarthritis. Arthritis Res Ther, 19:248. 

[131] Dingle JT, Page Thomas DP, King B, Bard DR (1987). 

In vivo studies of articular tissue damage mediated by 

catabolin/interleukin 1. Ann Rheum Dis, 46:527-533. 

[132] Yao Q, Wu X, Tao C, Gong W, Chen M, Qu M, et al. 

(2023). Osteoarthritis: pathogenic signaling pathways 

and therapeutic targets. Signal Transduct Target Ther, 

8:56. 

[133] Tsuchiya M, Ohashi Y, Kodera Y, Satoh M, Matsui T, 

Fukushima K, et al. (2023). CD39+CD55- Fb Subset 

Exhibits Myofibroblast-Like Phenotype and Is 

Associated with Pain in Osteoarthritis of the Knee. 

Biomedicines, 11:3047. 

[134] Johnston CB, Dagar M (2020). Osteoporosis in Older 

Adults. Med Clin North Am, 104:873-884. 

[135] Zhang L, Zheng YL, Wang R, Wang XQ, Zhang H 

(2022). Exercise for osteoporosis: A literature review of 

pathology and mechanism. Front Immunol, 13:1005665. 

[136] Lane NE (2006). Epidemiology, etiology, and diagnosis 

of osteoporosis. Am J Obstet Gynecol, 194:S3-11. 

[137] Arthur A, Gronthos S (2020). Clinical Application of 

Bone Marrow Mesenchymal Stem/Stromal Cells to 

Repair Skeletal Tissue. Int J Mol Sci, 21:9759. 

[138] Wada N, Gronthos S, Bartold PM (2013). 

Immunomodulatory effects of stem cells. Periodontol 

2000, 63:198-216. 

[139] Pacheco-Costa R, Kadakia JR, Atkinson EG, Wallace 

JM, Plotkin LI, Reginato RD (2017). Connexin37 

deficiency alters organic bone matrix, cortical bone 

geometry, and increases Wnt/β-catenin signaling. Bone, 

97:105-113. 



 Xu J., et al.                                                                                        Apelin: Target for Musculoskeletal Degeneration

   

Aging and Disease • Volume 17, Number 5, October 2026                                                                         15 

 

[140] Krege JH, Lane NE, Harris JM, Miller PD (2014). PINP 

as a biological response marker during teriparatide 

treatment for osteoporosis. Osteoporos Int, 25:2159-

2171. 

[141] Zhang P, Li Q, Wei Q, Liao Z, Lin Z, Fang L, et al. 

(2015). Serum Vitamin D and Pyridinoline Cross-Linked 

Carboxyterminal Telopeptide of Type I Collagen in 

Patients with Ankylosing Spondylitis. Biomed Res Int, 

2015:543806. 

[142] Han XF, Zhang XX, Liu KM, Zhang Q (2018). Apelin-

13 deficiency alters cortical bone geometry, organic 

bone matrix, and inhibits Wnt/β-catenin signaling. Gen 

Comp Endocrinol, 267:29-35. 

[143] Sharma-Bhandari A, Park SH, Kim JY, Oh J, Kim Y 

(2015). Lysyl oxidase modulates the osteoblast 

differentiation of primary mouse calvaria cells. Int J Mol 

Med, 36:1664-1670. 

[144] Chen L, Shi X, Xie J, Weng SJ, Xie ZJ, Tang JH, et al. 

(2021). Apelin-13 induces mitophagy in bone marrow 

mesenchymal stem cells to suppress intracellular 

oxidative stress and ameliorate osteoporosis by 

activation of AMPK signaling pathway. Free Radic Biol 

Med, 163:356-368. 

[145] Gong G, Wan W, Liu X, Yin J (2023). Apelin-13, a 

regulator of autophagy, apoptosis and inflammation in 

multifaceted bone protection. Int Immunopharmacol, 

117:109991. 

[146] Tang SY, Xie H, Yuan LQ, Luo XH, Huang J, Cui RR, 

et al. (2007). Apelin stimulates proliferation and 

suppresses apoptosis of mouse osteoblastic cell line 

MC3T3-E1 via JNK and PI3-K/Akt signaling pathways. 

Peptides, 28:708-718. 

[147] Yin Z, Cheng Q, Wang C, Hu Q, Yin J, Wang B (2024). 

Apelin-13 alleviates osteoclast formation and osteolysis 

through Nrf2-pyroptosis pathway. Microsc Res Tech, 

87:1348-1358. 

[148] Mbalaviele G, Novack DV, Schett G, Teitelbaum SL 

(2017). Inflammatory osteolysis: a conspiracy against 

bone. J Clin Invest, 127:2030-2039. 

[149] Wang W, Wang Q, Li W, Xu H, Liang X, Wang W, et 

al. (2024). Targeting APJ drives BNIP3-PINK1-

PARKIN induced mitophagy and improves systemic 

inflammatory bone loss. J Adv Res, S2090-

1232(2024)00611-00618. 

[150] Deepika F, Bathina S, Armamento-Villareal R (2023). 

Novel Adipokines and Their Role in Bone Metabolism: 

A Narrative Review. Biomedicines, 11:644. 

[151] Patil JD, Fredericks S (2024). The role of adipokines in 

osteoporosis management: a mini review. Front 

Endocrinol (Lausanne), 15:1336543. 

[152] Xie H, Tang SY, Cui RR, Huang J, Ren XH, Yuan LQ, 

et al. (2006). Apelin and its receptor are expressed in 

human osteoblasts. Regul Pept, 134:118-125. 

[153] Xie H, Yuan LQ, Luo XH, Huang J, Cui RR, Guo LJ, et 

al. (2007). Apelin suppresses apoptosis of human 

osteoblasts. Apoptosis, 12:247-254. 

[154] Wattanachanya L, Lu WD, Kundu RK, Wang L, Abbott 

MJ, O'Carroll D, et al. (2013). Increased bone mass in 

mice lacking the adipokine apelin. Endocrinology, 

154:2069-2080. 

[155] Kawamata Y, Habata Y, Fukusumi S, Hosoya M, Fujii 

R, Hinuma S, et al. (2001). Molecular properties of 

apelin: tissue distribution and receptor binding. Biochim 

Biophys Acta, 1538:162-171. 

[156] Zhang H, Xie H, Zhao Q, Xie GQ, Wu XP, Liao EY, et 

al. (2010). Relationships between serum adiponectin, 

apelin, leptin, resistin, visfatin levels and bone mineral 

density, and bone biochemical markers in post-

menopausal Chinese women. J Endocrinol Invest, 

33:707-711. 

[157] Liu G, Wei J, Xiao W, Xie W, Ru Q, Chen L, et al. 

(2023). Insights into the Notch signaling pathway in 

degenerative musculoskeletal disorders: Mechanisms 

and perspectives. Biomed Pharmacother, 169:115884. 

 

 

 


