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Periostin (POSTN) serves a dual role as both a matricellular protein and an 
extracellular matrix (ECM) protein and is widely expressed in various tissues 
and cells. As an ECM protein, POSTN binds to integrin receptors, transduces 
signals to cells, enabling cell activation. POSTN has been linked with various 
diseases, including atopic dermatitis, asthma, and the progression of multiple 
cancers. Recently, its association with orthopedic diseases, such as osteoporosis, 
osteoarthritis resulting from cartilage destruction, degenerative diseases of 
the intervertebral disks, and ligament degenerative diseases, has also become 
apparent. Furthermore, POSTN has been shown to be  a valuable biomarker 
for understanding the pathophysiology of orthopedic diseases. In addition to 
serum POSTN, synovial fluid POSTN in joints has been reported to be useful as a 
biomarker. Risk factors for spinal degenerative diseases include aging, mechanical 
stress, trauma, genetic predisposition, obesity, and metabolic syndrome, but the 
cause of spinal degenerative diseases (SDDs) remains unclear. Studies on the 
pathophysiological effects of POSTN may significantly contribute toward the 
diagnosis and treatment of spinal degenerative diseases. Therefore, in this review, 
we aim to examine the mechanisms of tissue degeneration caused by mechanical 
and inflammatory stresses in the bones, cartilage, intervertebral disks, and 
ligaments, which are crucial components of the spine, with a focus on POSTN.
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1. Introduction

The prevalence of spinal degenerative diseases (SDDs) is on the rise with the growing aging 
population. SDD-induced low back pain and neurological disorders can impact patients’ quality 
of life (QOL), work productivity, and impose a substantial economic burden on individuals, 
their families, and the society (1). The risk factors for SDDs include aging, heavy physical labor 
involving mechanical stress, trauma, genetic predisposition, obesity, and metabolic syndrome 
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(2–4). Although the causes of SDDs remain unclear, understanding 
the etiologies will be critical for its prevention and treatment. SDD is 
also a broad term encompassing various diseases resulting from the 
degeneration of the spinal structure. Furthermore, the combination of 
spinal components and their degenerative diseases include 
osteoporosis, facet joint osteoarthritis, disk degeneration, and lumbar 
spinal stenosis (LSS) in the bones, cartilage, intervertebral disks 
(IVDs), and ligaments, respectively.

The principal cells of the spinal components include osteocytes, 
osteoblasts, and osteoclasts in the bone, chondrocytes in the cartilage, 
medullary nucleus cells in the IVD, and fibroblasts in the ligaments. 
The progressive degeneration of spinal structures has been attributed 
to biomechanical injury or stress and biochemical stressors that can 
adversely affect the regular activity of cells and tissues in the spinal 
components. Furthermore, these risk factors, either independently or 
in combination, contribute to the complex interplay between 
mechanical and biochemical factors leading to the etiology of SDDs. 
However, it is primarily mechanical stress and inflammation that 
direct degeneration of the spinal components. Periostin (POSTN) is a 
type of extracellular matrix (ECM) protein closely associated with 
mechanical stress, inflammation, and aging, and it has been reportedly 
linked with the onset and progression of SDDs. Originally, POSTN 
was named based on its expression in the periosteum of long bones 
(5). It is primarily expressed in collagen-rich adult connective tissues, 
such as heart valves, skin, periodontal ligaments, tendons, and bone, 
which are under constant mechanical stress, predominantly from the 
ontogenetic stage onwards (5, 6). POSTN is also upregulated during 
fracture healing, indicating that it may play an important role in bone 
maintenance and regeneration (7, 8). Additionally, POSTN is 
expressed in the musculoskeletal cells that structure the spine, 
including bone marrow-derived mesenchymal stem cells (MSCs) 
(9–11), osteocytes and osteoblasts (7, 8, 12–18), chondrocytes (10, 11, 
19–22), nucleated cells (23–25), and fibroblasts (19, 26, 27) because of 
its characteristic response to mechanical stress. Notably, POSTN has 
been expressed in and has influenced the differentiation of these cells. 
Thus, the characteristic response of POSTN to mechanical stress 
highlights its role in tissue repair and injury healing (28). However, its 
overexpression has been observed in various diseases, which are 
characterized by inflammation, fibrosis, atherosclerosis, and 
tumorigenesis. POSTN exerts different roles in tissue development 
and disease progression, including brain injury, ocular diseases, 
chronic rhinosinusitis, allergic rhinitis, dental diseases, atopic 
dermatitis, scleroderma, eosinophilic esophagitis, asthma, cardiac 
diseases, lung diseases, liver diseases, chronic kidney diseases, 
inflammatory bowel disease, and osteoarthrosis (29) (Figure  1). 
POSTN has been associated with several chronic inflammatory 
diseases owing to its interaction with inflammatory cytokines (26, 27, 
30). Although POSTN has been reportedly involved in the onset and 
progression of inflammatory diseases by activating the transforming 
growth factor β (TGF-β), phosphoinositide-3 kinase/protein kinase B 
(PI3K/Akt), Wnt, Ras homolog family member A/Rho-associated 
coiled-coil containing protein kinase (RhoA/ROCK), nuclear factor 
kappa B (NF-κB), mitogen-activated protein kinase (MAPK), and 
Janus kinase (JAK) pathways, these pathways have also been linked 
with SDD onset and progression (31). This suggests that crosstalk 
exists between bone metabolism and the immune system, which 
explains the link between the regulation of bone metabolism and the 
mechanisms that trigger inflammation in allergic diseases (32). 

Additionally, chronic low-level inflammation is involved in the 
development and progression of osteoporosis (33), disk degeneration 
(34), ankylosing spondylitis (AS) (35, 36), and ossification of the 
posterior longitudinal ligament (OPLL) (37, 38).

Metabolic syndrome is one of the risk factors for SDDs and is 
strongly associated with lifestyle (39). Metabolic syndrome is triggered 
by visceral fat, which leads to lipid abnormalities, hyperglycemia, and 
hypertension (39). Additionally, metabolic syndrome induces “meta-
inflammation,” a persistent, low-grade systemic inflammation caused 
by metabolic stress, which places biochemical stress on systemic 
tissues (40).

POSTN and metabolic syndrome are characterized by 
inflammation, and an association between POSTN and metabolic 
syndrome has also been identified (40, 41). Recently, a novel 
perspective regarding the aging process has emerged, centered around 
cellular senescence (42–44). Cellular senescence results in senescent 
cells (SCs) exhibiting age-dependent accumulation (45, 46). SCs also 
produce a senescence-associated secretory phenotype (SASP) that 
secretes various inflammatory cytokines; osteoporosis, sarcopenia, 
intervertebral disk degeneration (IVDD), and osteoarthritis have been 
reported as SASP-associated spinal-musculoskeletal diseases (42–44). 
POSTN is also involved in the senescence of osteoblasts, chondrocytes, 
medullary nucleus cells, and fibroblasts and in SDD development and 
progression through SASP. Osteoporosis, sarcopenia, IVDD, and 
osteoarthritis have been reported as musculoskeletal diseases 
associated with SASP (46). This age-related inflammation is mediated 
by NF-κB factors (47), regulated by polymorphisms in various 
immune system genes and has variable rates of association with 
chronic inflammatory diseases such as Alzheimer’s disease (48). 
Additionally, POSTN has been implicated in the aging of osteoblasts, 
chondrocytes, medullary nucleus cells, and fibroblasts via the NF-κB 
pathway, which can be inferred to be involved in the development and 
progression of SDDs (49–52). Furthermore, POSTN is strongly 
associated with various aspects of development, metabolism, and 
immunity, and its expression is linked with the degeneration of spinal 
constructs, thereby playing an important role in the differentiation of 
associated cells and the activation and progression of 
pathological conditions.

Zhu et  al. (53) reviewed the relationship between SDD and 
POSTN, mainly in relation to bone metabolism and IVDD. SDDs 
include intervertebral joint degeneration due to cartilage degeneration 
and lumbar spinal canal stenosis due to ligamentous degeneration. For 
a more comprehensive understanding of the relationship between 
POSTN and SDD, the relationship between POSTN and intervertebral 
joint degeneration and lumbar spinal canal stenosis should also 
be included.

Section 2 outlines the structure and function of POSTN. We also 
review the POSTN signaling pathway and examine its relationship 
to cells of spinal components (bone, cartilage, disk, and ligaments) 
given that mechanotransduction—which involves the conversion of 
mechanical stress into biochemical signals and intracellular changes 
such as activation of signaling pathways—is essential in 
development, physiology, and pathology. Section 3 compiles the 
findings that highlight the usefulness of POSTN as a biomarker for 
serum, tear, joint fluid, sputum, and urine samples. Notably, large-
scale epidemiological studies have accumulated valuable data on 
serum POSTN levels. POSTN has been intensively studied and 
clinically used as a biomarker, particularly for inflammatory and 
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allergic diseases. The subsections introduce basic topics related to 
the biological roles of POSTN in bone marrow-derived MSCs, 
osteoblasts, osteoclasts, chondrocytes, and annulus fibrosus and 
medullary nucleus cells, which are closely related to SDDs. Section 
4 focuses on the relationship between POSTN and the bone, 
particularly osteoporosis and vertebral fractures; section 5 highlights 
the correlation between POSTN and cartilage, specifically its 
relevance to osteoarthritis. Section 6 focuses on IVDs, encompassing 
disk degeneration and AS, and section 7 focuses on the relationship 
between POSTN and ligaments, with a focus on lumbar spinal canal 
stenosis. Therefore, we propose that a better understanding of the 
function of POSTN in SDD etiology could lead to the development 
of treatments for these diseases. Furthermore, this review 
summarizes the existing evidence linking POSTN to various SDDs, 
outlining the nature and role of POSTN as well as the POSTN 
abnormalities associated with the degeneration of 
spinal components.

2. Structure and function of POSTN

2.1. Structure of POSTN

POSTN is a 90 kDa ECM protein, and it consists of 836 amino 
acids in humans. It was originally named osteoblast-specific factor 2 
(OSF-2) when initially cloned from a cDNA library prepared from the 
mouse osteoblastic cell line MC3T3-E1 (5, 16). The POSTN protein 
structure comprises an N-terminal EMI domain, a carboxy-terminal 
domain (CTD), and a tandem repeat of four fasciclin 1 (FAS1) 
domains (54–56) (Figure 2).

These components function in the following ways: first, the 
N-terminal EMI domain confers the capacity to interact with collagen 
I and fibronectin. Second, CTD is a site of proteolytic cleavage that 
generates the different isoforms of POSTN. Third, the intermediate 
region, which comprises four FAS1 domains, including binding sites 

for bone morphogenetic protein 1 (BMP-1), αVβ3, and αVβ5 
integrins, bestows the ability to mediate cell adhesion and migration.

In rats, mice, and humans, exons 17–22 are symmetrical and have 
similar lengths. Furthermore, these exons share remarkable sequence 
similarity at the DNA level and are alternatively spliced. Various 
combinations of three of these six exons depict eight alternative 
splicing variants resulting in eight protein-coding isoforms, and there 
is yet another noncoding ninth isoform. Moreover, POSTN is 
frequently overexpressed in some cancers, and its various isoforms are 
generally believed to exhibit tissue-specific expression (19).

2.2. Function of POSTN

POSTN is characterized as both a matricellular protein and an 
ECM protein belonging to the fasciclin family. An N-terminal EMI 
domain, a CTD, and a tandem repeat of four FAS1 domains have been 
demonstrated to bind to several proteins, including ECM proteins, 
and exhibit different biological functions. Specifically, the N-terminal 
EMI domain and tandem repeats of the four FAS1 domains bind to 
ECM proteins, such as type 1 collagen, fibronectin, tenascin C, and 
BMP-1, which are involved in the structural maintenance of tissue and 
fibrosis (57, 58).

Numerous reports have shown that POSTN also binds to 
integrins, such as αVβ1, αVβ3, αVβ5, α6β4, and αMβ2 and activates 
TGF-β, PI3K/Akt, Wnt, RhoA/ROCK, NF-κB, MAPK, and JAK 
pathways via these receptors to promote the development and 
pathogenesis of multiple diseases (Table 1).

By binding to integrins, POSTN converts mechanical and 
inflammatory stress into biochemical signals, resulting in intracellular 
changes, such as the activation of various signaling pathways that 
affect the cells of spinal constructs (bone, cartilage and IVDs, and 
ligaments, among others). Mechanical stress reportedly induces the 
binding of POSTN to integrins and interleukin (IL)-6 and matrix 
metalloproteinases (MMPs) via the FAK-NF-κB pathway, leading to 

FIGURE 1

Pathological expression of POSTN as a result of mechanical stress and inflammation systemically causes various diseases in tissues. POSTN is involved 
in numerous diseases, including orthopedic diseases such as those involving the bone, as well as those affecting the brain, eyes, nasal cavity, lungs, 
heart, intestine, kidney, skin, and various cancers. POSTN, periostin.
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cartilage (50, 64) and ligament (65) degeneration. Inflammatory stress 
has also been reported to induce POSTN by IL-4, IL-13, and TGF-β 
(66) and progress cartilage degeneration via the integrin-mediated 
FAK-NF-κB (20) and Wnt5a-CaMKII pathways (62). However, other 
reports indicate that POSTN binds to integrin and induces apoptosis 
via the Wnt/β-catenin (67) and αvβ3 integrin/ERK pathways (68), and 
the NF-κB pathway (52), causing disk degeneration. Additionally 
POSTN induces fibroblasts into failing muscles via the FAK/Akt 
pathway (69) and is regulated by TGF-β (59), resulting in muscle 
degeneration. POSTN is also expressed in bone cells and osteoblasts, 
regulating osteoblast and bone formation (8, 70) and is associated with 
osteoporosis via the sclerostin-mediated Wnt/β-catenin pathway 
(21, 70–72).

