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Abstract
Ghrelin is a brain- gut peptide, and the first 28- peptide that was found in the gastric 
mucosa. It has a growth hormone (GH)- releasing hormone- like effect and can potently 
promote the release of GH from pituitary GH cells; however, it is unable to stimulate 
GH synthesis. Therefore, ghrelin is believed to play a role in promoting bone growth 
and development. The correlation between ghrelin and some degenerative diseases 
of the musculoskeletal system has been reported recently, and ghrelin may be one of 
the factors influencing degenerative pathologies, such as osteoporosis, osteoarthri-
tis, sarcopenia and intervertebral disc degeneration. With population ageing, the risk 
of health problems caused by degenerative diseases of the musculoskeletal system 
gradually increases. In this article, the roles of ghrelin in musculoskeletal disorders are 
summarized to reveal the potential effects of ghrelin as a key target in the treatment 
of related bone and muscle diseases and the need for further research.
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1  |  INTRODUC TION

Ghrelin, a 28- peptide, is produced mainly by P or D1 cells at the 
bottom of the human stomach and by epsilon cells of the pancreas. 
It was first discovered by Kojima in 1999 as an endogenous ligand 
for the growth hormone secretagogue receptor (GHSR)1a, which 
is capable of stimulating the release of growth hormone (GH) from 
the anterior pituitary gland.1 Recent studies2– 4 have proven that 
although ghrelin is a peptide present in the digestive system, it 
plays a role in promoting the growth and development of bones 
and exerts chondroprotective and anti- inflammatory effects 
on joints. Ghrelin also regulates the central sympathetic nerve 
activity.5

Degenerative musculoskeletal disorders, including osteoar-
thritis (OA), osteoporosis (OP), sarcopenia and intervertebral de-
generative disc disease (IVDD), have been associated with ageing 
and inflammation.6,7 Since most degenerative disorders occur in 
elderly individuals, the challenge of global ageing may lead to an 
increase in both the prevalence and social costs related to these 
disorders.8 OP has a high incidence worldwide,9,10 and the cost 
of OP- related fractures to the global economy is expected to rise 
to $131.5 billion by 2050.11 The two different types of OP are 
primary and secondary OP, with the former being more prevalent 
in clinical practice and mainly affecting elderly people and post-
menopausal women.12,13 OA is the most common form of arthri-
tis that affects 1 in 3 older adults and has a greater impact on 
women than on men.14,15 In the United States, Canada, the United 
Kingdom, France and Australia, it is estimated that approximately 
1.0%– 2.5% of the gross domestic product was contributed by 
economic activities related to the treatment of musculoskeletal 
conditions, including OA.16 Approximately 80% of the costs in-
curred by musculoskeletal diseases are associated with symptom-
atic OA. Sarcopenia is a disease closely related to ageing,17 whose 
prevalence can be as high as 50% in individuals aged >80 years.18 
Sarcopenia can result in a substantial loss of muscle quality and 
function, and patients, especially elderly individuals, may suffer 
from a higher risk of fall with serious injuries, troubles in standing 
and walking, and danger of losing self- care capabilities, placing a 
significant burden on their family and society.19 IVDD is a chronic 
condition that can be induced by several factors and represents 
an important cause of morbidity and mortality in everyday clini-
cal practice.20 Moreover, it is well known that IVDD is correlated 

with low back pain (LBP),21 while LBP is estimated to have direct 
costs of up to $90 billion annually in the United States alone.22 
The overall socioeconomic effects of IVDD bring over a significant 
problem for the society, especially when considering the indirect 
costs associated with disability.23

Thus, degenerative musculoskeletal disorders pose significant 
challenges to human health. Over the past decade, several studies 
have highlighted the importance of ghrelin in the treatment of var-
ious diseases. As ghrelin has been scarcely studied in degenerative 
musculoskeletal disorders, this article aimed to comprehensively 
review the roles and molecular mechanisms of ghrelin in various de-
generative musculoskeletal disorders, such as OA, OP, sarcopenia 
and IVDD.

2  |  GHRELIN

Ghrelin was first discovered and named by Kojima et al.1 The 
activation of ghrelin requires a series of unique modifications, 
including acylation of the third serine residue catalysed by ghre-
lin acyltransferase. Ghrelin is a peptide that circulates in both 
acylated and unacylated forms. Acylated ghrelin is an active form 
that binds to the typical ghrelin receptor, GHS- R1a, whereas un-
acylated ghrelin is not capable of binding to this receptor. GHS- 
R1a and b are two ghrelin receptors, with the former recognized as 
a functional receptor. GHS- R1a consists of 366 amino acids (AAs) 
with seven transmembrane domains (TMDs 1– 7),24 while GHS- R1b 
consists of 289 AAs with the TMDs 1– 5 of GHS- R1a and a part of 
the connected intron. GHS- R1a is the only inducer of intracellular 
Ca2C signalling that triggers the activation of a G- protein subtype, 
Gaq/11, in response to an agonist.1,24,25 In contrast, because of 
the absence of TMDs 6 and 7, GHS- R1b does not induce Ca2C 
signalling. GHS- R is associated with the G(q) and G(s) signalling 
pathways, and the intracellular calcium concentration is elevated 
as a result of the binding between ghrelin or synthetic peptidyl 
and nonpeptidyl ghrelin mimetic agents.

Ghrelin modulates systemic metabolism via the activation of 
orexigenic neural circuits.26,27 Several central and peripheral ac-
tions of ghrelin have been identified, including the stimulation of gut 
motility and gastric acid secretion,28,29 modulation of sleep,30 reg-
ulation of glucose metabolism,31,32 suppression of brown fat ther-
mogenesis,33 prevention of muscle atrophy,34,35 promotion of bone 
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growth and development2 and exertion of chondroprotective and 
anti- inflammatory effects on joints.3,4

3  |  GHRELIN AND AGEING

Ghrelin secretion is age- dependent, and its concentration may be 
reduced by changes in the body composition associated with age-
ing, such as the loss of body fat and muscle. It has been reported 
that not only do fasting ghrelin levels depend on age,36 but the 
decrease in plasma ghrelin concentration also correlates with age. 
The blood concentration of ghrelin in healthy elderly individuals 
was 20%– 35% lower than that in young individuals.37,38 Increased 
ghrelin adaptations were observed in young malnourished patients 
but not in elderly ones, suggesting that ghrelin may play a role in 
the increased incidence of malnutrition in elderly individuals.39 In 
addition, acylated ghrelin circulates in lower concentrations and 
there is a significantly weaker association between the circulating 
acylated ghrelin levels and GH secretion in elderly people.40 The 
adrenergic hormones (norepinephrine and epinephrine) can spe-
cifically stimulate ghrelin secretion.41 The increased secretion of 
ghrelin in vivo is due to sympathetic stimulation42,43 or local infu-
sion of adrenergic hormones into the gastric lining.44 The intrave-
nous infusion of epinephrine does not increase plasma ghrelin,42 
indicating that adrenergic agents directly acted on β1 receptors 
in ghrelin- secreting cells. Several studies have found that the β- 
adrenergic reactivity shows a decreasing trend with age,45 which 
may contribute to the reduced acylated ghrelin levels in elderly 
individuals.

A decrease in the plasma ghrelin concentration may be associ-
ated with the altered GH function and/or anorexia nervosa in elderly 
individuals.38 The fasting acylated ghrelin concentration is lower in 
elderly individuals. After a meal, acylated ghrelin reaches its lowest 
concentration in young individuals and increases to the fasting con-
centration 2– 4 h later, showing pulsatile dynamics. In elderly indi-
viduals, the postprandial acylated ghrelin concentration remains low 
after a meal.46 Age- related changes in body composition, such as a 
decrease in muscle and an increase in fat mass, may lead to reduc-
tions in fasting and postprandial ghrelin concentrations because the 
body fat content is negatively correlated with ghrelin concentration 
and increases with age.47

Ghrelin was found in the stomach, other parts of the gut and, in-
deed, in all the tissues studied (adrenal gland, atrium, breast, buccal 
mucosa, oesophagus, fallopian tube, fat tissue, gall bladder, human 
lymphocytes, ileum, kidney, left colon, liver, lung, lymph node, 
muscle, myocardium, ovary, pancreas, pituitary, placenta, prostate, 
right colon, skin, spleen, testis, thyroid and vein).48 Unlike ghrelin, 
which is widely expressed, the expression of GHS- R is considerably 
restricted in terms of both location and content.33,48– 50 A recent 
study51 demonstrated that the GHS- R mRNA expression was ele-
vated in ageing muscles and was positively linked with losses of mus-
cle mass and metabolic dysfunction, indicating that ghrelin signalling 
may be implicated in age- related functional decline.