2.3. Pathological expression of POSTN 
resulting from mechanical stress and 
inflammation causes systemic diseases in 
tissues

2.3.1. POSTN expression in response to 
mechanical stress and inflammation

POSTN contributes to the development of various disease in 
different tissues throughout the body and is pathologically expressed 
primarily by fibroblasts and osteoblasts as a result of mechanical stress 
and inflammation, aging, and genetic factors (Figure 1). For SDDs 
primarily caused by mechanical stress and inflammation, POSTN may 

be pathologically expressed by osteoblasts in the bone, fibroblast-like 
cells of the annulus fibrous in the joint and IVDs, and fibroblasts in 
the yellow ligament (19, 20, 65, 67, 73–75) (Figure 3).

POSTN expression decreases in MSCs with aging, reducing bone 
formation (73). In the joints, POSTN promotes the expression of 
inflammatory cytokines and MMPs in chondrocytes and synoviocytes, 
causing apoptosis, which leads to osteoarthritis (20, 74).

Fibroblast-like cells increase POSTN expression and activate the 
Wnt/β-catenin pathway in IVD, exacerbating apoptosis and 
degeneration in nucleus pulposus (NP) cells (NPCs) (19, 67). 
However, POSTN expression is upregulated in fibroblasts, which is the 
main component of ligamentum flavum (LF) exposed to TGF-β1 
induction by mechanical stress, and the induction of IL-6 via the 
NF-κB (65) and JAK1/STAT3 pathways causes inflammation and LF 
thickening (75).

2.3.2. Cellular aging and POSTN
Recently, a cellular senescence-centric view of the aging process 

has emerged. Notably, in baboon skin, cellular senescence has been 
identified as a possible contributing factor to chronic inflammation 
in older individuals (45). The surviving senescent cells (SC) produce 
SASPs, which secrete various inflammatory cytokines, promoting 
chronic inflammation and carcinogenesis. Therefore, the 
accumulation of SC load with aging destroys tissue structure and 
function and is an important factor in increasing disease risk and 
mortality in older individuals (43). This age-related inflammation is 
mediated by NF-κB factors (47), regulated by polymorphisms in 

FIGURE 2

Structure of POSTN as an ECM protein as a conventional ECM protein, POSTN maintains tissue and organ structure or generates fibrosis, whereas as a 
matricellular protein, it is involved in cell activation. POSTN comprises an EMI domain at the N terminus, four tandemly aligned FAS1 domains in the 
middle, and splicing domains at the C terminus. ECM proteins or a proteinase that can bind to the EMI domain or the tandem repeat of four FAS1 
domains are depicted. In contrast, POSTN binds to integrin molecules on the cell surface, transducing intracellular signals. POSTN, periostin; ECM, 
extracellular matrix; FAS1, fasciclin 1.
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various immune system genes, and has variable rates of association 
with chronic inflammatory diseases such as Alzheimer’s disease (48). 
POSTN has been implicated in the aging of osteoblasts (49), 
chondrocytes (21), medullary nucleus cells (52), and fibroblasts (76) 
via the NF-κB pathway, which can be inferred to be involved in SDD 
development and progression through SASP. POSTN expression-
mediated musculoskeletal diseases associated with SASP include 
osteoporosis (49), osteoarthritis (21), IVDD (52), and LSS (77). 
Furthermore, the siRNA-mediated knockdown of POSTN encoding 
the protein POSTN and the inactivation of POSTN by neutralizing 
antibodies have been documented to alleviate aging in IVDD (52). 
Therefore, POSTN-neutralizing antibodies are a therapeutic agent 

for spinal musculoskeletal diseases owing to their anti-
aging properties.

3. Characteristics of POSTN as a 
biomarker

POSTN is readily transferred or secreted from inflammatory sites 
into various body fluids. Consequently, its levels are reportedly 
increased in the blood, urine, sputum, exhaled breath condensate, and 
tears in various conditions. Therefore, the POSTN level in body fluids 
may serve as a more direct biomarker for local inflammation than that 

TABLE 1 POSTN activates different signaling pathways that are involved in diverse diseases.

Spinal structures Cells Interacting 
pathway

Diseases Function Reference

Bone Osteoblasts TGF-β pathway Osteoporosis Induce differentiation, 

survival, and apoptosis

(16)

NF-κB pathway Osteoporosis Induce expression of 

Runx2 and effects on 

osteoblast differentiation

(17)

Wnt/β-catenin pathway Osteoporosis Induce bone formation (59)

PERK pathway Osteoporosis Inhibit melatonin-

induced cell apoptosis

(18)

Bone-marrow stem cells Wnt/β-catenin pathway Osteoporosis Mediate osteogenic 

differentiation of BMSCs 

to reduce osteoporosis

(10)

Joint Chondrocytes PI3K/Akt pathway Osteoarthritis Induce collagen and 

proteoglycan degradation 

in the cartilage

(21)

NF-κB pathway Osteoarthritis Upregulation of 

inflammatory cytokines 

and MMPs

(20)

Wnt/β-catenin pathway Osteoarthritis Induce MMP13 and 

ADAMTS4 expression, 

accelerate the 

pathogenesis of OA

(60)

Induce collagen and 

proteoglycan degradation 

in the cartilage

(21)

MAPK pathway Osteoarthritis Interaction of integrins 

with matrix proteins 

activates MAPKs and 

increases NF-κB signaling

(61)

Disk Nucleus pulposus cells NF-κB pathway IVDD Accelerates senescence of 

nucleus pulposus cells

(52)

Wnt/β-catenin pathway IVDD Promotes apoptosis and 

exacerbates degeneration 

of nucleus pulposus cells

(62)

JAK/STAT3 pathway IVDD Exacerbates degeneration 

of nucleus pulposus cells

(63)

Ligament Fibroblasts NF-κB pathway LSS Upregulation of 

inflammatory cytokines 

and MMPs

(64)
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in the serum (66). However, it is difficult to accurately detect increased 
inflammatory sites with serum concentrations when they are very high 
or very low, as in the cases of ECM proteins like fibronectin and 
vitronectin (~100 μg/mL) or cytokines (~10 pg./mL), respectively. 
Conversely, the concentration of serum POSTN is approximately 
10 ng/mL, which is adequate to accurately detect an increase at the site 
of inflammation. A few drawbacks exist when serum POSTN is used 
as a biomarker. First, the basal level of serum POSTN in childhood is 
high and varies with age (78). Second, the isoforms of POSTN and 
immunoglobulin A form a complex in the serum, which may affect 
serum POSTN measurements (79). Another challenge in assessing 
POSTN levels is the variations in absolute values determined using 
different POSTN assay kits, and standardization is necessary for 
reliable assessment of POSTN values. Baseline values of serum POSTN 
may not be significantly associated with spinal musculoskeletal disease. 
POSTN was initially identified in osteoblast cell lines (5), and its 
expression was prominent in the periosteum, indicating its involvement 
in bone tissue development and function (7). As described above, 
POSTN plays crucial roles in components of the spinal musculoskeletal 
system, such as the bone, cartilage, IVDs, and ligaments, and is closely 
related to the pathogenesis of diseases affecting these components. 
Nevertheless, the clinical use of POSTN as a biomarker for diagnosis 
and severity determination, and the use of neutralizing antibodies as 
therapeutic agents has been explored for allergic inflammatory diseases 
(80), and such investigations have been limited for SDDs.

3.1. Serum POSTN

POSTN is a matricellular protein that plays a vital role in allergic 
disease development. It is a downstream molecule of IL-4 and IL-13 

that is involved in the pathogenesis of fibrosis and has been established 
as a serum biomarker of remodeling in various allergic diseases, 
including asthma, allergic rhinitis, chronic sinusitis, atopic dermatitis, 
and allergic conjunctivitis in adults (66). Regarding malignancy, 
elevated POSTN levels have been detected in the serum of patients 
with cancer, suggesting its usefulness as a biomarker for diagnosis, 
metastasis, and prognosis (81). Malignancies associated with elevated 
serum POSTN levels include head and neck cancer, breast cancer, 
non-small cell lung cancer, hepatocellular carcinoma, pancreatic 
cancer, and colorectal cancer. POSTN has been reported as a potential 
biomarker for osteoporosis, fractures, knee osteoarthritis, AS, and 
OPLL in the musculoskeletal system. Additionally, it is produced by 
osteoblasts and osteocytes (7, 16), is involved in osteoblast 
proliferation, differentiation, survival, and collagen mineralization, 
and is strongly associated with osteoporosis (82). Higher serum 
POSTN levels have been reportedly associated with lower bone 
mineral density and observed in women with acute osteoporotic hip 
fractures (83). Increased serum POSTN levels in hip fractures in older 
Chinese women are also reported during the early healing phase, 
suggesting that POSTN plays a role in bone repair (84). Additionally, 
increased serum POSTN levels have been noted in patients with AS 
with increased disease activity and systemic inflammation (35) and in 
advanced groups of OPLL (37), and the levels positively correlated 
with the radiological severity of knee osteoarthritis (85). Therefore, 
considering the characteristics of POSTN in clinical disease, several 
researchers have proposed POSTN as a biomarker for diagnosing 
osteoporosis, assessing fracture repair status, and predicting knee 
osteoarthritis severity (58, 86).

No difference has been found in POSTN levels in children by sex 
(87, 88). Although some reports on sex-based differences in POSTN 
levels in adults were insignificant (88), others have shown higher 

FIGURE 3

Pathological expression of POSTN resulting from mechanical stress and inflammation causes spinal degenerative diseases. IVDD, intervertebral disk 
degeneration, LSS, lumbar spinal stenosis; POSTN, periostin.
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POSTN levels in women (89). Moreover, as osteocytes and periosteal 
osteoblasts produce POSTN, serum POSTN levels are greatly 
influenced by the rate of bone metabolism during childhood. 
Therefore, they are significantly high in infants, decline until the age 
of 7 years, and increase until the age of 15 years during their growth 
period (adolescence) (50, 78). Basal serum POSTN levels exceed 
100 ng/mL during childhood and adolescence, and serum POSTN has 
been reported to decrease to ~50 ng/mL once bone growth ceases (90). 
It has also been reported to be constant and not age-dependent after 
adulthood (88, 89). Caswell-Smith et al. (88) reported that normal 
reference range values were observed across the age range from 18 to 
75 years, regardless of sex, with 90% confidence intervals of 35.0 and 
71.1 ng/mL (median 50.1 ng/mL). Furthermore, differences based on 
ethnicities in serum POSTN levels reportedly tend to be higher in 
Asians than in Caucasians (88, 89). Serum POSTN levels may also 
increase with age because chronic inflammation-related diseases, 
which affect its levels, also increase age-dependently (91). Therefore, 
when considering ethnic and age differences, investigation of the 
reference range of serum POSTN levels in large population studies 
should be the focus of future research.

3.2. Sputum POSTN

Although serum POSTN is associated with type 2 inflammation 
in the airways of patients with asthma (92, 93), systemic POSTN levels 
are derived from multiple sources, including age, body mass index, 
and bone formation. As serum POSTN levels reflect systemic POSTN 
levels (94, 95) and the utility of POSTN derived from the diseased 
organ requires further investigation. However, information on the use 
of sputum POSTN as a biomarker in asthma is limited because the 
detection levels are low with the currently available POSTN assays 
(96). Ono et al. (96) presented an enzyme-linked immunosorbent 
assay to improve the analysis of sputum POSTN by detecting the 
cleavage product of the POSTN protein. Notably, sputum POSTN 
showed associations with blood and sputum eosinophils. Furthermore, 
sputum POSTN, rather than serum POSTN, correlated with reduced 
lung function and sputum IL-13 and was decreased by oral 
corticosteroid treatment (96).

3.3. Tear POSTN

Atopic keratoconjunctivitis (AKC) and vernal keratoconjunctivitis 
(VKC) are chronic forms of allergic conjunctivitis associated with 
corneal changes, such as corneal ulceration and formation of giant 
papillae, tissue remodeling, and fibrosis, which leads to vision loss; 
therefore, accurate diagnosis and appropriate treatment are important 
(97, 98). Consequently, the development of novel biomarkers to 
accurately estimate disease severity is necessary (27). POSTN 
produced in the conjunctival tissues stimulated by IL-13 may 
contribute to the pathogenesis of ocular allergic diseases. Furthermore, 
tear POSTN can be potentially applied as a biomarker to diagnose 
conjunctivitis in patients with allergies and to evaluate disease severity 
and effectiveness of treatments in AKC. A study reported that tears 
from patients with ocular allergic disease had significantly higher 
POSTN levels than tears from patients with allergy without 
conjunctivitis or those with AKC, VKC, or seasonal allergic 

conjunctivitis. Moreover, a trend toward decreased POSTN levels in 
tears with clinical improvement has been observed in most patients 
with AKC (99).