The effect of ghrelin on the bone structure gradually shifts from 
a systemic/central stimulatory effect to a local inhibitory effect with 
an increasing age.52 The increased osteoclastogenesis and reduced 
bone mass in aged GHSR– /− mice suggested that the systemic stim-
ulation pathway was weakened with ageing, thereby allowing the 
local inhibitory effect of ghrelin to predominate. This age- dependent 
relationship between ghrelin and bones is reversed during ageing. 
Ghrelin was not associated with bone resorption markers in a cohort 
of adolescent boys53 or with bone mass in young men,54 whereas a 
negative association with bone resorption and a positive association 
with bone resorption mass were observed in a large sample- based 
study of elderly men.55

Ghrelin also stimulates GH release. It exerts peripheral effects 
on the pituitary gland and hypothalamus by regulating the vagus 
nerve. Ghrelin acts on somatotrophs of the anterior pituitary gland, 
GH- releasing hormone (GHRH)- secreting neurons and GH- inhibiting 
hormone (GHIH)- secreting neurons in the hypothalamus (against the 
action of somatostatin) through G protein- coupled receptor GHS- 
R1a.56,57 Additionally, the GH response to ghrelin shows a significant 
age- related declining trend.58 The age- related decrease in GH secre-
tion reflects changes in the neurologically controlled GH function, 
which include a concomitant decrease in GHRH and an increase in 
GHIH activity.59 This explains that the human response to ghrelin 
and GHS gradually reduces with ageing. In brief, ageing is nega-
tively correlated with plasma ghrelin concentrations; additionally, 
decreased fasting and postprandial ghrelin concentrations in elderly 
individuals may be attributed to an increase in body fat, decrease in 
GHRH and increase in GHIH activity.

4  |  GHRELIN AND DEGENER ATIVE 
DISE A SES

Ghrelin was first found in the gastrointestinal tract, where it is 
highly expressed before eating; however, its plasma level drops dra-
matically postprandially. However, recent studies2– 4 have found that 
ghrelin not only acts as a gastrointestinal peptide in the digestive 
system, but also plays an important role in the musculoskeletal sys-
tem. The associations between ghrelin levels and degenerative mus-
culoskeletal disorders are shown in Figure 1 and Table 1.

4.1  |  Ghrelin and OP

Ghrelin has been shown to promote the growth and differentiation 
of osteoblasts and inhibit osteoclast production, thereby exerting 
effects on bone metabolism by promoting bone formation and sup-
pressing bone resorption.66,67 Ghrelin can directly stimulate the 
proliferation and differentiation of mouse osteoblasts, MC3T3- E1 
and exert antiapoptotic effects on MC3T3- E1 cells under both phar-
macological and physiological conditions. Both acylated and un-
acylated ghrelin promote the growth of human osteoblasts via the 
mitogen- activated protein kinases/phosphoinositide 3- kinase (PI3K) 
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pathway in the absence of GHS- R1a.68 Ghrelin may play a role in 
regulating the activity of insulin- like growth factor 1 (IGF- 1) in osteo-
blasts, thereby significantly reducing the apoptosis of osteoblasts 
induced by tumour necrosis factor- alpha (TNF- α) and inhibiting the 
activation of caspase- 3, which makes it the main contributor to the 
mechanism of apoptosis in several cell types.67,68 It was also found 
that blocking extracellular signal- regulated kinase (ERK) and AKT 
(also called protein kinase B [PKB]) and inhibiting GHSR could both 
block the protective effect of ghrelin against desmosome- induced 
apoptosis in MC3T3- E1 cells. This finding may suggest that ghrelin 
inhibits apoptosis in MC3T3- E1 cells by activating the GHSR/ERK 

and GHSR/PI3K/AKT signalling pathways.60 It further hints that 
ghrelin may affect bone metabolism by controlling osteoblast ap-
optosis. Moreover, ghrelin was revealed to have mitogenic activity 
in osteoblasts, with a stronger effect on human cells and a weaker 
one on rat osteoblasts.69 Ghrelin and GHS- R1a have been shown to 
promote osteoblast proliferation and differentiation in vitro and in-
crease the bone mineral density in vivo.66 Furthermore, ghrelin can 
significantly increase the number of osteoblasts and the synthesis of 
DNA in a dose- dependent manner. It also increases the expression 
of osteoblast differentiation markers, alkaline phosphatase activity 
and calcium accumulation in the matrix.66 Collectively, ghrelin plays 

TA B L E  1  Roles of ghrelin in degenerative musculoskeletal disorders.

Disease Signal pathway Roles in disease References

OP MAPK/PI3K Promoting osteoblast proliferation and differentiation and inhibiting 
apoptosis

[57], [58]

GHSR/ERK and GHSR/PI3K/AKT Inhibiting apoptosis in MC3T3- E1 cells [59]

GH- IGF- I axis Increasing BMD [60]

OA JAK2/STAT3/IRF- 1 Suppressing the expression of MMPs and ADAMTs and inhibiting 
degradation of human chondrocyte aggregates and Col II

[61], [62]

NF- κB Antagonizing exaggerated catabolism in degenerative chondrocytes [63]

AKT Suppressing the disorganized anabolism [63]

Sarcopenia p38/C/EBPβ Inhibiting myostatin activation [64]

PI3Kβ, mTORC2, and p38 Inhibiting dexamethasone- induced skeletal muscle atrophy and atrogene 
expression

[34]

IVDD NF- κB Inhibiting the role of IL- 1β in NP cell proliferation and apoptosis [65]

AKT Promoting anabolism in NP cells [65]

Abbreviations: ADAMTs, a disintegrin and metalloproteinase with thrombospondin motifs; AKT, protein kinase B; BMD, bone mineral density; 
ERK, extracellular regulated protein kinase; GH, growth hormone; GHSR, growth hormone secretagogue receptor; IGF, insulin- like growth factors; 
IL- 1β, interleukin- 1β; IRF- 1, interferon regulatory factor- 1; IVDD, intervertebral disc degeneration; MAPK, mitogen- activated protein kinase; MMPs, 
matrix metalloproteinases; mTORC2, mammalian target of rapamycin complex 2; NP, nucleus pulposus; OA, osteoarthritis; OP, osteoporosis; PI3K, 
phosphoinositide 3- kinase; PI3Kβ, phosphoinositide 3- Kinase β.

F I G U R E  1  Ghrelin is correlated with 
the progression of multiple degenerative 
musculoskeletal disorders including OP, 
OA sarcopenia and IVDD. (A) Signal 
pathway: MAPK/PI3K, GHSR/ERK and 
GHSR/PI3K/AKT. (B) Signal pathway: 
JAK2/STAT3/IRF- 1, NF- kB and AKT. (C) 
Signal pathway: p38/C/EBPβ, PI3Kβ, 
mTORC2 and p38. (D) Signal pathway: NF- 
κB and AKT. AKT, protein kinase B; ERK, 
extracellular regulated protein kinase; 
GHSR, growth hormone secretagogue 
receptor; IVDD, intervertebral disc 
degeneration; MAPK, mitogen- activated 
protein kinase; mTORC2, mammalian 
target of rapamycin complex 2; OA, 
osteoarthritis; OP, osteoporosis; PI3K, 
phosphoinositide 3- kinase; PI3Kβ, 
phosphoinositide 3- Kinase β.



    |  3685SUN et al.

an important role in promoting the proliferation and differentiation 
of osteoblasts.

Conversely, ghrelin has an inhibitory effect on osteoclast forma-
tion.70 It can promote osteoprotegerin (OPG) expression while in-
hibiting the receptor activator of the nuclear factor kappa- B ligand/
OPG ratio, resulting in decreased osteoblast- related osteoclast 
production.71 Ghrelin- mediated inhibition of osteoclastogenesis 
and reduction of bone loss is age- dependent. Both osteoblasts and 
- clasts express mRNAs encoding ghrelin and its receptor, and their 
expression levels decline with age. The role of ghrelin in promoting 
the proliferation and differentiation of osteoblasts67,68 and directly 
inhibiting osteoclasts52 may be one of the reasons for the increased 
bone resorption with ageing, leading to OP. When the inhibitory ef-
fect on osteoclasts is weakened and the proliferation and differen-
tiation of osteoblasts is reduced, bone resorption is stronger than 
bone formation, resulting in bone loss and OP.

Bone mineral density (BMD) can be used as a monitoring indi-
cator for OP, while ghrelin, a natural ligand for GHSR and GH, can 
increase BMD.2 Therefore, it is speculated that ghrelin affects BMD 
through GH- related pathways. Furthermore, ghrelin injections in 
rats were observed to significantly increase the total BMD of the 
femur.72 The same experiment was performed in GH- deficient mice 
to exclude ghrelin from activating the GH- IGF- I axis, and it was 
found that ghrelin also increased BMD in mice. Additionally, it was 
proposed that acylated ghrelin might be a significant determinant 
of whole- body BMD in healthy normal- weight children and adoles-
cents.66 Therefore, while ghrelin is highly likely to directly stimulate 
an increase in BMD, it can also increase it by stimulating GH release.

The effects of body weight on bone formation, bone resorption 
and serum ghrelin have been reported by several investigators.73 
It was shown that bone formation is inhibited and bone resorption 
promoted in females after a 10% weight loss, and this bone con-
version is influenced by the ghrelin level in the circulating blood. In 
addition, changes in the bone formation marker procollagen type I 
N- propeptide have been reported to be positively correlated with 
changes in the lean body mass and negatively correlated with 
changes in serum ghrelin.73 Due to ageing and weight loss in elderly 
individuals, bone formation is inhibited and bone resorption is pro-
moted, which jointly results in OP, while a decrease in the level of 
ghrelin or active ghrelin in the body can affect the level of GH.

Moreover, the serum ghrelin levels were positively correlated 
with trabecular bone density. In women, it was found that trabec-
ular bone density increased by an average of 7.1 mg/cm3 for every 
0.05 ng/mL increase in the ghrelin serum concentration, and the 
ghrelin level was highly correlated with trabecular bone density in 
elderly individuals.61 Ghrelin cells in the oxyntic mucosa are closed 
types of cells that are not continuous with the lumen of the gastroin-
testinal tract but are located adjacent to the capillary network of the 
lamina propria. They respond to physical stimuli from the lumen or 
chemical stimuli from the basolateral site. Therefore, they can func-
tion as endocrine cells to deliver ghrelin to the peripheral tissues 
expressing GHS- R.62 Acylated ghrelin can affect osteoblasts and 
osteoclasts, while unacylated ghrelin has biological activities that 

specifically regulate the development and growth of osteoblasts.70 
Acylated and unacylated ghrelin are indistinguishable in controlling 
the cortical bone mass, mineral deposition and bone formation in 
vivo, and in the formation of osteoblast colonies in vitro. The ab-
sence of GHSR- mediated acylated ghrelin signalling can be compen-
sated by unacylated ghrelin signalling, and intact ghrelin signalling 
protects early trabecular bone formation. Unlike the effect on os-
teoblasts, enhanced osteoclast formation was observed in GHRl– (no 
acylated and unacylated ghrelin response) and GHSR– (no acylated 
ghrelin response) deficient mice, suggesting that the formation of 
osteoclasts is primarily controlled by acylated ghrelin.

4.2  |  Ghrelin and OA

OA occurs because of cartilage damage and degeneration caused by 
inflammatory factors. Recent studies have shown that ghrelin has 
cartilage- protective and anti- inflammatory effects,63 suggesting that 
decreased ghrelin levels may be associated with OA development.

A strong association has been reported between a reduced 
expression of synovial fluid ghrelin and the progression of joint 
inflammation and cartilage damage.74 Under several pathological 
circumstances, ghrelin has demonstrated its anti- inflammatory and 
antioxidant effects.4 Matrix metalloproteinases (MMP), a disinteg-
rin and metalloproteinase with thrombospondin motifs (ADAMTS), 
interleukin- 8 (IL- 8) and complement factors are all induced by IL- 1, 
which regulates the degradation of the cartilage matrices.75 Ghrelin 
can ameliorate the IL- 1β- induced degradation of type II collagen 
(Col II) and aggrecan,76 among which aggrecan degradation is an-
other important pathological process in OA and is mainly regulated 
by ADAMTS- 4 and 5. Ghrelin inhibits IL- 1β- induced expressions 
of ADAMTS- 4 and 5 at both the gene and protein levels. More-
over, MMP- 3 and MMP- 13 are associated with Col II degradation. 
Ghrelin inhibits the expression of MMP- 3, MMP- 13, ADAMTS- 4 and 
ADAMTS- 5 induced by IL- 1β in a concentration- dependent manner, 
thereby reducing the degradation of Col II and aggrecan.

The expression of interferon regulatory factor 1 (IRF- 1) was 
reported to increase in the chondrocytes of patients with OA, and 
immunofluorescence staining indicates that IL- 1β promotes the ex-
pression of IRF- 1.77 Polymerase chain reaction (PCR) results show 
that ghrelin attenuates the IL- 1β- induced increase in the expression 
of IRF- 1 mRNA. Ghrelin can inhibit IRF- 1 expression by inactivat-
ing the Janus kinase 2 (JAK2)/signal transducer and activator of the 
transcription 3 (STAT3) pathway.76 It was found that ghrelin inhibits 
the expressions of MMP- 3, MMP- 13, ADAMTS- 4 and ADAMTS- 5 
and suppresses the activation of the JAK2/STAT3 pathway, but not 
the p38 pathway.77 Overall, ghrelin weakens the ability of IL- 1β- 
induced degradation of human chondrocyte aggregates and Col II 
and suppresses the expressions of MMPs and ADAMTs by inhibiting 
the JAK2/STAT3/IRF- 1 pathway.

Ghrelin can reduce the production of several inflammatory cy-
tokines, inhibit chondrocyte apoptosis, downregulate the levels of 
MMP- 13 and ADAMTS- 5 and maintain critical matrix components, 
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such as aggrecan and Col II to inhibit cartilage degeneration by safe-
guarding the dynamic balance of chondrocytes.78 Among the vari-
ous degenerative and inflammatory cytokines involved in OA, IL- 1β 
and TNF- α are the key proinflammatory cytokines that induce other 
inflammation- related molecules.79,80 In the development of OA, ac-
tivated AKT signalling would increase chondrocyte anabolism, while 
inhibited AKT signalling in chondrocytes would reduce chondrocyte 
anabolism.81 An important modulator of age- dependent cartilage 
degradation is the nuclear factor kappa- light- chain enhancer of the 
signalling pathway of activated B cells (NF- κB).82 Studies have shown 
that the activation of NF- kB signalling can accelerate the progres-
sion of age- related cartilage degenerative diseases, while inhibition 
of this signalling can attenuate these diseases.83,84 Ghrelin was 
found to antagonize the inhibition of the chondrocyte AKT signal-
ling pathway and activation of NF- κB signalling during OA develop-
ment, alleviate disordered anabolism, inhibit inflammatory cytokines 
or OAs- induced hyperactivation of NF- κB signalling in chondro-
cytes and downregulate IL- 1β- mediated catabolism. Moreover, the 
expression levels of ghrelin in degenerative cartilage, inflammatory 
cytokine- stimulated chondrocytes and cartilage in a surgically in-
duced arthritis model were significantly reduced, suggesting that 
ghrelin may be involved in the development of OA.78 In two types of 
surgically induced OA models, both systemic and topical applications 
of ghrelin significantly reduced the disease severity, suggesting that 
it may play a protective role in articular cartilage degeneration.78

Alternatively, the ghrelin level in synovial fluid is associated with 
disease severity and ghrelin is negatively correlated with the TNF- α 
and IL- 6 levels.85 Ghrelin can potently inhibit the expressions of 
TNF- α, IL- 1β and IL- 6 by lymphocytes and monocytes.86 Increased 
endogenous ghrelin was reported to downregulate the pain thresh-
old and exert antinociceptive effects to alleviate inflammatory pain 
in rats by interacting with the central opioid system,64,87 suggesting 
that ghrelin may suppress inflammation- induced pain.