3.4. Urine POSTN

POSTN has been identified as one of the most represented 
matricellular proteins in experimental models of kidney diseases. It is 
commonly involved in inflammation and fibrosis that characterize 
progressive kidney diseases (100). Currently, the usefulness of 
established tissue and urine markers to predict outcomes in chronic 
kidney disease (CKD) is not optimal (101). Therefore, identifying 
molecules that add value to clinical predictors of treatment response 
and prognosis in patients with kidney diseases is critical. Given that 
POSTN is readily secreted from injury sites, and the variations in its 
humoral levels compared with those in the normal state are easily 
detectable, its potential role as a biomarker has been proposed (27). 
Similar to the blood fraction, the urinary fraction of POSTN shares a 
magnitude of <1 ng/mg creatinine; however, this fraction can 
significantly increase, and there is evidence that points toward a 
positive correlation with disease severity in multiple cases of CKD (54, 
102, 103). In a study on a small cohort of patients with immunoglobulin 
A nephropathy and lupus nephritis, Wantanasiri et al. (103) reported 
a worse kidney function and higher urinary POSTN excretion levels 
compared with these in healthy controls; additionally, in patients who 
were responsive to treatment, there was a significant decrease in 
urinary POSTN levels at 6 months of follow-up. Therefore, urinary 
POSTN may be a useful biomarker for assessing the extent of renal 
damage, including CKD.

3.5. Synovial fluid POSTN

The expression of the POSTN gene and protein and the secretion 
of POSTN were higher in human osteoarthritis synovial cells than in 
normal cells, and it increased under the stimulation of the 
inflammatory cytokine IL-13, suggesting that both POSTN and IL-13 
are involved in the pathological development of osteoarthritis (74). 
However, other studies have shown that POSTN is involved in 
cartilage matrix degradation and knee osteoarthritis via MMP-13 
(104) and MMP-9 (74). Some other studies have reported that the 
synovial fluid of patients with osteoarthritis had significantly higher 
concentrations of POSTN than that of patients with rheumatoid 
arthritis and healthy controls and that these higher levels are positively 
correlated with the severity and the risk of progression of knee 
osteoarthritis (85, 105, 106). POSTN levels in synovial fluid positively 
correlated with the radiological severity of knee osteoarthritis (74, 85). 
Based on the synovial fluid analysis, POSTN was more highly 
expressed in subacute anterior cruciate ligament (ACL) injury than in 
osteoarthritis. POSTN expression was higher in ACL tear remnants 
and isolated cells and was time-dependent during the period of ACL 
injury (107). Elevated levels of POSTN after ACL injury may serve as 
a marker of the repair/healing response, implying a benefit for the 
joint. Conversely, sustained overexpression of POSTN may contribute 
to initiating joint degeneration. Moreover, in the latter case, POSTN 
may be a predictor or target for early intervention to prevent post-
traumatic osteoarthritis.
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4. Role of POSTN in bone metabolism

This section describes the interplay between the ECM component 
POSTN and the cells involved in bone metabolism.

4.1. Cells involved in bone metabolism

The cells involved in bone metabolism are osteoclasts, osteoblasts, 
and osteocytes. Osteoclasts are multinucleated cells that differentiate 
from monocyte-macrophage lineage hematopoietic stem cells and are 
responsible for bone resorption. The differentiation of osteoclasts 
requires binding the receptor activators of NF-κB ligand (RANKL) 
expressed by osteoblasts and osteocytes (108). However, osteoblasts 
differentiate from MSCs and are involved in bone formation by 
synthesizing, secreting, and mineralizing the bone matrix. Runt-
related transcription factor 2 (Runx2) induces the commitment of 
MSCs to the osteoblast lineage and is necessary for the proliferation 
and differentiation of osteoblasts (109). Additionally, Runx2 is highly 
expressed in immature osteoblasts (110). In addition to Runx2, 
various bone formation signals are involved in bone metabolism, 
including the Wnt/β-catenin signal. Wnt proteins interact with 
Frizzled receptors and low-density lipoprotein receptor-related 
proteins, stabilize β-catenin, and are involved in bone formation (111, 
112). Sclerostin is an antagonist of the Wnt/β-catenin pathway and 
inhibits bone formation. It is primarily produced by osteocytes 
embedded in the bone matrix and differentiated from osteoblasts. 
Osteocytes have a long lifespan and can regulate osteoblasts and 
osteoclasts through various mechanisms, including mechanical stress 
and aging (113).

Furthermore, it has been suggested that the senescence of 
osteocytes triggers inflammation through SASP, which disrupts the 
balance between bone formation and resorption and leads to aging-
related bone loss (49, 114). Therefore, understanding the role of 
POSTN, which is involved in bone metabolism, inflammation, and 
aging (73, 115), is expected to provide insights into the development 
of osteoporosis caused by the imbalance in bone metabolism.

4.2. Impact of POSTN on the bone

POSTN is expressed in cells involved in the skeleton, such as 
MSCs and osteoblasts, and functions as a structural molecule of the 
bone matrix and a signaling molecule that promotes the function of 
osteoblasts and bone formation through integrin receptors and the 
Wnt/β-catenin pathway (70). POSTN is primarily secreted by bone 
marrow MSCs (116) and reportedly promotes the differentiation and 
proliferation of MSCs into osteoblasts (7, 12). Furthermore, POSTN 
is regulated by TGF-β, which is involved in bone formation, and plays 
a role in cell adhesion. Overexpression of POSTN in MC3T3-E1 
osteoblasts enhances cell proliferation and differentiation (16). 
Similarly, its overexpression in rats increases bone formation rate and 
mass (117). Knockout (KO) of POSTN in MC3T3-E1 cells significantly 
reduces the expression of Runx2 (17). Furthermore, in the same 
experiment, the expression of RANKL, which is involved in osteoclast 
formation, was also significantly reduced, and this is presumed to 
occur through the NF-κB signaling pathway (17). Although there is a 
possibility that POSTN may also impact osteoclasts, no reports exist 

indicating its direct involvement; therefore, further investigation is 
warranted. In POSTN-KO mice, adhesion of osteoblasts to the bone 
matrix is impaired, leading to an impact on differentiation toward 
mature osteoblasts and significantly decreased expression of osteoblast 
differentiation markers, such as Runx2, osteocalcin, osteopontin, and 
alkaline phosphatase. Additionally, POSTN-KO mice exhibit reduced 
bone mass and compromised cortical bone structure, resulting in 
decreased bone strength (118–120). POSTN also protects osteoblasts 
from apoptosis by inhibiting the endoplasmic reticulum stress-
associated eukaryotic initiation factor 2α (eIF2α)-activating 
transcription factor 4 (ATF4) pathway through the suppression of the 
protein kinase R-like endoplasmic reticulum kinase (PERK) pathway 
(18). Therefore, these findings indicate that POSTN may be involved 
in the proliferation, differentiation, and anti-apoptotic processes of 
osteoblasts, potentially influencing bone mass and strength.

4.3. POSTN-mediated effect of mechanical 
stress on the bone

Bone mass is maintained under mechanical stress and decreases 
when the stress is removed. Signaling molecules, such as prostaglandin 
E2, nitric oxide (NO), and adenosine triphosphate, have reportedly 
been involved in bone formation under loading conditions (121–124). 
Additionally, the Wnt/β-catenin pathway has been suggested to 
be crucial in bone formation in response to mechanical stress (125). 
The expression of sclerostin, which inhibits the Wnt/β-catenin 
pathway, is downregulated for bone formation under loading 
conditions (126). POSTN is known to increase in response to 
mechanical stress and has been shown to suppress sclerostin 
expression, thereby influencing bone formation (14, 127). Specifically, 
POSTN also plays an essential role in bone formation under 
loading conditions.

4.4. Impact of POSTN on aging, 
inflammation, and osteoporosis

Recent advances in our understanding of bone remodeling 
processes support the theory that many inflammatory cytokines are 
involved in the regulation of osteoblasts and osteoclasts and that 
inflammation is a major contributor to the etiology of osteoporosis 
(128). A possible causal relationship between the systemic 
inflammation seen in elderly and the prevalence of osteoporosis with 
overall aging has been noted.

As aging occurs, estrogen levels decrease, resulting in an 
imbalance between bone resorption and formation, leading to 
osteoporosis (129). The decrease in estrogen levels is known to 
influence the increased expression of inflammatory cytokines such as 
TNF-α and IL-6, which promote bone resorption (130). Additionally, 
sustained inflammatory stimulation with aging has been implicated 
in osteoporosis (131). POSTN, which is associated with inflammation, 
has also been shown to affect NF-κB in osteoblasts, suggesting its 
involvement in osteoporosis (17). Furthermore, with aging, POSTN 
decreases in bone marrow macrophages and BMSCs, leading to 
reduced bone repair capacity similar to POSTN-KO mice (73, 132). 
Based on these findings, there is a possibility that POSTN is also 
involved in osteoporosis resulting from aging.
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There have been reports in several clinical studies indicating that 
elevated serum levels of POSTN are associated with an increased risk 
of fractures (133, 134). Additionally, a single nucleotide polymorphism 
(SNP) rs9603226 in POSTN was found to be unrelated to BMD of the 
vertebrae but associated with the prevalence of vertebral fractures 
(135). These studies suggest that POSTN could potentially become a 
biomarker for predicting fracture risk in the future, suggesting the 
need for further research.

5. Structure and function of cartilage

Facet osteoarthritis is a pathological condition in SDDs caused by 
cartilage degeneration. Although multiple correlations have been 
reported between POSTN and lower extremity osteoarthritis, no 
reports demonstrate an association between facet osteoarthritis and 
POSTN. Therefore, the relationship between POSTN and lower 
extremity osteoarthritis will be discussed below as it may be similar to 
the relationship between facet osteoarthritis and POSTN.

Articular cartilage (AC) is a highly specialized tissue composed of 
chondrocytes and an ECM comprising types II, IX, and XI collagen 
and proteoglycans (136), covering and facilitating load distribution 
between adjacent bones (137). AC has biomechanical properties that 
combine compressive stiffness, elasticity, and shear resistance, and 
while appropriate mechanical stress and dynamic loading are 
important for the normal growth and maintenance of AC to protect, 
excessive stress can damage the cartilage (138, 139).

Aging (140), heavy labor (mechanical stress) (141, 142), trauma 
(143), genetic predisposition (144, 145), obesity, and metabolic 
syndrome (146, 147) have been identified as risk factors for 
osteoarthritis. In particular, trauma and aging induce mechanical 
stress, chronic inflammation, and oxidative stress (50, 148), resulting 
in an imbalance in the regulation of the ECM metabolism of 
chondrocytes. Obesity and metabolic syndrome appear to be  risk 
factors for osteoarthritis in the load-bearing joints of the lower 
extremities and non-load-bearing joints (wrist and 
temporomandibular joints), indicating that systemic chronic low-level 
inflammation may play a role in its development (146, 147, 149). 
Therefore, although mechanical and genetic factors have classically 
been shown to play a major role in osteoarthritis development, many 
reports indicate that “meta-inflammation,” which is a persistent, 
low-grade systemic inflammation caused by metabolic stress, plays a 
vital role in osteoarthritis development and progression (150). 
Additionally, cartilage tissue is vascular-free and has a slow turnover, 
making it prone to accumulating senescent cells (SCs) (151). 
Therefore, SCs actively secrete cytokines, leading to tissue 
degeneration of the cartilage and, ultimately, osteoarthritis (152).

Molecular mechanisms are currently being investigated for 
developing osteoarthritis therapies. Inflammatory cytokines such as 
IL-1, IL-6, IL-8, and TNF-α are involved in cartilage degradation by 
stimulating MMP expression, which causes matrix destruction (60, 
153, 154), and NO has been suggested to play a role in inducing 
chondrocyte apoptosis through its function as an oxidative stress 
agent (155). Wnt/β-catenin signaling also plays an important role in 
the development and function of AC and has recently been implicated 
in osteoarthritis progression (156). Additionally, gene expression 
analysis of osteoarthritis cartilage is underway, and a link to POSTN 
in cartilage metabolism has been highlighted (61).

5.1. Impact of POSTN on the cartilage

POSTN is a TGF-β-inducible ECM protein that is expressed in 
the cartilage (19), bone (157), meniscus (107), and ligament (19, 
104) in joints. Normal articular chondrocytes express isoforms 1 
and 8 at high levels and exhibit isoforms that differ from ACL 
progenitor cells, suggesting their splice-specific regulation in 
chondrocytes (19).

POSTN expression is elevated in osteoarthritis cartilage (20, 61) 
and also significantly increased in the cartilage of surgically-induced 
osteoarthritis rats (140). qPCR was used to explore the molecular 
differences between light and dark hypertrophic chondrocytes, and 
the most highly aberrantly expressed dark cell-specific gene was 
POSTN (158). Furthermore, POSTN expression was elevated in the 
synovial fluid of patients with osteoarthritis with the progression of 
osteoarthritis grade (159), suggesting that it is associated with 
osteoarthritis. Moreover, many other studies have elucidated the role 
and mechanism of POSTN in osteoarthritis. Chijimatsu et al. (20) 
showed that the application of POSTN to isolated human chondrocytes 
induced high expression of IL-6 and IL-8 accompanied by the elevated 
expression of MMP-1, MMP-3, MMP-13, and nitric oxide synthase-2 
(NOS2) through NF-κB activation mechanism. POSTN also induced 
the expression of MMP-13 and a disintegrin and metalloproteinase 
with thrombospondin motifs 4 (ADAMTS4) in a dose-and time-
dependent (61) manner, and it promoted cartilage degeneration via a 
Wnt/β-catenin/MMP-13/ADAMTS4-or discoidin domain receptor-1 
(DDR1)/Akt/Wnt/β-catenin/MMP-13-dependent mechanism (21). 
Furthermore, in osteoarthritis synovial cells, IL-13 activated signal 
transducer and activator of transcription 6 (STAT6) to upregulate 
POSTN expression. POSTN expression was suppressed by 
dexamethasone, leflunomide (which inhibits STAT6), and 
hydrobromide (which inhibits Wnt/β-catenin signaling) (61, 74, 159). 
Therefore, these results indicate that POSTN is a catabolic factor that 
induces the degradation of collagen and proteoglycans, and it may be a 
new therapeutic target to prevent osteoarthritis progression (53).