Ghrelin plays an important role in maintaining the normal func-
tion of the musculoskeletal system. The reduction in ghrelin levels in 
the body weakens its protective effects on the cartilage and its anti- 
inflammatory effects, which can lead to symptoms of OA. These 
findings support the feasibility of ghrelin as a future treatment for 
OA.

4.3  |  Ghrelin and sarcopenia

Sarcopenia is a disease that seriously endangers the physical health 
and behavioural movement of elderly individuals with the loss of 
skeletal muscle mass and strength, which has brought about heavy 
socioeconomic pressure as the population ages. Muscle mass de-
clines with age,88 and is significantly reduced in the elderly.89 With 
ageing, a certain degree of skeletal muscle degeneration and sarco-
penia occurs, and ghrelin, as a gastrointestinal hormone, plays an 
important role in maintaining the muscle function.

Ghrelin has been proven to be capable of preventing mus-
cle catabolism, promoting intestinal motility and regulating 

metabolism.90,91 The protective effect of ghrelin can be attributed 
to two aspects: It stimulates feeding to increase the intake of pro-
tein and other nutrients,92 and it has a direct protective effect on 
muscles by preventing muscle breakdown through the regulation of 
metabolic factors.

It was found that both acylated and unacylated ghrelin stimu-
lated C2C12 skeletal myoblasts to differentiate and fuse to form 
multinucleated myotubes in vitro by activating the p38 pathway.35 
Myostatin is a key regulator of skeletal muscle mass and is expressed 
in skeletal muscle to suppress muscle growth.93 Ghrelin and its an-
alogues Bim- 28,125 and Bim- 28,131 were found to significantly re-
duce the expression of myostatin at the protein level,92 suggesting 
that ghrelin may exert a protective effect on muscle growth against 
inhibition by myostatin. p38 mediates effects through C/EBP- β, and 
C/EBP- β activation can induce the expression of myostatin.94 In 
C2C12 cells, it was reported that cisplatin elevated the nuclear C/
EBP- β and myostatin, confirming that the p38/C/EBP- β/myostatin 
pathway was activated in this situation.91 Ghrelin may inhibit myo-
statin activation by inactivating p38 and C/EBPβ and act directly on 
myoblasts to prevent cisplatin- induced myasthenia in the absence of 
GHSR1a,91 suggesting the possibility that ghrelin may play a role in 
preventing myasthenia gravis or sarcopenia.

In cultures of GHSR- 1a- deficient C2C12 myotubes, acylated and 
unacylated ghrelin can trigger antiatrophic signalling so as to pro-
tect the myotubes against dexamethasone- induced atrophy and 
atrogene overexpression.34 Moreover, TNF/IFN- induced cachexia in 
C2C12 myotubes was reported to be reduced by unacylated ghrelin 
in a PI3K/ mammalian target of rapamycin (mTOR)- dependent man-
ner.95 It has been shown that the mTOR Complex 2 (mTORC2) plays a 
crucial role in regulating the antiatrophic effects of acylated ghrelin 
and unacylated ghrelin since their antiatrophic activity is sensitive 
to the downregulation of rictor, a specific mTORC2 component. Ac-
ylated and unacylated ghrelin inhibit the dexamethasone- induced 
skeletal muscle atrophy and atrophy gene expression through PI3Kβ, 
mTORC2 and p38- mediated myotubular pathways. They are unaf-
fected by GHSR- 1a or stimulation of the GH/IGF- 1 axis.34 Acylated 
and unacylated ghrelin were also found to activate an antiatrophic 
signalling pathway by directly acting on skeletal muscle, protecting 
it against experimentally induced atrophy. In addition, ghrelin can 
act on a common, unknown receptor to prevent myasthenia gravis 
in a GH- independent manner and prevent the development of sar-
copenia.34 These findings suggest that ghrelin may be an important 
contributor to prevent muscle atrophy and promote muscle growth.

The myogenic regulatory factors, myogenic differentiation fac-
tor (MyoD) and myogenin, which are controlled by AKT phosphory-
lation, p38, myostatin and TNF- α, have been demonstrated to play 
a significant role in tumour- induced cachexia by controlling muscle 
regeneration.96,97 Ghrelin was found to be capable of blocking the 
changes caused by cisplatin, leading to elevated expressions of atro-
gin- 1, muscle ring finger (MuRF)1, p38 and myostatin and reduced 
expressions of AKT, MyoD and myogenin.91 Muscle atrophy occurs 
through the lysosomal and protease systems by degrading large mol-
ecules of protein within the myocyte when the body is in a state of 
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nutritional deficiency. The ubiquitin– protease system is the major 
protein degradation system, and the genes encoding atrogin- 1 and 
MuRF1 are critical genes that control protein degradation.98 The ac-
tivation of p38/C/EBP- β, myostatin and inflammatory cytokines, as 
well as the decrease in AKT and myogenin/myoD, would eventually 
lead to increased proteolysis, decreased muscle mass and reduced 
strength. Overall, ghrelin inhibits muscle atrophy by activating AKT, 
myogenin and myoD and downregulating inflammation and p38/C/
EBP- β/myostatin. These alterations are speculated to target muscle 
cells directly, at least in part.

4.4  |  Ghrelin and IVDD

IVDD is a chronic and complex degenerative lesion of the loco-
motor system characterized by metabolic and structural changes, 
which can result in degeneration, loss of mechanical stability, and 
shock- absorbing function of the intervertebral disc (IVD).99 Inflam-
mation is an extremely vital factor in IVDD, which is a process that 
can be exacerbated by the production of inflammatory mediators. 
Meanwhile, the production of mediators, including IL- 1β, TNF- α 
and IL- 6 has been associated with matrix degradation, ageing and 
death of disc cells, as well as the recruitment of immune cells.100,101 
Ghrelin has anti- inflammatory effects, which make it possible to 
contribute to the protection of IVDs against degeneration.

An important characteristic change in the degenerative process 
of IVD is the reduced anabolism of nucleus pulposus (NP) cells.102 In 
healthy, hydrated and mechanically functional IVDs, cells of the NP 
region are principally responsible for producing a functional extra-
cellular matrix (ECM) and secreting chemokines and growth factors 
that control matrix formation.103,104 Col II and aggregates are the 
key structural components of the cartilage and NP cells,105 and a 
decrease in these matrix molecules indicates excessive degenera-
tion of the IVD.106 IL- 1β is known to be a key inflammatory factor 
that stimulates the expressions of several degenerative MMPs and 
polymerases, such as ADAMTS- 5, MMP- 13 and disintegrin.107– 109 It 
has been widely recognized that IL- 1β is a major factor in the dete-
rioration of IVD tissue.110 The ghrelin level in NP cells was reported 
to decrease after IL- 1β stimulation, suggesting a potential link be-
tween ghrelin and homeostasis in NP cells.111 In IVDD, it is common 
to observe elevated expressions of degeneration- related molecules, 
including ADAMTS- 5, MMP13, iNOS and TNF- α in NP cells.112– 114 In 
a rabbit IVDD model, ghrelin administration was found to downreg-
ulate the elevated levels of degeneration- related biomarkers, such as 
ADAMTS- 4, ADAMTS- 5 and MMP- 3 in NP tissues.65

The NF- B pathway has been identified as a significant mediator 
of age- dependent disc degeneration and is crucial for mediating IL- 
1β activity.115 It was reported that ghrelin significantly slows down 
the nuclear transaction of p65, a known indicator for activation of 
the NF- B signalling pathway.111,116 Ghrelin can also suppress the ex-
cessive activation of the NF- B signalling pathway in the presence of 
IL- 1, which may slow down the process of NP degeneration.111 Addi-
tionally, ghrelin is known to activate the AKT signalling pathway,117 

which is directly related to the anabolic capacity of NP cells.118 Ag-
grecan and Col II are the key matrix components of NP tissues, and 
ghrelin can significantly upregulate the mRNA levels of aggrecan and 
Col II in a dose- dependent manner.111

In general, ghrelin inhibits metabolic disorders and the apoptosis 
of NP cells by inhibiting the IL- 1β- induced NK- κB signalling pathway 
and stimulates the anabolic metabolism of NP cells by activating the 
AKT signalling pathway, thus providing a protective effect on IVD.

5  |  CONCLUSION

Ghrelin is mainly produced in the gastrointestinal tract and is specu-
lated to play an important role in the musculoskeletal system based 
on the accumulated evidence. As age advances, ghrelin production 
and the proportion of active ghrelin show declining trends. Ghrelin 
has anti- inflammatory and regulatory effects on bone metabolism 
and protects against degeneration in the musculoskeletal system. 
More specifically, ghrelin inhibits the production of osteoclasts and 
promotes the growth and differentiation of osteoblasts by acting 
on the GHSR/ERK and GHSR/PI3K/AKT signalling pathways. The 
chondroprotective and anti- inflammatory effects of ghrelin are ena-
bled by inhibiting the JAK2/STAT3/IRF- 1 and chondrocyte AKT sig-
nalling pathways and activating the NF- κB signalling pathway, which 
makes ghrelin an important component in the protection of bones 
and joints. In terms of muscle protection, ghrelin promotes the in-
take of nutrients and acts directly on muscles to promote the prolif-
eration of C2C12 myoblasts by activating AKT, myogenin and myoD 
while downregulating inflammation and p38/C/EBP- β/myostatin. 
In the protection of IVD, ghrelin inhibits the IL- 1β- induced NK- κB 
signalling pathway to suppress metabolic disorders and apoptosis in 
NP cells and activates the AKT signalling pathway to stimulate the 
anabolism of NP cells, which in turn protects and prevents the devel-
opment of degenerative disc lesions.

Although ghrelin is a short peptide found in the gastrointestinal 
tract, it is also important for the musculoskeletal system. The age- 
dependent nature of ghrelin may be a critical factor in degenerative 
musculoskeletal disorders. With the acceleration of the ageing pro-
cess in China and the increasing proportion of the elderly population 
revealing the potential role of ghrelin as a key target in the treatment 
of related bone and muscle diseases, there is a need for further re-
search in this area.

AUTHOR CONTRIBUTIONS
Jianfeng Sun: Conceptualization (lead); data curation (equal); for-
mal analysis (equal); investigation (equal); methodology (lead); 
software (equal); validation (equal); visualization (equal); writ-
ing –  original draft (lead); writing –  review and editing (equal). 
Yibo Tan: Conceptualization (lead); data curation (equal); formal 
analysis (equal); investigation (equal); methodology (lead); soft-
ware (equal); validation (equal); visualization (equal); writing –  
original draft (lead); writing –  review and editing (equal). Jingyue 
Su: Formal analysis (equal); investigation (equal); validation (equal); 



3688  |    SUN et al.

writing –  review and editing (equal). Herasimenka Mikhail: For-
mal analysis (equal); investigation (equal); validation (equal); writ-
ing –  review and editing (equal). Volotovski Pavel: Formal analysis 
(equal); investigation (equal); validation (equal); writing –  review 
and editing (equal). Zhenhan Deng: Conceptualization (support-
ing); funding acquisition (equal); methodology (supporting); pro-
ject administration (equal); resources (equal); supervision (equal); 
writing –  original draft (supporting); writing –  review and editing 
(equal). Yusheng Li: Conceptualization (supporting); funding acqui-
sition (equal); methodology (supporting); project administration 
(equal); resources (equal); supervision (equal); writing –  original 
draft (supporting); writing –  review and editing (equal).

ACKNO WLE DG E MENTS
This work was supported by National Key R&D Program of China 
(2019YFA0111900), National Natural Science Foundation of China 
(81874030, 82072506), National Clinical Research Center for 
Geriatric Disorders (2021LNJJ05), Provincial Key R&D Program 
of Hunan (2020SK2075), the Administration of Traditional Chi-
nese Medicine of Hunan Province (2021075), Innovation- Driven 
Project of Central South University (2020CX045), Hunan Yong 
Talents of Science and Technology (2021RC3025), Wu Jieping 
Medical Foundation (320.6750.2020- 03- 14), and the Independ-
ent Exploration, Innovation Project for Postgraduate Students 
of Central South University (2021zzts1024), the Hunan Pro-
vincial Innovation Foundation for Postgraduate (CX20210360), 
Guangdong Basic and Applied Basic Research Foundation 
(2021A1515220030) and Shenzhen Science and Technology Pro-
gram (RCYX20210609103902019).

CONFLIC T OF INTERE S T S TATEMENT
The authors declare that they have no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
Not applicable.

ORCID
Zhenhan Deng  https://orcid.org/0000-0003-0522-8269 

R E FE R E N C E S
 1. Kojima M, Hosoda H, Date Y, Nakazato M, Matsuo H, Kangawa 

K. Ghrelin is a growth- hormone- releasing acylated peptide from 
stomach. Nature. 1999;402:656- 660.

 2. Amini P, Cahill F, Wadden D, et al. Beneficial association of 
serum ghrelin and peptide YY with bone mineral density in the 
Newfoundland population. BMC Endocr Disord. 2013;13:35.

 3. Wu J, Wang K, Xu J, et al. Associations between serum ghrelin 
and knee symptoms, joint structures and cartilage or bone bio-
markers in patients with knee osteoarthritis. Osteoarthr Cartil. 
2017;25:1428- 1435.

 4. Colldén G, Tschöp MH, Müller TD. Therapeutic potential of target-
ing the ghrelin pathway. Int J Mol Sci. 2017;18:798.

 5. Lin Y, Matsumura K, Fukuhara M, Kagiyama S, Fujii K, Iida M. 
Ghrelin acts at the nucleus of the solitary tract to decrease arterial 
pressure in rats. Hypertension. 2004;43:977- 982.

 6. Tabebordbar M, Wang ET, Wagers AJ. Skeletal muscle degener-
ative diseases and strategies for therapeutic muscle repair. Annu 
Rev Pathol. 2013;8:441- 475.

 7. Ikegawa S. The genetics of common degenerative skeletal dis-
orders: osteoarthritis and degenerative disc disease. Annu Rev 
Genomics Hum Genet. 2013;14:245- 256.

 8. Li B, Chen D. Degenerative musculoskeletal diseases: pathology 
and treatments. J Orthop Translat. 2019;17:1- 2.

 9. Fujiwara S. Epidemiology of respiratory diseases and osteoporo-
sis. Clin Calcium. 2016;26:1387- 1392.

 10. Clynes MA, Harvey NC, Curtis EM, Fuggle NR, Dennison EM, 
Cooper C. The epidemiology of osteoporosis. Br Med Bull. 
2020;133:105- 117.

 11. Harvey N, Dennison E, Cooper C. Osteoporosis: impact on health 
and economics. Nat Rev Rheumatol. 2010;6:99- 105.

 12. Rachner TD, Khosla S, Hofbauer LC. Osteoporosis: now and the 
future. Lancet. 2011;377:1276- 1287.

 13. Johnston CB, Dagar M. Osteoporosis in older adults. Med Clin 
North Am. 2020;104:873- 884.

 14. Global Burden of Disease Study 2013 Collaborators. Global, re-
gional, and national incidence, prevalence, and years lived with 
disability for 301 acute and chronic diseases and injuries in 188 
countries, 1990– 2013: a systematic analysis for the global burden 
of disease study 2013. Lancet. 2015;386:743- 800.

 15. Murphy L, Schwartz TA, Helmick CG, et al. Lifetime risk of symp-
tomatic knee osteoarthritis. Arthritis Rheum. 2008;59:1207- 1213.

 16. March LM, Bachmeier CJ. Economics of osteoarthritis: a global 
perspective. Baillieres Clin Rheumatol. 1997;11:817- 834.

 17. Cruz- Jentoft AJ, Sayer AA. Sarcopenia. Lancet. 2019;393:263 
6- 2646.

 18. Palus S, Springer JI, Doehner W, et al. Models of sarcopenia: short 
review. Int J Cardiol. 2017;238:19- 21.

 19. Yeung SSY, Reijnierse EM, Pham VK, et al. Sarcopenia and its 
association with falls and fractures in older adults: a system-
atic review and meta- analysis. J Cachexia Sarcopenia Muscle. 
2019;10:485- 500.