5.2. POSTN-mediated effects of 
mechanical stress on the cartilage

Spinal degeneration includes bony vertebral degeneration and 
IVDD, which are accelerated by the physiological processes of aging 
(160) and mechanical pressure (148). In osteoarthritis, mechanical 
stress is believed to be the primary etiological factor (141, 142), and 
when disk degeneration occurs, it is expected to result in increased 
pressure in the intervertebral joints and cartilage degeneration.

POSTN has been expressed in mechanically stressed connective 
tissue in adults (8, 161). It also suggests that stress and pressure 
overload induce the expression of POSTN and that IVD overuse and 
damage are associated with elevated expression (162). Mechanical 
stress activates the mammalian target of rapamycin (mTOR) signaling 
and increases the expression of both POSTN and mTOR, resulting in 
POSTN further enhancing mTOR signaling (161).

In the cartilage, POSTN contributes to the shape retention of 
biodegradable polymer scaffolds by increasing the mechanical 
strength of the surrounding fiber tissue comprising POSTN-mediated 
collagen structures (163). In POSTN-null mice, collagen cross-linking 
was defective, and resistance to mechanical stress was reduced (6).
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According to Chijimatsu et al. (20), the cartilage of the medial 
tibial plateau in medial osteoarthritis was the site of greatest 
degeneration by mechanical pressure and had the highest POSTN 
mRNA levels compared with the femoral head and other areas of 
osteoarthritis cartilage. Moreover, POSTN was expressed in 
chondrocytes and the surrounding matrix in the erosive superficial 
layers, particularly near the fissures of degenerated cartilage; however, 
it was rarely detectable in the deeper layers. Therefore, this suggests 
that POSTN may be  upregulated in chondrocytes in response to 
mechanical stress. Furthermore, Nakamura et al. (50) demonstrated 
that POSTN upregulated the expression of catabolic factors, IL-6 and 
MMP-3, through integrin αVβ3, focal adhesion kinase, Src, and 
NF-κB signaling in swaddling hip dislocation models.

5.3. POSTN-mediated effects of low-level 
inflammation on the cartilage

Osteoarthritis is recognized as a systemic and localized state of 
low inflammation (164), and metabolic changes, including metabolic 
syndrome, are associated with the pathogenesis of osteoarthritis (146, 
147). Additionally, the prevalence of osteoarthritis rapidly increases 
in women aged approximately 50 years, coinciding with menopause, 
suggesting a link between osteoarthritis and the protective effects of 
estrogen (106, 165). However, estrogen deficiency reduces BMSCs 
osteogenic potential and increases osteoclast formation, resulting in 
defective bone formation and osteoporosis (129). POSTN has also 
been reportedly involved in the osteogenic differentiation of BMSCs 
from ovariectomized rats through the estrogen-POSTN-Wnt/β-
catenin pathway (11), and the association between estrogen and 
POSTN may also have some influence in AC degeneration.

Furthermore, the SASP actively secreted by SCs has been 
confirmed to lead to chronic inflammation, tissue degeneration, and, 
ultimately, osteoarthritis (152). However, some studies suggest that 
POSTN deposition causes chronic inflammation (166, 167), and 
POSTN activates NF-κB signaling and subsequently upregulates 
inflammatory cytokines and MMP expression in human chondrocytes 
(20). Moreover, POSTN deficiency prevents age-related spontaneous 
osteoarthritis, suggesting a link between POSTN and aging in the 
cartilage (61).

In several studies, serum and synovial fluid POSTN showed a 
significant positive correlation with radiographic severity in patients 
with knee osteoarthritis (85, 105). Additionally, lower serum POSTN 
levels have been linked with the prevalence of knee osteoarthritis and 
the risk of its development and progression in women (106). 
Therefore, these trends could be applied as biomarkers to determine 
the severity of knee osteoarthritis. However, the mechanism 
underlying the clearance of POSTN from the joint tissue to the serum 
is unknown (106), and further studies may be required to establish the 
clinical applicability of POSTN as a useful biomarker.

In the regeneration and tissue engineering of AC, which has made 
innovative progress recently, POSTN has been shown to enhance the 
mechanical strength of the surrounding fibrous tissue through 
structural changes in collagen molecules, activate extracellular 
signaling of cartilage cells by interstitial fibrous tissue, and contribute 
to maturation and shape retention of tissue-engineered cartilage (168). 
Thus, POSTN is also expected to be applied to cartilage regeneration 
therapy, which may lead to multifaceted osteoarthritis treatment.

6. POSTN is linked to intervertebral 
disk degeneration

6.1. Structure and function of IVD

The IVD contains three structures, including a central jelly-like 
NP, stiff outer annulus fibrosus (AF), and the upper and lower 
cartilaginous endplates, in addition to ECM components, all of which 
correlate with each other (169). AF is placed outside the circle of the 
IVD, surrounding the inner soft nucleus pulposus, whose function is 
to seal the nucleus and distribute the pressure and forces on the IVD, 
preventing herniation of the NP and leakage out of the disk (170). 
Resilient NP consists primarily of water (70%–90%), NPCs, 
proteoglycans, and type II collagen, which are important in supporting 
body weight and relieving pressure loads associated with spinal 
motion (171). The major components of the IVD, which are the outer 
AF and inner NP, synthesize ECM factors specific to cartilage (172).

Furthermore, damage to the NPC and AF, degeneration of the 
cartilage endplate, and calcification can occur as a result of various 
external and internal stimuli, impairing the normal biological function 
of the IVD and ultimately leading to IVDD.

Moreover, studies have shown that the onset and development of 
IVDD are triggered and accelerated by NPC depletion and are closely 
related to excessive catabolism of the ECM (173).

6.2. Impact of POSTN on IVDD

As POSTN is expressed predominantly in collagen-rich fibrous 
connective tissues that are subject to constant mechanical stress, the 
distribution of POSTN in the IVD is distinctive, with the outer 
annulus having the highest percentage of POSTN-positive cells 
(88.8%), followed by the inner annulus (61.4%) and the NPC (18.5%) 
(23). Notably, significantly increased expression of POSTN has been 
reported in the IVD of patients with IVDD (6, 25).

Histological examination revealed that human IVDs exhibit more 
fibrosis involving POSTN with structural disruption and 
fragmentation than non-degenerative IVDs (25). POSTN, which 
binds to ECM molecules in the IVD to initiate, maintain, and repair 
the IVDs (174).

Additionally, the development and onset of IVDD are closely 
related to excessive catabolism of the ECM, and studies have reported 
that POSTN may be  a causative gene associated with 
IVDD development.

POSTN-mediated chondrocyte apoptosis and ECM degradation 
have been reported to promote cartilage degeneration and 
osteoarthritis (67); therefore, it can be  inferred that a similar 
mechanism may be  responsible for osteoarthritis changes in the 
cartilage component of the IVD.

6.3. POSTN-mediated effects of 
mechanical stress on IVDD

Evolutionarily, a two-legged upright posture is associated with a 
higher incidence of spinal lesions in humans than in four-legged 
mammals (175). Mechanical stress magnitude and duration 
positively correlate with the apoptosis rate of IVD cells, which is an 
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important factor leading to IVDD and herniation through a complex 
mechanism (176). Additionally, mechanical stress increases POSTN 
and MMP2 expression, and the magnitude of the response in 
humans is significantly higher in degenerated NPCs than in 
non-degenerated cells (25). Therefore, POSTN expression stimulate 
or impede irregular collagen fiber formation and ECM organization 
to maintain or eliminate tissue homeostasis in response to 
mechanical stress. The expression of POSTN may promote or inhibit 
cell biological functions, stimulating or impeding irregular collagen 
fibrillogenesis and ECM organization to maintain or eliminate tissue 
homeostasis in response to mechanical stress and may induce 
chondrocyte apoptosis (61). Moreover, excessive loss of NP cells by 
apoptosis also disrupts ECM homeostasis and exacerbates IVDD 
progression (63).

6.4. POSTN-mediated effects of low-level 
inflammation on IVDD

Inflammation is a well-known and important feature of the IVDD 
environment (177). Spontaneous disk degeneration occurs when the 
NP, which is devoid of blood vessels, is exposed to circulation, 
resulting in inflammation and triggering an autoimmune 
inflammatory response (178). Notably, high levels of inflammatory 
cytokines, such as TNF-α, IL-1α/β, IL-6, and IL-17, secreted by disk 
cells have been postulated to induce IVDD (179, 180).

The expression levels of β-catenin, POSTN, and cleaved-caspase3 
are significantly higher in severely degenerated IVDs than in mildly 
degenerated IVDs, and POSTN activates the Wnt/β-catenin pathway, 
which may promote apoptosis of NPCs and exacerbates 
degeneration (67).

However, the relationship between POSTN and inflammatory 
cytokines in IVDD cells remains poorly elucidated. Although there 
are limited studies on how POSTN and inflammatory cytokines lead 
to IVDD, crosstalk between POSTN and the most potent inflammatory 
cytokines, TNF-α and IL-1β, has been suggested as an underlying 
mechanism for various chronic inflammatory diseases. Furthermore, 
targeted therapies have been extensively studied in recent years, and 
POSTN-mediated regulation of myelinuclear cell apoptosis and 
inflammation, which are important pathological changes in IVDD, 
may be a promising targeted therapy approach in the future.

Therefore, the relationship between POSTN expression and IVDD 
has been elucidated, and potential mechanisms of NP cellular 
senescence have been studied on a genome-wide scale.

7. Lumbar spinal stenosis

LSS is one of the most severe issues among SDDs in older 
individuals owing to its high prevalence and negative impact on QOL 
(181, 182). LSS is defined as a syndrome characterized by the 
narrowing of the spinal canal, lateral recesses, and foramen nervosum, 
which are the pathways of the nervous system, causing specific 
symptoms in the lumbar region and lower extremities (181, 182). It is 
also caused by IVDD, facet osteoarthritis, and occasionally, vertebral 
fractures (183), resulting in intervertebral instability, compensatory 
thickening of the LF, and narrowing of the canals through which the 
nerves and the spinal cord pass. Moreover, inflammation-related scar 

mechanisms mediated by POSTN have been shown to cause the 
thickening of the lumbar LF (65).

Therefore, LSS is a combination of osteoporosis, disk degeneration, 
facet osteoarthritis, and thickening of the LF. Studies have shown that 
diabetes mellitus and metabolic syndrome, which are reportedly 
associated with POSTN (40, 41), are closely related to LSS (2–4).

Previous sections have explored the association of POSTN with 
facet osteoarthritis, IVDD, and osteoporotic vertebral fractures; this 
section will discuss the impact of POSTN on LF thickening in LSS.

7.1. Structure and function of LF

LF is a pair of ligaments that connect the ventral sides of adjacent 
vertebral arches. The lumbar spine is subjected to three-dimensional 
mechanical stresses, such as compressive, shear, and torsional forces. 
The remarkable elasticity of the yellow ligament serves to maintain an 
upright posture and to help the vertebrae recover their posture after 
flexion (65). Because the LF is posterior to the spinal canal, its 
degenerative hypertrophy can cause LSS (65, 184). Furthermore, LF 
hypertrophy progresses with age, and it is widely accepted that various 
factors, such as mechanical stress (185, 186), inflammation (187), and 
angiogenesis (188), contribute to LF hypertrophy.

Hypertrophy of the LF is an adaptive and reparative process that 
corresponds to the rupture of elastic fibers and is associated with an 
inflammatory fibrosis process involving POSTN (65). Additionally, 
pathology has shown severe fibrosis and degradation of elastic fibers 
in the thickened LF of the LSS (189).

7.2. Impact of POSTN on LF

Histologically, the LF comprises about 70% and 30% of elastin and 
collagen fibers, respectively (190). POSTN binds to multiple integrin 
molecules (αVβ1, αVβ3, αVβ5, α6β4, and αMβ2) in fibroblasts, which 
are largely involved in the biosynthesis of elastin fibers, the main 
component of this LF, and transmits activation signals into the cell (66).

The expression level of the POSTN gene in the enlarged LF tissue 
of the human LSS group was significantly higher than that in the LF 
tissue of the control group, indicating that the POSTN mRNA 
expression level is positively correlated with LF thickness (65). In 
hypertrophic LF, fibrosis-related factors, such as TGF-β1 (191), 
α-smooth muscle actin (α-SMA) (188), CoL1a1 (192), IL-6 (193), and 
MMP2 (189), are upregulated, and they reportedly promote the loss 
of elastic fibers during LF tissue degeneration. Because α-SMA and 
CoL1a1 are myofibroblast and ligament markers, respectively, it is 
logical to expect that these markers would be elevated in the thickened 
LF. TGF-β1 induces POSTN expression (66) and POSTN induces IL-6 
and MMP2 via the FAK-NF-κB pathway (65), it can be speculated that 
POSTN plays a major role in the thickened LF.

7.3. POSTN-mediated effects of mechanical 
stress on the yellow ligament

Although mechanical stress is considered the primary factor 
involved in LF hypertrophy (194), the exact mechanism causing 
hypertrophy remains unclear. Concentrated mechanical stress has been 
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reported to cause LF degeneration and hypertrophy in rabbits (195, 
196). Yabu et al. (65) reported that degenerated and hypertrophied LF 
of rabbits showed increased collagen fibers, decreased density of elastic 
fibers, and disruption of fiber arrangement. TGF-β1 is significantly 
upregulated even in the hypertrophied LF (75, 191). In LF cells, 
mechanical stress increases TGF-β1 production (186), and TGF-β1 
increases the synthesis of ECM proteins containing collagen (197). 
Furthermore, LF cells exposed to mechanical stress and TGF-β1 
transdifferentiate from fibroblasts to myofibroblasts via the POSTN-
integrin-NF-κB pathway, contributing significantly to LF 
hypertrophy (65).