 20. Hall JA, Konstantinou K, Lewis M, Oppong R, Ogollah R, Jowett 
S. Systematic review of decision analytic modelling in economic 
evaluations of low back pain and sciatica. Appl Health Econ Health 
Policy. 2019;17:467- 491.

 21. Livshits G, Popham M, Malkin I, et al. Lumbar disc degeneration and 
genetic factors are the main risk factors for low back pain in women: 
the UK twin spine study. Ann Rheum Dis. 2011;70:1740- 1745.

 22. Dieleman JL, Baral R, Birger M, et al. US spending on per-
sonal health care and public health, 1996- 2013. JAMA. 
2016;316:2627- 2646.

 23. Katz JN. Lumbar disc disorders and low- back pain: socioeconomic 
factors and consequences. J Bone Joint Surg Am. 2006;88(Suppl 
2):21- 24.

 24. Howard AD, Feighner SD, Cully DF, et al. A receptor in pituitary 
and hypothalamus that functions in growth hormone release. 
Science. 1996;273:974- 977.

 25. Wettschureck N, Moers A, Wallenwein B, Parlow AF, Maser- Gluth 
C, Offermanns S. Loss of Gq/11 family G proteins in the nervous 
system causes pituitary somatotroph hypoplasia and dwarfism in 
mice. Mol Cell Biol. 2005;25:1942- 1948.

 26. Cowley MA, Smith RG, Diano S, et al. The distribution and mechanism 
of action of ghrelin in the CNS demonstrates a novel hypothalamic 
circuit regulating energy homeostasis. Neuron. 2003;37:649- 661.

 27. Nakazato M, Murakami N, Date Y, et al. A role for ghrelin in the 
central regulation of feeding. Nature. 2001;409:194- 198.

 28. Masuda Y, Tanaka T, Inomata N, et al. Ghrelin stimulates gastric 
acid secretion and motility in rats. Biochem Biophys Res Commun. 
2000;276:905- 908.

https://orcid.org/0000-0003-0522-8269
https://orcid.org/0000-0003-0522-8269


    |  3689SUN et al.

 29. Asakawa A, Inui A, Kaga T, et al. Ghrelin is an appetite- stimulatory 
signal from stomach with structural resemblance to motilin. 
Gastroenterology. 2001;120:337- 345.

 30. Weikel JC, Wichniak A, Ising M, et al. Ghrelin promotes slow- wave 
sleep in humans. Am J Physiol Endocrinol Metab. 2003;284:E407- E415.

 31. Reed JA, Benoit SC, Pfluger PT, Tschöp MH, D'Alessio DA, Seeley 
RJ. Mice with chronically increased circulating ghrelin develop 
age- related glucose intolerance. Am J Physiol Endocrinol Metab. 
2008;294:E752- E760.

 32. Zhao TJ, Liang G, Li RL, et al. Ghrelin O- acyltransferase (GOAT) 
is essential for growth hormone- mediated survival of calorie- 
restricted mice. Proc Natl Acad Sci U S A. 2010;107:7467- 7472.

 33. Lin L, Saha PK, Ma X, et al. Ablation of ghrelin receptor reduces 
adiposity and improves insulin sensitivity during aging by regulat-
ing fat metabolism in white and brown adipose tissues. Aging Cell. 
2011;10:996- 1010.

 34. Porporato PE, Filigheddu N, Reano S, et al. Acylated and unacy-
lated ghrelin impair skeletal muscle atrophy in mice. J Clin Invest. 
2013;123:611- 622.

 35. Filigheddu N, Gnocchi VF, Coscia M, et al. Ghrelin and des- acyl 
ghrelin promote differentiation and fusion of C2C12 skeletal mus-
cle cells. Mol Biol Cell. 2007;18:986- 994.

 36. Prodam F, Bellone S, Grugni G, et al. Influence of age, gender, and 
glucose tolerance on fasting and fed acylated ghrelin in Prader 
Willi syndrome. Clin Nutr. 2009;28:94- 99.

 37. Sturm K, MacIntosh CG, Parker BA, Wishart J, Horowitz M, 
Chapman IM. Appetite, food intake, and plasma concentrations of 
cholecystokinin, ghrelin, and other gastrointestinal hormones in 
undernourished older women and well- nourished young and older 
women. J Clin Endocrinol Metab. 2003;88:3747- 3755.

 38. Rigamonti AE, Pincelli AI, Corrà B, et al. Plasma ghrelin concen-
trations in elderly subjects: comparison with anorexic and obese 
patients. J Endocrinol. 2002;175:R1- R5.

 39. Schneider SM, Al- Jaouni R, Caruba C, et al. Effects of age, malnu-
trition and refeeding on the expression and secretion of ghrelin. 
Clin Nutr. 2008;27:724- 731.

 40. Nass R, Farhy LS, Liu J, et al. Age- dependent decline in acyl- 
ghrelin concentrations and reduced association of acyl- ghrelin and 
growth hormone in healthy older adults. J Clin Endocrinol Metab. 
2014;99:602- 608.

 41. Zhao TJ, Sakata I, Li RL, et al. Ghrelin secretion stimulated by 
{beta}1- adrenergic receptors in cultured ghrelinoma cells and in 
fasted mice. Proc Natl Acad Sci U S A. 2010;107:15868- 15873.

 42. Mundinger TO, Cummings DE, Taborsky GJ Jr. Direct stimula-
tion of ghrelin secretion by sympathetic nerves. Endocrinology. 
2006;147:2893- 2901.

 43. Hosoda H, Kangawa K. The autonomic nervous system regulates 
gastric ghrelin secretion in rats. Regul Pept. 2008;146:12- 18.

 44. de la Cour CD, Norlén P, Håkanson R. Secretion of ghrelin from 
rat stomach ghrelin cells in response to local microinfusion of can-
didate messenger compounds: a microdialysis study. Regul Pept. 
2007;143:118- 126.

 45. Gao E, Snyder DL, Roberts J, et al. Age- related decline in beta adren-
ergic and adenosine A1 receptor function in the heart are attenu-
ated by dietary restriction. J Pharmacol Exp Ther. 1998;285:186- 192.

 46. Di Francesco V, Fantin F, Residori L, et al. Effect of age on the dy-
namics of acylated ghrelin in fasting conditions and in response to 
a meal. J Am Geriatr Soc. 2008;56:1369- 1370.

 47. Parker BA, Chapman IM. Food intake and ageing— the role of the 
gut. Mech Ageing Dev. 2004;125:859- 866.

 48. Gnanapavan S, Kola B, Bustin SA, et al. The tissue distribution of 
the mRNA of ghrelin and subtypes of its receptor, GHS- R, in hu-
mans. J Clin Endocrinol Metab. 2002;87:2988- 2991.

 49. Sun Y, Garcia JM, Smith RG. Ghrelin and growth hormone secre-
tagogue receptor expression in mice during aging. Endocrinology. 
2007;148:1323- 1329.

 50. Lin L, Lee JH, Buras ED, et al. Ghrelin receptor regulates adipose 
tissue inflammation in aging. Aging. 2016;8:178- 191.

 51. O'Reilly C, Lin L, Wang H, Fluckey J, Sun Y. Ablation of ghrelin 
receptor mitigates the metabolic decline of aging skeletal muscle. 
Genes. 2022;13:1368.

 52. van der Velde M, van der Eerden BC, Sun Y, et al. An age- dependent 
interaction with leptin unmasks ghrelin's bone- protective effects. 
Endocrinology. 2012;153:3593- 3602.

 53. Jürimäe J, Pomerants T, Tillmann V, Jürimäe T. Bone metabolism 
markers and ghrelin in boys at different stages of sexual maturity. 
Acta Paediatr. 2009;98:892- 896.

 54. Pomerants T, Tillmann V, Jürimäe J, Jürimäe T. The influence of 
serum ghrelin, IGF axis and testosterone on bone mineral density 
in boys at different stages of sexual maturity. J Bone Miner Metab. 
2007;25:193- 197.