Moreover, mechanical stress was found to cause abundant IL-6 
expression involving fibroblasts in the LF of patients with LSS (185). 
IL-6 stimulated collagen expression in LF cells, leading to irreversible 
pathological LF remodeling, including fibrosis and loss of elastic 
fibers (198).

Therefore, mechanical stress can cause LF degeneration by 
inducing TGF-β1 expression, POSTN, and IL-6 via the NF-κB pathway.

7.4. POSTN-mediated effected of low-level 
inflammation on the yellow ligament

Sairyo et al. (187) reported that LF thickness positively correlates 
with the degree of fibrosis and that ligament thickening results from 
repeated inflammation, as scarring generally represents the final stage of 
the inflammatory process. POSTN derived from fibroblasts also acts on 
fibroblasts by collaborating with inflammatory cytokines, including 
TNF-α activating NF-κB, followed by inducing pro-inflammatory 
cytokines or chemokines (199). As mentioned above, mechanical stress 
causes POSTN to bind to integrin, inducing IL-6 and MMP via the 
FAK-NF-κB pathway and promoting inflammation and ligament 
degeneration (65). IL-6 is an important modulator of the inflammatory 
process involved in fibroblast differentiation, activation, and proliferation, 
and it affects ECM remodeling in several diseases (200). The JAK1/
STAT3 pathway plays an essential role in the inflammatory response to 
thickening in the dorsal LF of LSS (201). Particularly, IL-6 activates JAK 
and STAT proteins (202, 203) and regulates MMP expression and 
activity. STAT3 is a transcription factor that induces MMP-2 expression 
and is believed to bind directly to the MMP-2 promoter in human tumor 
cells (204). Therefore, IL-6 may contribute to the degradation of elastic 
fibers by inducing MMP-2 through JAK/STAT3 signaling in LSS (189).

Furthermore, it has recently been proposed that age-related 
inflammation, or “infra-aging,” plays an important role in age-related 
disease development and progression (205). As POSTN reportedly 
plays a vital role in the cardiac vicious cycle (aging-fibrosis-
inflammation-aging) by simultaneously promoting myocardial 
fibrosis and cardiac fibroblast aging (206), POSTN may also play a 
significant role in promoting inflammation through tissue aging.

Therefore, POSTN is a crucial molecule for LF hypertrophy and a 
promising therapeutic target for LSS.

8. Conclusion

Given the worldwide prevalence of SDDs, there is a critical need for 
effective disease-modifying treatment strategies to alleviate symptoms 
and slow SDD progression. POSTN levels are closely associated with 
the onset and progression of the diseases of the SDD component 

(osteoporotic vertebral fracture, facet osteoarthritis, IVDD, and LSS) 
resulting from both mechanical and inflammatory stress. Conversely, 
POSTN-mediated therapeutic interventions to modulate signals that 
amplify mechanical and inflammatory stress may restore physiological 
regulation and prevent SDD onset and progression. Some inflammatory 
diseases have provided insight into the stimulatory and inhibitory 
factors, expression levels, expression patterns, and roles of POSTN; 
signaling pathways involving POSTN; potential medical derivation; and 
utility as a promising marker in various diseases. Notably, diagnosis and 
severity determination of diseases using POSTN biomarkers and 
treatment with neutralizing antibodies have been practically applied in 
some inflammatory diseases. Therefore, POSTN may be a promising 
target for therapeutic strategies for SDDs. The development of new 
drugs for SDDs should focus on stimulators or inhibitors that affect 
POSTN expression, targeting POSTN itself, receptors or signaling 
pathways where POSTN is involved, or channels mediated by specific 
POSTN isoforms. Such approaches may have applicability as novel 
diagnostic and therapeutic targets in the treatment of SDDs.

Author contributions

TY: Conceptualization, Investigation, Writing – original draft. TM: 
Conceptualization, Investigation, Supervision, Writing – original draft, 
Writing – review & editing, Data curation, Project administration. 
MMu: Investigation, Writing – original draft. TN: Investigation, Writing 
– original draft. MT: Data curation, Writing – review & editing. HH: 
Data curation, Writing – review & editing. YT: Data curation, Writing 
– review & editing. TK: Data curation, Writing – review & editing.  
KI: Conceptualization, Writing – review & editing. MMa: Data curation, 
Project administration, Supervision, Writing – review & editing.

Funding

The author(s) declare that no financial support was received for 
the research, authorship, and/or publication of this article.

Acknowledgments

The authors thank Editage (www.editage.jp) for English 
language editing.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

https://doi.org/10.3389/fmed.2023.1276900
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
http://www.editage.jp


Yoshihara et al. 10.3389/fmed.2023.1276900

Frontiers in Medicine 13 frontiersin.org

References
 1. Imajo Y, Taguchi T, Yone K, Okawa A, Otani K, Ogata T, et al. Japanese 2011 

nationwide survey on complications from spine surgery. J Orthop Sci. (2015) 20:38–54. 
doi: 10.1007/s00776-014-0656-6

 2. Park CH, Min KB, Min JY, Kim DH, Seo KM, Kim DK. Strong association of type 
2 diabetes with degenerative lumbar spine disorders. Sci Rep. (2021) 11:16472. doi: 
10.1038/s41598-021-95626-y

 3. Fujita N, Ishihara S, Michikawa T, Azuma K, Suzuki S, Tsuji O, et al. Potential 
association of metabolic and musculoskeletal disorders with lumbar intervertebral disc 
degeneration: cross-sectional study using medical checkup data. J Orthop Sci. (2020) 
25:384–8. doi: 10.1016/j.jos.2019.05.011

 4. Ono R, Takegami M, Yamamoto Y, Yamazaki S, Otani K, Sekiguchi M, et al. Impact 
of lumbar spinal stenosis on metabolic syndrome incidence in community-dwelling 
adults in Aizu cohort study (LOHAS). Sci Rep. (2022) 12:11246. doi: 10.1038/
s41598-022-15173-y

 5. Takeshita S, Kikuno R, Tezuka K, Amann E. Osteoblast-specific factor 2: cloning of 
a putative bone adhesion protein with homology with the insect protein fasciclin I. 
Biochem J. (1993) 294:271–8. doi: 10.1042/bj2940271

 6. Norris RA, Damon B, Mironov V, Kasyanov V, Ramamurthi A, Moreno-Rodriguez 
R, et al. Periostin regulates collagen fibrillogenesis and the biomechanical properties of 
connective tissues. J Cell Biochem. (2007) 101:695–711. doi: 10.1002/jcb.21224

 7. Merle B, Bouet G, Rousseau JC, Bertholon C, Garnero P. Periostin and transforming 
growth factor β-induced protein (TGFβIp) are both expressed by osteoblasts and 
osteoclasts. Cell Biol Int. (2014) 38:398–404. doi: 10.1002/cbin.10219

 8. Merle B, Garnero P. The multiple facets of periostin in bone metabolism. Osteoporos 
Int. (2012) 23:1199–212. doi: 10.1007/s00198-011-1892-7

 9. Noack S, Seiffart V, Willbold E, Laggies S, Winkel A, Shahab-Osterloh S, et al. 
Periostin secreted by mesenchymal stem cells supports tendon formation in an ectopic 
mouse model. Stem Cells Dev. (2014) 23:1844–57. doi: 10.1089/scd.2014.0124

 10. Zhang F, Luo K, Rong Z, Wang Z, Luo F, Zhang Z, et al. Periostin upregulates Wnt/
beta-catenin signaling to promote the osteogenesis of CTLA4-modified human bone 
marrow-mesenchymal stem cells. Sci Rep. (2017) 7:41634. doi: 10.1038/srep41634

 11. Li C, Li X, Wang X, Miao P, Liu J, Li C, et al. Periostin mediates oestrogen-induced 
osteogenic differentiation of bone marrow stromal cells in ovariectomised rats. Biomed 
Res Int. (2020) 2020:9405909. doi: 10.1155/2020/9405909

 12. Rani S, Barbe MF, Barr AE, Litivn J. Role of TNF alpha and PLF in bone 
remodeling in a rat model of repetitive reaching and grasping. J Cell Physiol. (2010) 
225:152–67. doi: 10.1002/jcp.22208

 13. Bonnet N, Gineyts E, Ammann P, Conway SJ, Garnero P, Ferrari S. Periostin 
deficiency increases bone damage and impairs injury response to fatigue loading in adult 
mice. PLoS One. (2013) 8:e78347. doi: 10.1371/journal.pone.0078347

 14. Zhang M, Ishikawa S, Inagawa T, Ikemoto H, Guo S, Sunagawa M, et al. Influence 
of mechanical force on bone matrix proteins in ovariectomised mice and osteoblast-like 
MC3T3-E1 cells. In Vivo. (2017) 31:87–95. doi: 10.21873/invivo.11029

 15. Yu KW, Yao CC, Jeng JH, Shieh HY, Chen YJ. Periostin inhibits mechanical 
stretch-induced apoptosis in osteoblast-like MG-63 cells. J Formos Med Assoc. (2018) 
117:292–300. doi: 10.1016/j.jfma.2017.12.008

 16. Horiuchi K, Amizuka N, Takeshita S, Takamatsu H, Katsuura M, Ozawa H, et al. 
Identification and characterization of a novel protein, periostin, with restricted expression 
to periosteum and periodontal ligament and increased expression by transforming growth 
factor beta. J Bone Miner Res. (1999) 14:1239–49. doi: 10.1359/jbmr.1999.14.7.1239

 17. Cai J, Qin H, Yu G. Effect of periostin silencing on Runx2, RANKL and OPG 
expression in osteoblasts. J Orofac Orthop. (2021) 82:82–91. doi: 10.1007/
s00056-020-00253-3

 18. Meng X, Zhu Y, Tao L, Zhao S, Qiu S. Periostin has a protective role in melatonin-
induced cell apoptosis by inhibiting the eIF2α-ATF4 pathway in human osteoblasts. Int 
J Mol Med. (2018) 41:1003–12. doi: 10.3892/ijmm.2017.3300

 19. Cai L, Brophy RH, Tycksen ED, Duan X, Nunley RM, Rai MF. Distinct expression 
pattern of periostin splice variants in chondrocytes and ligament progenitor cells. FASEB 
J. (2019) 33:8386–405. doi: 10.1096/fj.201802281R

 20. Chijimatsu R, Kunugiza Y, Taniyama Y, Nakamura N, Tomita T, Yoshikawa H. 
Expression and pathological effects of periostin in human osteoarthritis cartilage. BMC 
Musculoskelet Disord. (2015) 16:215. doi: 10.1186/s12891-015-0682-3

 21. Han T, Mignatti P, Abramson SB, Attur M. Periostin interaction with discoidin 
domain receptor-1 (DDR1) promotes cartilage degeneration. PLoS One. (2020) 
15:e0231501. doi: 10.1371/journal.pone.0231501

 22. Kanayama M, Togawa D, Takahashi C, Terai T, Hashimoto T. Cross-sectional 
magnetic resonance imaging study of lumbar disc degeneration in 200 healthy 
individuals. J Neurosurg Spine. (2009) 11:501–7. doi: 10.3171/2009.5.SPINE08675

 23. Gruber HE, Norris RA, Kern MJ, Hoelscher GL, Ingram JA, Zinchenko N, et al. 
Periostin is expressed by cells of the human and sand rat intervertebral discs. Biotech 
Histochem. (2011) 86:199–206. doi: 10.3109/10520291003722774

 24. Bedore J, Leask A, Seguin CA. Targeting the extracellular matrix: matricellular 
proteins regulate cell-extracellular matrix communication within distinct niches of the 
intervertebral disc. Matrix Biol. (2014) 37:124–30. doi: 10.1016/j.matbio.2014.05.005

 25. Tsai TT, Lai PL, Liao JC, Fu TS, Niu CC, Chen LH, et al. Increased periostin gene 
expression in degenerative intervertebral disc cells. Spine J. (2013) 13:289–98. doi: 
10.1016/j.spinee.2013.01.040

 26. Izuhara K, Nunomura S, Nanri Y, Ogawa M, Ono J, Mitamura Y, et al. Periostin in 
inflammation and allergy. Cell Mol Life Sci. (2017) 74:4293–303. doi: 10.1007/
s00018-017-2648-0

 27. Izuhara K, Nunomura S, Nanri Y, Ono J, Takai M, Kawaguchi A. Periostin: an 
emerging biomarker for allergic diseases. Allergy. (2019) 74:2116–28. doi: 10.1111/
all.13814

 28. Idolazzi L, Ridolo E, Fassio A, Gatti D, Montagni M, Caminati M, et al. Periostin: 
the bone and beyond. Eur J Intern Med. (2017) 38:12–6. doi: 10.1016/j.ejim.2016.11.015

 29. Yang L, Guo T, Chen Y, Bian K. The multiple roles of periostin in non-neoplastic 
disease. Cells. (2022) 12:50. doi: 10.3390/cells12010050

 30. Yoshihara T, Nanri Y, Nunomura S, Yamaguchi Y, Feghali-Bostwick C, Ajito K, 
et al. Periostin plays a critical role in the cell cycle in lung fibroblasts. Respir Res. (2020) 
21:38. doi: 10.1186/s12931-020-1299-0

 31. Wang Z, An J, Zhu D, Chen H, Lin A, Kang J, et al. Periostin: an emerging activator 
of multiple signaling pathways. J Cell Commun Signal. (2022) 16:515–30. doi: 10.1007/
s12079-022-00674-2