 55. Gonnelli S, Caffarelli C, Del Santo K, et al. The relationship of 
ghrelin and adiponectin with bone mineral density and bone turn-
over markers in elderly men. Calcif Tissue Int. 2008;83:55- 60.

 56. Gomes I, Aryal DK, Wardman JH, et al. GPR171 is a hypothalamic 
G protein- coupled receptor for BigLEN, a neuropeptide involved in 
feeding. Proc Natl Acad Sci U S A. 2013;110:16211- 16216.

 57. Mary S, Fehrentz JA, Damian M, et al. Heterodimerization with 
its splice variant blocks the ghrelin receptor 1a in a non- signaling 
conformation: a study with a purified heterodimer assembled into 
lipid discs. J Biol Chem. 2013;288:24656- 24665.

 58. Broglio F, Benso A, Castiglioni C, et al. The endocrine response 
to ghrelin as a function of gender in humans in young and elderly 
subjects. J Clin Endocrinol Metab. 2003;88:1537- 1542.

 59. Giustina A, Veldhuis JD. Pathophysiology of the neuroregulation 
of growth hormone secretion in experimental animals and the 
human. Endocr Rev. 1998;19:717- 797.

 60. Liang QH, Liu Y, Wu SS, Cui RR, Yuan LQ, Liao EY. Ghrelin inhibits 
the apoptosis of MC3T3- E1 cells through ERK and AKT signaling 
pathway. Toxicol Appl Pharmacol. 2013;272:591- 597.

 61. Napoli N, Pedone C, Pozzilli P, et al. Effect of ghrelin on bone mass 
density: the InChianti study. Bone. 2011;49:257- 263.

 62. Khatib N, Gaidhane S, Gaidhane AM, et al. Ghrelin: ghrelin as a 
regulatory peptide in growth hormone secretion. J Clin Diagn Res. 
2014;8:Mc13- 17.

 63. Maksud FAN, Kakehasi AM, Guimarães M, Machado CJ, Barbosa 
AJA. Ghrelin plasma levels, gastric ghrelin cell density and bone 
mineral density in women with rheumatoid arthritis. Braz J Med 
Biol Res. 2017;50:e5977.

 64. Guneli E, Gumustekin M, Ates M. Possible involvement of ghrelin 
on pain threshold in obesity. Med Hypotheses. 2010;74:452- 454.

 65. Mwale F, Masuda K, Pichika R, et al. The efficacy of link N as a 
mediator of repair in a rabbit model of intervertebral disc degener-
ation. Arthritis Res Ther. 2011;13:R120.

 66. Pacifico L, Anania C, Poggiogalle E, et al. Relationships of acylated 
and des- acyl ghrelin levels to bone mineralization in obese children 
and adolescents. Bone. 2009;45:274- 279.

 67. Kim SW, Her SJ, Park SJ, et al. Ghrelin stimulates proliferation and 
differentiation and inhibits apoptosis in osteoblastic MC3T3- E1 
cells. Bone. 2005;37:359- 369.

 68. Delhanty PJ, van der Eerden BC, van der Velde M, et al. Ghrelin and 
unacylated ghrelin stimulate human osteoblast growth via mitogen- 
activated protein kinase (MAPK)/phosphoinositide 3- kinase (PI3K) 
pathways in the absence of GHS- R1a. J Endocrinol. 2006;188:37- 47.

 69. Costa JL, Naot D, Lin JM, et al. Ghrelin is an osteoblast mitogen 
and increases Osteoclastic bone resorption In vitro. Int J Pept. 
2011;2011:605193.

 70. Delhanty PJ, van der Velde M, van der Eerden BC, et al. Genetic 
manipulation of the ghrelin signaling system in male mice re-
veals bone compartment specificity of acylated and unacylated 
ghrelin in the regulation of bone remodeling. Endocrinology. 
2014;155:4287- 4295.



3690  |    SUN et al.

 71. Mrak E, Casati L, Pagani F, Rubinacci A, Zarattini G, Sibilia V. 
Ghrelin increases Beta- catenin level through protein kinase a ac-
tivation and regulates OPG expression in rat primary osteoblasts. 
Int J Endocrinol. 2015;2015:547473.

 72. Fukushima N, Hanada R, Teranishi H, et al. Ghrelin directly regu-
lates bone formation. J Bone Miner Res. 2005;20:790- 798.

 73. Yu D, Chen W, Zhang J, et al. Effects of weight loss on bone turn-
over, inflammatory cytokines, and adipokines in Chinese over-
weight and obese adults. J Endocrinol Invest. 2022;45:1757- 1767.

 74. Zou YC, Li HH, Yang GG, Yin HD, Cai DZ, Liu G. Attenuated levels 
of ghrelin in synovial fluid is related to the disease severity of ankle 
post- traumatic osteoarthritis. BioFactors. 2019;45:463- 470.

 75. Jotanovic Z, Mihelic R, Sestan B, Dembic Z. Role of interleukin- 1 
inhibitors in osteoarthritis: an evidence- based review. Drugs Aging. 
2012;29:343- 358.

 76. Liu J, Cao L, Gao X, et al. Ghrelin prevents articular cartilage ma-
trix destruction in human chondrocytes. Biomed Pharmacother. 
2018;98:651- 655.

 77. Lu H, Zeng C, Zhao H, Lian L, Dai Y. Glatiramer acetate inhib-
its degradation of collagen II by suppressing the activity of in-
terferon regulatory factor- 1. Biochem Biophys Res Commun. 
2014;448:323- 328.

 78. Qu R, Chen X, Wang W, et al. Ghrelin protects against osteoar-
thritis through interplay with Akt and NF- κB signaling pathways. 
FASEB J. 2018;32:1044- 1058.

 79. Yan D, Kc R, Chen D, Xiao G, Im HJ. Bovine lactoferricin- induced 
anti- inflammation is, in part, via up- regulation of interleukin- 11 by 
secondary activation of STAT3 in human articular cartilage. J Biol 
Chem. 2013;288:31655- 31669.

 80. Manfredi AA, Baldini M, Camera M, et al. Anti- TNFα agents curb 
platelet activation in patients with rheumatoid arthritis. Ann 
Rheum Dis. 2016;75:1511- 1520.

 81. Li X, Ellman M, Muddasani P, et al. Prostaglandin E2 and its cognate 
EP receptors control human adult articular cartilage homeostasis 
and are linked to the pathophysiology of osteoarthritis. Arthritis 
Rheum. 2009;60:513- 523.

 82. Toegel S, Weinmann D, André S, et al. Galectin- 1 couples gly-
cobiology to inflammation in osteoarthritis through the ac-
tivation of an NF- κB- regulated gene network. J Immunol. 
2016;196:1910- 1921.

 83. Wu Y, Chen L, Wang Y, et al. Overexpression of Sirtuin 6 sup-
presses cellular senescence and NF- κB mediated inflammatory 
responses in osteoarthritis development. Sci Rep. 2015;5:17602.

 84. Hou C, Meng F, Zhang Z, et al. The role of MicroRNA- 381 in 
Chondrogenesis and Interleukin- 1- β induced chondrocyte re-
sponses. Cell Physiol Biochem. 2015;36:1753- 1766.

 85. Zou YC, Deng HY, Mao Z, Zhao C, Huang J, Liu G. Decreased syno-
vial fluid ghrelin levels are linked with disease severity in primary 
knee osteoarthritis patients and are increased following laser ther-
apy. Clin Chim Acta. 2017;470:64- 69.

 86. Dixit VD, Schaffer EM, Pyle RS, et al. Ghrelin inhibits leptin-  and 
activation- induced proinflammatory cytokine expression by 
human monocytes and T cells. J Clin Invest. 2004;114:57- 66.

 87. Sibilia V, Lattuada N, Rapetti D, et al. Ghrelin inhibits inflammatory 
pain in rats: involvement of the opioid system. Neuropharmacology. 
2006;51:497- 505.

 88. Attaix D, Mosoni L, Dardevet D, Combaret L, Mirand PP, Grizard 
J. Altered responses in skeletal muscle protein turnover during 
aging in anabolic and catabolic periods. Int J Biochem Cell Biol. 
2005;37:1962- 1973.

 89. Serra- Prat M, Papiol M, Monteis R, Palomera E, Cabré M. 
Relationship between plasma ghrelin levels and sarcopenia in 
elderly subjects: a cross- sectional study. J Nutr Health Aging. 
2015;19:669- 672.

 90. Poher AL, Tschöp MH, Müller TD. Ghrelin regulation of glucose 
metabolism. Peptides. 2018;100:236- 242.

 91. Chen JA, Splenser A, Guillory B, et al. Ghrelin prevents tu-
mour-  and cisplatin- induced muscle wasting: characterization 
of multiple mechanisms involved. J Cachexia Sarcopenia Muscle. 
2015;6:132- 143.

 92. Lenk K, Palus S, Schur R, et al. Effect of ghrelin and its ana-
logues, BIM- 28131 and BIM- 28125, on the expression of myo-
statin in a rat heart failure model. J Cachexia Sarcopenia Muscle. 
2013;4:63- 69.

 93. Yarasheski KE, Bhasin S, Sinha- Hikim I, Pak- Loduca J, Gonzalez- 
Cadavid NF. Serum myostatin- immunoreactive protein is in-
creased in 60- 92 year old women and men with muscle wasting. J 
Nutr Health Aging. 2002;6:343- 348.

 94. Allen DL, Cleary AS, Hanson AM, Lindsay SF, Reed JM. CCAAT/
enhancer binding protein- delta expression is increased in fast skel-
etal muscle by food deprivation and regulates myostatin transcrip-
tion in vitro. Am J Physiol Regul Integr Comp Physiol. 2010;299:R159
2- R1601.

 95. Sheriff S, Kadeer N, Joshi R, Friend LA, Howard James J, 
Balasubramaniam A. Des- acyl ghrelin exhibits pro- anabolic and 
anti- catabolic effects on C2C12 myotubes exposed to cytokines 
and reduces burn- induced muscle proteolysis in rats. Mol Cell 
Endocrinol. 2012;351:286- 295.

 96. Layne MD, Farmer SR. Tumor necrosis factor- alpha and basic fi-
broblast growth factor differentially inhibit the insulin- like growth 
factor- I induced expression of myogenin in C2C12 myoblasts. Exp 
Cell Res. 1999;249:177- 187.

 97. Penna F, Costamagna D, Fanzani A, Bonelli G, Baccino FM, Costelli 
P. Muscle wasting and impaired myogenesis in tumor bearing mice 
are prevented by ERK inhibition. PloS One. 2010;5:e13604.

 98. Lecker SH, Goldberg AL, Mitch WE. Protein degradation by the 
ubiquitin- proteasome pathway in normal and disease states. J Am 
Soc Nephrol. 2006;17:1807- 1819.

 99. Vergroesen PP, Kingma I, Emanuel KS, et al. Mechanics and biol-
ogy in intervertebral disc degeneration: a vicious circle. Osteoarthr 
Cartil. 2015;23:1057- 1070.

 100. Johnson ZI, Schoepflin ZR, Choi H, Shapiro IM, Risbud MV. Disc in 
flames: roles of TNF- α and IL- 1β in intervertebral disc degenera-
tion. Eur Cell Mater. 2015;30:104- 116.

 101. Risbud MV, Shapiro IM. Role of cytokines in intervertebral 
disc degeneration: pain and disc content. Nat Rev Rheumatol. 
2014;10:44- 56.

 102. Hwang PY, Jing L, Chen J, et al. N- cadherin is key to expression 
of the nucleus Pulposus cell phenotype under selective substrate 
culture conditions. Sci Rep. 2016;6:28038.

 103. Urban JP, Roberts S. Degeneration of the intervertebral disc. 
Arthritis Res Ther. 2003;5:120- 130.

 104. Hayes AJ, Benjamin M, Ralphs JR. Extracellular matrix in develop-
ment of the intervertebral disc. Matrix Biol. 2001;20:107- 121.

 105. de Vries SA, Potier E, van Doeselaar M, Meij BP, Tryfonidou MA, 
Ito K. Conditioned medium derived from notochordal cell- rich nu-
cleus pulposus tissue stimulates matrix production by canine nu-
cleus pulposus cells and bone marrow- derived stromal cells. Tissue 
Eng Part A. 2015;21:1077- 1084.

 106. Yang H, Yuan C, Wu C, et al. The role of TGF- β1/Smad2/3 pathway 
in platelet- rich plasma in retarding intervertebral disc degenera-
tion. J Cell Mol Med. 2016;20:1542- 1549.

 107. Jin H, Shen J, Wang B, Wang M, Shu B, Chen D. TGF- β signaling 
plays an essential role in the growth and maintenance of interver-
tebral disc tissue. FEBS Lett. 2011;585:1209- 1215.

 108. Kim JS, Ellman MB, Yan D, et al. Lactoferricin mediates anti- 
inflammatory and anti- catabolic effects via inhibition of 
IL- 1 and LPS activity in the intervertebral disc. J Cell Physiol. 
2013;228:1884- 1896.

 109. Gu SX, Li X, Hamilton JL, et al. MicroRNA- 146a reduces IL- 1 de-
pendent inflammatory responses in the intervertebral disc. Gene. 
2015;555:80- 87.



    |  3691SUN et al.

 110. Li J, Guan H, Liu H, et al. Epoxyeicosanoids prevent inter-
vertebral disc degeneration in vitro and in vivo. Oncotarget. 
2017;8:3781- 3797.

 111. Li W, Wu X, Qu R, et al. Ghrelin protects against nucleus pulposus 
degeneration through inhibition of NF- κB signaling pathway and ac-
tivation of Akt signaling pathway. Oncotarget. 2017;8:91887- 91901.

 112. Wu N, Chen J, Liu H, et al. The involvement of ADAMTS- 5 genetic 
polymorphisms in predisposition and diffusion tensor imaging alter-
ations of lumbar disc degeneration. J Orthop Res. 2014;32:686- 694.

 113. Le Maitre CL, Freemont AJ, Hoyland JA. A preliminary in vitro 
study into the use of IL- 1Ra gene therapy for the inhibition of in-
tervertebral disc degeneration. Int J Exp Pathol. 2006;87:17- 28.

 114. Lee JM, Song JY, Baek M, et al. Interleukin- 1β induces angiogen-
esis and innervation in human intervertebral disc degeneration. J 
Orthop Res. 2011;29:265- 269.

 115. Wang X, Wang H, Yang H, et al. Tumor necrosis factor- α-  and 
interleukin- 1β- dependent matrix metalloproteinase- 3 expression in 
nucleus pulposus cells requires cooperative signaling via syndecan 
4 and mitogen- activated protein kinase- NF- κB axis: implications in 
inflammatory disc disease. Am J Pathol. 2014;184:2560- 2572.

 116. Tang W, Lu Y, Tian QY, et al. The growth factor progranulin binds 
to TNF receptors and is therapeutic against inflammatory arthritis 
in mice. Science. 2011;332:478- 484.

 117. Hao XK, Wu W, Wang CX, et al. Ghrelin alleviates early brain injury 
after subarachnoid hemorrhage via the PI3K/Akt signaling path-
way. Brain Res. 2014;1587:15- 22.

 118. Cheng CC, Uchiyama Y, Hiyama A, Gajghate S, Shapiro IM, Risbud 
MV. PI3K/AKT regulates aggrecan gene expression by modulating 
Sox9 expression and activity in nucleus pulposus cells of the inter-
vertebral disc. J Cell Physiol. 2009;221:668- 676.

How to cite this article: Sun J, Tan Y, Su J, et al. Role and 
molecular mechanism of ghrelin in degenerative 
musculoskeletal disorders. J Cell Mol Med. 2023;27:3681-
3691. doi:10.1111/jcmm.17944

https://doi.org/10.1111/jcmm.17944

	Role and molecular mechanism of ghrelin in degenerative musculoskeletal disorders
	Abstract
	1|INTRODUCTION
	2|GHRELIN
	3|GHRELIN AND AGEING
	4|GHRELIN AND DEGENERATIVE DISEASES
	4.1|Ghrelin and OP
	4.2|Ghrelin and OA
	4.3|Ghrelin and sarcopenia
	4.4|Ghrelin and IVDD

	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