 32. Zhao T, Chu Z, Ma J, Ouyang L. Immunomodulation effect of biomaterials on 
bone formation. J Funct Biomater. (2022) 13:103. doi: 10.3390/jfb13030103

 33. Wang J, Zhang Y, Cao J, Wang Y, Anwar N, Zhang Z, et al. The role of autophagy 
in bone metabolism and clinical significance. Autophagy. (2023):1, 2409–19. doi: 
10.1080/15548627.2023.2186112

 34. Liu Z, Zhu J, Liu H, Fu C. Natural products can modulate inflammation in 
intervertebral disc degeneration. Front Pharmacol. (2023) 14:1150835. doi: 10.3389/
fphar.2023.1150835

 35. Sakellariou GT, Anastasilakis AD, Bisbinas I, Oikonomou D, Gerou S, Polyzos SA, 
et al. Circulating periostin levels in patients with AS: association with clinical and 
radiographic variables, inflammatory markers and molecules involved in bone 
formation. Rheumatology. (2015) 54:908–14. doi: 10.1093/rheumatology/keu425

 36. Akar S, Soysal O, Balci A, Solmaz D, Gerdan V, Onen F, et al. High prevalence of 
spondyloarthritis and ankylosing spondylitis among familial Mediterranean fever 
patients and their first-degree relatives: further evidence for the connection. Arthritis 
Res Ther. (2013) 15:R21. doi: 10.1186/ar4154

 37. Kawaguchi Y, Kitajima I, Yasuda T, Seki S, Suzuki K, Makino H, et al. Serum 
periostin level reflects progression of ossification of the posterior longitudinal ligament. 
JB JS Open Access. (2022) 7:e21.00111. doi: 10.2106/JBJS.OA.21.00111

 38. Kawaguchi Y, Nakano M, Yasuda T, Seki S, Suzuki K, Yahara Y, et al. Serum 
biomarkers in patients with ossification of the posterior longitudinal ligament (OPLL): 
inflammation in OPLL. PLoS One. (2017) 12:e0174881. doi: 10.1371/journal.
pone.0174881

 39. Vajdi M, Karimi A, Farhangi MA, Ardekani AM. The association between healthy 
lifestyle score and risk of metabolic syndrome in Iranian adults: a cross-sectional study. 
BMC Endocr Disord. (2023) 23:16. doi: 10.1186/s12902-023-01270-0

 40. Ding Y, Ge Q, Qu H, Feng Z, Long J, Wei Q, et al. Increased serum periostin 
concentrations are associated with the presence of diabetic retinopathy in patients with 
type 2 diabetes mellitus. J Endocrinol Investig. (2018) 41:937–45. doi: 10.1007/
s40618-017-0820-x

 41. Luo Y, Qu H, Wang H, Wei H, Wu J, Duan Y, et al. Plasma periostin levels are 
increased in Chinese subjects with obesity and type 2 diabetes and are positively 
correlated with glucose and lipid parameters. Mediat Inflamm. (2016) 2016:6423637. 
doi: 10.1155/2016/6423637

 42. Tuttle CSL, Luesken SWM, Waaijer MEC, Maier AB. Senescence in tissue samples 
of humans with age-related diseases: a systematic review. Ageing Res Rev. (2021) 
68:101334. doi: 10.1016/j.arr.2021.101334

 43. Burd CE, Sorrentino JA, Clark KS, Darr DB, Krishnamurthy J, Deal AM, et al. 
Monitoring tumorigenesis and senescence in vivo with a p16(INK4a)-luciferase model. 
Cells. (2013) 152:340–51. doi: 10.1016/j.cell.2012.12.010

 44. Khosla S, Farr JN, Tchkonia T, Kirkland JL. The role of cellular senescence in 
ageing and endocrine disease. Nat Rev Endocrinol. (2020) 16:263–75. doi: 10.1038/
s41574-020-0335-y

 45. Herbig U, Ferreira M, Condel L, Carey D, Sedivy JM. Cellular senescence in aging 
primates. Science. (2006) 311:1257. doi: 10.1126/science.1122446

 46. Borghesan M, Hoogaars WMH, Varela-Eirin M, Talma N, Demaria M. A 
senescence-centric view of aging: implications for longevity and disease. Trends Cell Biol. 
(2020) 30:777–91. doi: 10.1016/j.tcb.2020.07.002

 47. Salminen A, Huuskonen J, Ojala J, Kauppinen A, Kaarniranta K, Suuronen T. 
Activation of innate immunity system during aging: NF-kB signaling is the molecular 
culprit of inflamm-aging. Ageing Res Rev. (2008) 7:83–105. doi: 10.1016/j.arr.2007.09.002

 48. Salvioli S, Capri M, Valensin S, Tieri P, Monti D, Ottaviani E, et al. Inflamm-aging, 
cytokines and aging: state of the art, new hypotheses on the role of mitochondria and 
new perspectives from systems biology. Curr Pharm Des. (2006) 12:3161–71. doi: 
10.2174/138161206777947470

https://doi.org/10.3389/fmed.2023.1276900
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1007/s00776-014-0656-6
https://doi.org/10.1038/s41598-021-95626-y
https://doi.org/10.1016/j.jos.2019.05.011
https://doi.org/10.1038/s41598-022-15173-y
https://doi.org/10.1038/s41598-022-15173-y
https://doi.org/10.1042/bj2940271
https://doi.org/10.1002/jcb.21224
https://doi.org/10.1002/cbin.10219
https://doi.org/10.1007/s00198-011-1892-7
https://doi.org/10.1089/scd.2014.0124
https://doi.org/10.1038/srep41634
https://doi.org/10.1155/2020/9405909
https://doi.org/10.1002/jcp.22208
https://doi.org/10.1371/journal.pone.0078347
https://doi.org/10.21873/invivo.11029
https://doi.org/10.1016/j.jfma.2017.12.008
https://doi.org/10.1359/jbmr.1999.14.7.1239
https://doi.org/10.1007/s00056-020-00253-3
https://doi.org/10.1007/s00056-020-00253-3
https://doi.org/10.3892/ijmm.2017.3300
https://doi.org/10.1096/fj.201802281R
https://doi.org/10.1186/s12891-015-0682-3
https://doi.org/10.1371/journal.pone.0231501
https://doi.org/10.3171/2009.5.SPINE08675
https://doi.org/10.3109/10520291003722774
https://doi.org/10.1016/j.matbio.2014.05.005
https://doi.org/10.1016/j.spinee.2013.01.040
https://doi.org/10.1007/s00018-017-2648-0
https://doi.org/10.1007/s00018-017-2648-0
https://doi.org/10.1111/all.13814
https://doi.org/10.1111/all.13814
https://doi.org/10.1016/j.ejim.2016.11.015
https://doi.org/10.3390/cells12010050
https://doi.org/10.1186/s12931-020-1299-0
https://doi.org/10.1007/s12079-022-00674-2
https://doi.org/10.1007/s12079-022-00674-2
https://doi.org/10.3390/jfb13030103
https://doi.org/10.1080/15548627.2023.2186112
https://doi.org/10.3389/fphar.2023.1150835
https://doi.org/10.3389/fphar.2023.1150835
https://doi.org/10.1093/rheumatology/keu425
https://doi.org/10.1186/ar4154
https://doi.org/10.2106/JBJS.OA.21.00111
https://doi.org/10.1371/journal.pone.0174881
https://doi.org/10.1371/journal.pone.0174881
https://doi.org/10.1186/s12902-023-01270-0
https://doi.org/10.1007/s40618-017-0820-x
https://doi.org/10.1007/s40618-017-0820-x
https://doi.org/10.1155/2016/6423637
https://doi.org/10.1016/j.arr.2021.101334
https://doi.org/10.1016/j.cell.2012.12.010
https://doi.org/10.1038/s41574-020-0335-y
https://doi.org/10.1038/s41574-020-0335-y
https://doi.org/10.1126/science.1122446
https://doi.org/10.1016/j.tcb.2020.07.002
https://doi.org/10.1016/j.arr.2007.09.002
https://doi.org/10.2174/138161206777947470


Yoshihara et al. 10.3389/fmed.2023.1276900

Frontiers in Medicine 14 frontiersin.org

 49. Murayama M, Hirata H, Shiraki M, Iovanna JL, Yamaza T, Kukita T, et al. Nupr1 
deficiency downregulates HtrA1, enhances SMAD1 signaling, and suppresses age-
related bone loss in male mice. J Cell Physiol. (2023) 238:566–81. doi: 10.1002/jcp.30949

 50. Nakamura Y, Saitou M, Komura S, Matsumoto K, Ogawa H, Miyagawa T, et al. 
Reduced dynamic loads due to hip dislocation induce acetabular cartilage degeneration 
by IL-6 and MMP3 via the STAT3/periostin/NF-κB axis. Sci Rep. (2022) 12:12207. doi: 
10.1038/s41598-022-16585-6

 51. Angelini A, Trial J, Ortiz-Urbina J, Cieslik KA. Mechanosensing dysregulation in 
the fibroblast: a hallmark of the aging heart. Ageing Res Rev. (2020) 63:101150. doi: 
10.1016/j.arr.2020.101150

 52. Wu J, Chen Y, Liao Z, Liu H, Zhang S, Zhong D, et al. Self-amplifying loop of NF-
κB and periostin initiated by PIEZO1 accelerates mechano-induced senescence of 
nucleus pulposus cells and intervertebral disc degeneration. Mol Ther. (2022) 
30:3241–56. doi: 10.1016/j.ymthe.2022.05.021

 53. Zhu D, Zhou W, Wang Z, Wang Y, Liu M, Zhang G, et al. Periostin: an emerging 
molecule with a potential role in spinal degenerative diseases. Front Med. (2021) 
8:694800. doi: 10.3389/fmed.2021.694800

 54. Prakoura N, Chatziantoniou C. Periostin and discoidin domain receptor 1: new 
biomarkers or targets for therapy of renal disease. Front Med. (2017) 4:52. doi: 10.3389/
fmed.2017.00052

 55. Hoersch S, Andrade-Navarro MA. Periostin shows increased evolutionary 
plasticity in its alternatively spliced region. BMC Evol Biol. (2010) 10:30. doi: 
10.1186/1471-2148-10-30

 56. Gillan L, Matei D, Fishman DA, Gerbin CS, Karlan BY, Chang DD. Periostin 
secreted by epithelial ovarian carcinoma is a ligand for αVβ3 and αVβ5 integrins and 
promotes cell motility. Cancer Res. (2002) 62:5358–64.

 57. Kudo A. Introductory review: periostin-gene and protein structure. Cell Mol Life 
Sci. (2017) 74:4259–68. doi: 10.1007/s00018-017-2643-5

 58. Kudo A. The structure of the periostin gene, its transcriptional control and 
alternative splicing, and protein expression. Adv Exp Med Biol. (2019) 1132:7–20. doi: 
10.1007/978-981-13-6657-4_2

 59. Lorts A, Schwanekamp J, Baudino T, McNally E, Molkentin J. Deletion of periostin 
reduces muscular dystrophy and fibrosis in mice by modulating the transforming 
growth factor-pathway. Proc Natl Acad Sci U S A. (2012) 109:10978–83. doi: 10.1073/
pnas.1204708109

 60. Liacini A, Sylvester J, Li WQ, Huang W, Dehnade F, Ahmad M, et al. Induction of 
matrix metalloproteinase-13 gene expression by TNF-alpha is mediated by MAP 
kinases, AP-1, and NF-kappaB transcription factors in articular chondrocytes. Exp Cell 
Res. (2003) 288:208–17. doi: 10.1016/s0014-4827(03)00180-0

 61. Attur M, Yang Q, Shimada K, Tachida Y, Nagase H, Mignatti P, et al. Elevated 
expression of periostin in human osteoarthritic cartilage and its potential role in matrix 
degradation via matrix metalloproteinase-13. FASEB J. (2015) 29:4107–21. doi: 10.1096/
fj.15-272427

 62. Qian L, Shujuan G, Ping H, Li L, Weiwei S, Yafei W, et al. Wnt5a up-regulates 
periostin through CaMKII pathway to influence periodontal tissue destruction in early 
periodontitis. J Mol Histol. (2021) 52:555–66. doi: 10.1007/s10735-021-09975-z

 63. He R, Wang Z, Cui M, Liu S, Wu W, Chen M, et al. HIF1A alleviates compression-
induced apoptosis of nucleus pulposus derived stem cells via upregulating autophagy. 
Autophagy. (2021) 17:3338–60. doi: 10.1080/15548627.2021.1872227

 64. Choi MC, Jo J, Park J, Kang HK, Park Y. NF-κB signaling pathways in osteoarthritic 
cartilage destruction. Cells. (2019) 8:734. doi: 10.3390/cells8070734

 65. Yabu A, Suzuki A, Hayashi K, Hori Y, Terai H, Orita K, et al. Periostin increased 
by mechanical stress upregulates interleukin-6 expression in the ligamentum flavum. 
FASEB J. (2023) 37:e22726. doi: 10.1096/fj.202200917RR

 66. Izuhara K, Arima K, Ohta S, Suzuki S, Inamitsu M, Yamamoto K. Periostin in 
allergic inflammation. Allergol Int. (2014) 63:143–51. doi: 10.2332/allergolint.13-
RAI-0663

 67. Zhu D, Wang Z, Zhang G, Ma C, Qiu X, Wang Y, et al. Periostin promotes nucleus 
pulposus cells apoptosis by activating the Wnt/beta-catenin signaling pathway. FASEB 
J. (2022) 36:e22369. doi: 10.1096/fj.202200123R

 68. Watanabe T, Yasue A, Fujihara S, Tanaka E. Periostin regulates MMP-2 expression 
via the αvβ3 integrin/ERK pathway in human periodontal ligament cells. Arch Oral Biol. 
(2012) 57:52–9. doi: 10.1016/j.archoralbio.2011.07.010

 69. Hara M, Yokota K, Saito T, Kobayakawa K, Kijima K, Yoshizaki S, et al. Periostin 
promotes fibroblast migration and inhibits muscle repair after skeletal muscle injury. J 
Bone Joint Surg Am. (2018) 100:e108. doi: 10.2106/JBJS.17.01230

 70. Bonnet N, Garnero P, Ferrari S. Periostin action in bone. Mol Cell Endocrinol. 
(2016) 432:75–82. doi: 10.1016/j.mce.2015.12.014

 71. Lin C, Jiang X, Dai Z, Guo X, Weng T, Wang J, et al. Sclerostin mediates bone 
response to mechanical unloading through antagonizing Wnt/beta-catenin signaling. J 
Bone Miner Res. (2009) 24:1651–61. doi: 10.1359/jbmr.090411

 72. Lv J, Sun X, Ma J, Ma X, Xing G, Wang Y, et al. Involvement of periostin-sclerostin-
Wnt/beta-catenin signaling pathway in the prevention of neurectomy-induced bone loss 
by naringin. Biochem Biophys Res Commun. (2015) 468:587–93. doi: 10.1016/j.
bbrc.2015.10.152

 73. Clark D, Doelling J, Hu D, Miclau T, Nakamura M, Marcucio R. Age-related 
decrease in periostin expression may be associated with attenuated fracture healing in 
old mice. J Orthop Res. (2023) 41:1022–32. doi: 10.1002/jor.25439

 74. Tajika Y, Moue T, Ishikawa S, Asano K, Okumo T, Takagi H, et al. Influence of 
periostin on synoviocytes in knee osteoarthritis. In Vivo. (2017) 31:69–77. doi: 10.21873/
invivo.11027

 75. Park JB, Chang H, Lee JK. Quantitative analysis of transforming growth factor-
beta 1 in ligamentum flavum of lumbar spinal stenosis and disc herniation. Spine. (2001) 
26:E492–5. doi: 10.1097/00007632-200111010-00007

 76. Ogata Y, Yamada T, Hasegawa S, Sanada A, Iwata Y, Arima M, et al. SASP-induced 
macrophage dysfunction may contribute to accelerated senescent fibroblast 
accumulation in the dermis. Exp Dermatol. (2021) 30:84–91. doi: 10.1111/exd.14205

 77. Chen J, Liu Z, Wang H, Qian L, Li Z, Song Q, et al. SIRT6 enhances telomerase 
activity to protect against DNA damage and senescence in hypertrophic ligamentum 
flavum cells from lumbar spinal stenosis patients. Aging. (2021) 13:6025–40. doi: 
10.18632/aging.202536

 78. Fujitani H, Kasuga S, Ishihara T, Higa Y, Fujikawa S, Ohta N, et al. Age-related 
changes in serum periostin level in allergic and non-allergic children. Allergol Int. (2019) 
68:285–6. doi: 10.1016/j.alit.2018.12.006

 79. Ono J, Takai M, Kamei A, Nunomura S, Nanri Y, Yoshihara T, et al. Periostin forms 
a functional complex with IgA in human serum. Allergol Int. (2020) 69:111–20. doi: 
10.1016/j.alit.2019.05.014

 80. Nunomura S, Uta D, Kitajima I, Nanri Y, Matsuda K, Ejiri N, et al. Periostin 
activates distinct modules of inflammation and itching downstream of the type 2 
inflammation pathway. Cell Rep. (2023) 42:111933. doi: 10.1016/j.celrep.2022.111933

 81. Yan W, Shao R. Transduction of a mesenchyme-specific gene periostin into 293T 
cells induces cell invasive activity through epithelial-mesenchymal transformation. J Biol 
Chem. (2006) 281:19700–8. doi: 10.1074/jbc.M601856200

 82. Litvin J, Selim AH, Montgomery MO, Lehmann K, Rico MC, Devlin H, et al. 
Expression and function of periostin-isoforms in bone. J Cell Biochem. (2004) 
92:1044–61. doi: 10.1002/jcb.20115

 83. Chapurlat RD, Confavreux CB. Novel biological markers of bone: from bone 
metabolism to bone physiology. Rheumatology. (2016) 55:1714–25. doi: 10.1093/
rheumatology/kev410

 84. Yan J, Liu HJ, Li H, Chen L, Bian YQ, Zhao B, et al. Circulating periostin levels 
increase in association with bone density loss and healing progression during the early 
phase of hip fracture in Chinese older women. Osteoporos Int. (2017) 28:2335–41. doi: 
10.1007/s00198-017-4034-z

 85. Honsawek S, Wilairatana V, Udomsinprasert W, Sinlapavilawan P, 
Jirathanathornnukul N. Association of plasma and synovial fluid periostin with 
radiographic knee osteoarthritis: cross-sectional study. Joint Bone Spine. (2015) 
82:352–5. doi: 10.1016/j.jbspin.2015.01.023

 86. Varughese R, Semprini R, Munro C, Fingleton J, Holweg C, Weatherall M, et al. 
Serum periostin levels following small bone fractures, long bone fractures and joint 
replacements: an observational study. Allergy Asthma Clin Immunol. (2018) 14:30. doi: 
10.1186/s13223-018-0254-9

 87. Song JS, You JS, Jeong SI, Yang S, Hwang IT, Im YG, et al. Serum periostin levels 
correlate with airway hyper-responsiveness to methacholine and mannitol in children 
with asthma. Allergy. (2015) 70:674–81. doi: 10.1111/all.12599

 88. Caswell-Smith R, Hosking A, Cripps T, Holweg C, Matthews J, Holliday M, et al. 
Reference ranges for serum periostin in a population without asthma or chronic 
obstructive pulmonary disease. Clin Exp Allergy. (2016) 46:1303–14. doi: 10.1111/
cea.12763

 89. Tan E, Varughese R, Semprini R, Montgomery B, Holweg C, Olsson J, et al. Serum 
periostin levels in adults of Chinese descent: an observational study. Allergy Asthma Clin 
Immunol. (2018) 14:87. doi: 10.1186/s13223-018-0312-3

 90. Inoue Y, Izuhara K, Ohta S, Ono J, Shimojo N. No increase in the serum periostin 
level is detected in elementary school-age children with allergic diseases. Allergol Int. 
(2015) 64:289–90. doi: 10.1016/j.alit.2015.04.001

 91. Chung HY, Kim DH, Lee EK, Chung KW, Chung S, Lee B, et al. Redefining chronic 
inflammation in aging and age-related diseases: proposal of the senoinflammation 
concept. Aging Dis. (2019) 10:367–82. doi: 10.14336/ad.2018.0324

 92. Takayama G, Arima K, Kanaji T, Toda S, Tanaka H, Shoji S, et al. Periostin: a novel 
component of subepithelial fibrosis of bronchial asthma downstream of IL-4 and IL-13 
signals. J Allergy Clin Immunol. (2006) 118:98–104. doi: 10.1016/j.jaci.2006.02.046

 93. Woodruff PG, Boushey HA, Dolganov GM, Barker CS, Yang YH, Donnelly S, et al. 
Genome-wide profiling identifies epithelial cell genes associated with asthma and with 
treatment response to corticosteroids. Proc Natl Acad Sci U S A. (2007) 104:15858–63. 
doi: 10.1073/pnas.0707413104

 94. Emson C, Pham TH, Manetz S, Newbold P. Periostin and dipeptidyl peptidase-4: 
potential biomarkers of interleukin 13 pathway activation in asthma and allergy. 
Immunol Allergy Clin N Am. (2018) 38:611–28. doi: 10.1016/j.iac.2018.06.004

 95. James A, Janson C, Malinovschi A, Holweg C, Alving K, Ono J, et al. Serum 
periostin relates to type-2 inflammation and lung function in asthma: data from the 
large population-based cohort Swedish GA(2)LEN. Allergy. (2017) 72:1753–60. doi: 
10.1111/all.13181

https://doi.org/10.3389/fmed.2023.1276900
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1002/jcp.30949
https://doi.org/10.1038/s41598-022-16585-6
https://doi.org/10.1016/j.arr.2020.101150
https://doi.org/10.1016/j.ymthe.2022.05.021
https://doi.org/10.3389/fmed.2021.694800
https://doi.org/10.3389/fmed.2017.00052
https://doi.org/10.3389/fmed.2017.00052
https://doi.org/10.1186/1471-2148-10-30
https://doi.org/10.1007/s00018-017-2643-5
https://doi.org/10.1007/978-981-13-6657-4_2
https://doi.org/10.1073/pnas.1204708109
https://doi.org/10.1073/pnas.1204708109
https://doi.org/10.1016/s0014-4827(03)00180-0
https://doi.org/10.1096/fj.15-272427
https://doi.org/10.1096/fj.15-272427
https://doi.org/10.1007/s10735-021-09975-z
https://doi.org/10.1080/15548627.2021.1872227
https://doi.org/10.3390/cells8070734
https://doi.org/10.1096/fj.202200917RR
https://doi.org/10.2332/allergolint.13-RAI-0663
https://doi.org/10.2332/allergolint.13-RAI-0663
https://doi.org/10.1096/fj.202200123R
https://doi.org/10.1016/j.archoralbio.2011.07.010
https://doi.org/10.2106/JBJS.17.01230
https://doi.org/10.1016/j.mce.2015.12.014
https://doi.org/10.1359/jbmr.090411
https://doi.org/10.1016/j.bbrc.2015.10.152
https://doi.org/10.1016/j.bbrc.2015.10.152
https://doi.org/10.1002/jor.25439
https://doi.org/10.21873/invivo.11027
https://doi.org/10.21873/invivo.11027
https://doi.org/10.1097/00007632-200111010-00007
https://doi.org/10.1111/exd.14205
https://doi.org/10.18632/aging.202536
https://doi.org/10.1016/j.alit.2018.12.006
https://doi.org/10.1016/j.alit.2019.05.014
https://doi.org/10.1016/j.celrep.2022.111933
https://doi.org/10.1074/jbc.M601856200
https://doi.org/10.1002/jcb.20115
https://doi.org/10.1093/rheumatology/kev410
https://doi.org/10.1093/rheumatology/kev410
https://doi.org/10.1007/s00198-017-4034-z
https://doi.org/10.1016/j.jbspin.2015.01.023
https://doi.org/10.1186/s13223-018-0254-9
https://doi.org/10.1111/all.12599
https://doi.org/10.1111/cea.12763
https://doi.org/10.1111/cea.12763
https://doi.org/10.1186/s13223-018-0312-3
https://doi.org/10.1016/j.alit.2015.04.001
https://doi.org/10.14336/ad.2018.0324
https://doi.org/10.1016/j.jaci.2006.02.046
https://doi.org/10.1073/pnas.0707413104
https://doi.org/10.1016/j.iac.2018.06.004
https://doi.org/10.1111/all.13181


Yoshihara et al. 10.3389/fmed.2023.1276900

Frontiers in Medicine 15 frontiersin.org

 96. Ono J, Takai M, Kamei A, Ohta S, Nair P, Izuhara K, et al. A novel assay for 
improved detection of sputum periostin in patients with asthma. PLoS One. (2023) 
18:e0281356. doi: 10.1371/journal.pone.0281356

 97. Takamura E, Uchio E, Ebihara N, Ohno S, Ohashi Y, Okamoto S, et al. Japanese 
guideline for allergic conjunctival diseases. Allergol Int. (2011) 60:191–203. doi: 10.2332/
allergolint.11-RAI-0335

 98. Bonini S. Atopic keratoconjunctivitis. Allergy. (2004) 59:71–3. doi: 10.1111/j.1398-
9995.2004.00570.x

 99. Fujishima H, Okada N, Matsumoto K, Fukagawa K, Igarashi A, Matsuda A, et al. 
The usefulness of measuring tear periostin for the diagnosis and management of ocular 
allergic diseases. J Allergy Clin Immunol. (2016) 138:459–467 e2. doi: 10.1016/j.
jaci.2015.11.039

 100. Pană N, Căpușă C. Periostin as a biomarker in the setting of glomerular 
diseases-a review of the current literature. Biomedicine. (2022) 10:3211. doi: 10.3390/
biomedicines10123211

 101. Hsu CY, Xie D, Waikar SS, Bonventre JV, Zhang X, Sabbisetti V, et al. Urine 
biomarkers of tubular injury do not improve on the clinical model predicting chronic 
kidney disease progression. Kidney Int. (2017) 91:196:203. doi: 10.1016/j.
kint.2016.09.003

 102. Satirapoj B, Tassanasorn S, Charoenpitakchai M, Supasyndh O. Periostin as a 
tissue and urinary biomarker of renal injury in type 2 diabetes mellitus. PLoS One. 
(2015) 10:e0124055. doi: 10.1371/journal.pone.0124055

 103. Wantanasiri P, Satirapoj B, Charoenpitakchai M, Aramwit P. Periostin: a novel 
tissue biomarker correlates with chronicity index and renal function in lupus nephritis 
patients. Lupus. (2015) 24:835–45. doi: 10.1177/0961203314566634

 104. Chinzei N, Brophy RH, Duan X, Cai L, Nunley RM, Sandell LJ, et al. Molecular 
influence of anterior cruciate ligament tear remnants on chondrocytes: a biologic 
connection between injury and osteoarthritis. Osteoarthr Cartil. (2018) 26:588–99. doi: 
10.1016/j.joca.2018.01.017

 105. Lourido L, Calamia V, Mateos J, Fernández-Puente P, Fernández-Tajes J, Blanco 
FJ, et al. Quantitative proteomic profiling of human articular cartilage degradation in 
osteoarthritis. J Proteome Res. (2014) 13:6096–106. doi: 10.1021/pr501024p

 106. Rousseau JC, Sornay-Rendu E, Bertholon C, Garnero P, Chapurlat R. Serum 
periostin is associated with prevalent knee osteoarthritis and disease incidence/
progression in women: the OFELY study. Osteoarthr Cartil. (2015) 23:1736–42. doi: 
10.1016/j.joca.2015.05.015

 107. Brophy RH, Zhang B, Cai L, Wright RW, Sandell LJ, Rai MF. Transcriptome 
comparison of meniscus from patients with and without osteoarthritis. Osteoarthr 
Cartil. (2018) 26:422–32. doi: 10.1016/j.joca.2017.12.004

 108. Takayanagi H. Osteoimmunology: shared mechanisms and crosstalk between the 
immune and bone systems. Nat Rev Immunol. (2007) 7:292–304. doi: 10.1038/nri2062

 109. Komori T. Regulation of osteoblast differentiation by transcription factors. J Cell 
Biochem. (2006) 99:1233–9. doi: 10.1002/jcb.20958

 110. Maruyama Z, Yoshida CA, Furuichi T, Amizuka N, Ito M, Fukuyama R, et al. 
Runx2 determines bone maturity and turnover rate in postnatal bone development and 
is involved in bone loss in estrogen deficiency. Dev Dyn. (2007) 236:1876–90. doi: 
10.1002/dvdy.21187

 111. Rossini M, Gatti D, Adami S. Involvement of WNT/β-catenin signaling in the 
treatment of osteoporosis. Calcif Tissue Int. (2013) 93:121–32. doi: 10.1007/
s00223-013-9749-z

 112. Wang Y, Li YP, Paulson C, Shao JZ, Zhang X, Wu M, et al. Wnt and the Wnt 
signaling pathway in bone development and disease. Front Biosci. (2014) 19:379–407. 
doi: 10.2741/4214

 113. Robling AG, Bonewald LF. The osteocyte: new insights. Annu Rev Physiol. (2020) 
82:485–506. doi: 10.1146/annurev-physiol-021119-034332

 114. Khosla S, Farr JN, Monroe DG. Cellular senescence and the skeleton: 
pathophysiology and therapeutic implications. J Clin Invest. (2022) 132:e154888. doi: 
10.1172/jci154888

 115. Wu T, Ouyang G. Matricellular proteins: multifaceted extracellular regulators in 
tumor dormancy. Protein Cell. (2014) 5:249–52. doi: 10.1007/s13238-014-0023-6

 116. Coutu DL, Wu JH, Monette A, Rivard GE, Blostein MD, Galipeau J. Periostin, a 
member of a novel family of vitamin K-dependent proteins, is expressed by mesenchymal 
stromal cells. J Biol Chem. (2008) 283:17991–8001. doi: 10.1074/jbc.M708029200

 117. Zhu S, Barbe MF, Liu C, Hadjiargyrou M, Popoff SN, Rani S, et al. Periostin-like-
factor in osteogenesis. J Cell Physiol. (2009) 218:584–92. doi: 10.1002/jcp.21633

 118. Bonnet N, Standley KN, Bianchi EN, Stadelmann V, Foti M, Conway SJ, et al. The 
matricellular protein periostin is required for sost inhibition and the anabolic response 
to mechanical loading and physical activity. J Biol Chem. (2009) 284:35939–50. doi: 
10.1074/jbc.M109.060335

 119. Rios H, Koushik SV, Wang H, Wang J, Zhou HM, Lindsley A, et al. Periostin null 
mice exhibit dwarfism, incisor enamel defects, and an early-onset periodontal disease-like 
phenotype. Mol Cell Biol. (2005) 25:11131–44. doi: 10.1128/MCB.25.24.11131-11144.2005

 120. Bonnet N, Conway SJ, Ferrari SL. Regulation of beta catenin signaling and 
parathyroid hormone anabolic effects in bone by the matricellular protein periostin. Proc 
Natl Acad Sci U S A. (2012) 109:15048–53. doi: 10.1073/pnas.1203085109

 121. Tang LY, Cullen DM, Yee JA, Jee WS, Kimmel DB. Prostaglandin E2 increases the 
skeletal response to mechanical loading. J Bone Miner Res. (1997) 12:276–82. doi: 
10.1359/jbmr.1997.12.2.276

 122. Watanuki M, Sakai A, Sakata T, Tsurukami H, Miwa M, Uchida Y, et al. Role of 
inducible nitric oxide synthase in skeletal adaptation to acute increases in mechanical 
loading. J Bone Miner Res. (2002) 17:1015–25. doi: 10.1359/jbmr.2002.17.6.1015

 123. Kunnel JG, Igarashi K, Gilbert JL, Stern PH. Bone anabolic responses to 
mechanical load in vitro involve COX-2 and constitutive NOS. Connect Tissue Res. 
(2004) 45:40–9. doi: 10.1080/03008200490278133

 124. Wang N, Rumney RM, Yang L, Robaye B, Boeynaems JM, Skerry TM, et al. The 
P2Y13 receptor regulates extracellular ATP metabolism and the osteogenic response to 
mechanical loading. J Bone Miner Res. (2013) 28:1446–56. doi: 10.1002/jbmr.1877

 125. Dallas SL, Prideaux M, Bonewald LF. The osteocyte: an endocrine cell … and 
more. Endocr Rev. (2013) 34:658–90. doi: 10.1210/er.2012-1026

 126. Tu X, Rhee Y, Condon KW, Bivi N, Allen MR, Dwyer D, et al. Sost downregulation 
and local Wnt signaling are required for the osteogenic response to mechanical loading. 
Bone. (2012) 50:209–17. doi: 10.1016/j.bone.2011.10.025

 127. Gerbaix M, Vico L, Ferrari SL, Bonnet N. Periostin expression contributes to 
cortical bone loss during unloading. Bone. (2015) 71:94–100. doi: 10.1016/j.
bone.2014.10.011

 128. Motta F, Barone E, Sica A, Selmi C. Inflammaging and osteoarthritis. Clin Rev 
Allergy Immunol. (2023) 64:222–38. doi: 10.1007/s12016-022-08941-1

 129. Garnero P, Sornay-Rendu E, Chapuy MC, Delmas PD. Increased bone turnover 
in late postmenopausal women is a major determinant of osteoporosis. J Bone Miner 
Res. (1996) 11:337–49. doi: 10.1002/jbmr.5650110307

 130. Pietschmann P, Mechtcheriakova D, Meshcheryakova A, Föger-Samwald U, 
Ellinger I. Immunology of osteoporosis: a mini-review. Gerontology. (2016) 62:128–37. 
doi: 10.1159/000431091

 131. Franceschi C, Bonafè M, Valensin S, Olivieri F, De Luca M, Ottaviani E, et al. An 
evolutionary perspective on immunosenescence. Ann N Y Acad Sci. (2000) 908:244–54. 
doi: 10.1111/j.1749-6632.2000.tb06651.x

 132. Liu S, Jin Z, Cao M, Hao D, Li C, Li D, et al. Periostin regulates osteogenesis of 
mesenchymal stem cells from ovariectomized rats through actions on the ILK/Akt/
GSK-3β axis. Genet Mol Biol. (2021) 44:e20200461. doi: 10.1590/1678-4685-
gmb-2020-0461

 133. Rousseau JC, Sornay-Rendu E, Bertholon C, Chapurlat R, Garnero P. Serum 
periostin is associated with fracture risk in postmenopausal women: a 7-year prospective 
analysis of the OFELY study. J Clin Endocrinol Metab. (2014) 99:2533–9. doi: 10.1210/
jc.2013-3893

 134. Kim BJ, Rhee Y, Kim CH, Baek KH, Min YK, Kim DY, et al. Plasma periostin 
associates significantly with non-vertebral but not vertebral fractures in postmenopausal 
women: clinical evidence for the different effects of periostin depending on the skeletal 
site. Bone. (2015) 81:435–41. doi: 10.1016/j.bone.2015.08.014

 135. Guo YM, Cheng JH, Zhang H, He JW, Yue H, Hu WW, et al. Serum periostin 
level and genetic polymorphisms are associated with vertebral fracture in Chinese 
postmenopausal women. Genes. (2022) 13:439. doi: 10.3390/genes13030439

 136. Yamashita A, Morioka M, Yahara Y, Okada M, Kobayashi T, Kuriyama S, et al. 
Generation of scaffoldless hyaline cartilaginous tissue from human iPSCs. Stem Cell Rep. 
(2015) 4:404–18. doi: 10.1016/j.stemcr.2015.01.016

 137. Armiento AR, Stoddart MJ, Alini M, Eglin D. Biomaterials for articular cartilage 
tissue engineering: learning from biology. Acta Biomater. (2018) 65:1–20. doi: 10.1016/j.
actbio.2017.11.021

 138. Kahn J, Shwartz Y, Blitz E, Krief S, Sharir A, Breitel DA, et al. Muscle contraction 
is necessary to maintain joint progenitor cell fate. Dev Cell. (2009) 16:734–43. doi: 
10.1016/j.devcel.2009.04.013

 139. Ogawa H, Kozhemyakina E, Hung HH, Grodzinsky AJ, Lassar AB. Mechanical 
motion promotes expression of Prg4 in articular cartilage via multiple CREB-dependent, 
fluid flow shear stress-induced signaling pathways. Genes Dev. (2014) 28:127–39. doi: 
10.1101/gad.231969.113

 140. Loeser RF, Olex AL, McNulty MA, Carlson CS, Callahan MF, Ferguson CM, et al. 
Microarray analysis reveals age-related differences in gene expression during the 
development of osteoarthritis in mice. Arthritis Rheum. (2012) 64:705–17. doi: 10.1002/
art.33388

 141. Buckwalter JA, Anderson DD, Brown TD, Tochigi Y, Martin JA. The roles of 
mechanical stresses in the pathogenesis of osteoarthritis: implications for treatment of 
joint injuries. Cartilage. (2013) 4:286–94. doi: 10.1177/1947603513495889

 142. Koike M, Nojiri H, Ozawa Y, Watanabe K, Muramatsu Y, Kaneko H, et al. 
Mechanical overloading causes mitochondrial superoxide and SOD2 imbalance in 
chondrocytes resulting in cartilage degeneration. Sci Rep. (2015) 5:11722. doi: 10.1038/
srep11722

 143. Muthuri SG, McWilliams DF, Doherty M, Zhang W. History of knee injuries and 
knee osteoarthritis: a meta-analysis of observational studies. Osteoarthr Cartil. (2011) 
19:1286–93. doi: 10.1016/j.joca.2011.07.015

 144. Manek NJ, Hart D, Spector TD, MacGregor AJ. The association of body mass 
index and osteoarthritis of the knee joint: an examination of genetic and environmental 
influences. Arthritis Rheum. (2003) 48:1024–9. doi: 10.1002/art.10884

https://doi.org/10.3389/fmed.2023.1276900
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1371/journal.pone.0281356
https://doi.org/10.2332/allergolint.11-RAI-0335
https://doi.org/10.2332/allergolint.11-RAI-0335
https://doi.org/10.1111/j.1398-9995.2004.00570.x
https://doi.org/10.1111/j.1398-9995.2004.00570.x
https://doi.org/10.1016/j.jaci.2015.11.039
https://doi.org/10.1016/j.jaci.2015.11.039
https://doi.org/10.3390/biomedicines10123211
https://doi.org/10.3390/biomedicines10123211
https://doi.org/10.1016/j.kint.2016.09.003
https://doi.org/10.1016/j.kint.2016.09.003
https://doi.org/10.1371/journal.pone.0124055
https://doi.org/10.1177/0961203314566634
https://doi.org/10.1016/j.joca.2018.01.017
https://doi.org/10.1021/pr501024p
https://doi.org/10.1016/j.joca.2015.05.015
https://doi.org/10.1016/j.joca.2017.12.004
https://doi.org/10.1038/nri2062
https://doi.org/10.1002/jcb.20958
https://doi.org/10.1002/dvdy.21187
https://doi.org/10.1007/s00223-013-9749-z
https://doi.org/10.1007/s00223-013-9749-z
https://doi.org/10.2741/4214
https://doi.org/10.1146/annurev-physiol-021119-034332
https://doi.org/10.1172/jci154888
https://doi.org/10.1007/s13238-014-0023-6
https://doi.org/10.1074/jbc.M708029200
https://doi.org/10.1002/jcp.21633
https://doi.org/10.1074/jbc.M109.060335
https://doi.org/10.1128/MCB.25.24.11131-11144.2005
https://doi.org/10.1073/pnas.1203085109
https://doi.org/10.1359/jbmr.1997.12.2.276
https://doi.org/10.1359/jbmr.2002.17.6.1015
https://doi.org/10.1080/03008200490278133
https://doi.org/10.1002/jbmr.1877
https://doi.org/10.1210/er.2012-1026
https://doi.org/10.1016/j.bone.2011.10.025
https://doi.org/10.1016/j.bone.2014.10.011
https://doi.org/10.1016/j.bone.2014.10.011
https://doi.org/10.1007/s12016-022-08941-1
https://doi.org/10.1002/jbmr.5650110307
https://doi.org/10.1159/000431091
https://doi.org/10.1111/j.1749-6632.2000.tb06651.x
https://doi.org/10.1590/1678-4685-gmb-2020-0461
https://doi.org/10.1590/1678-4685-gmb-2020-0461
https://doi.org/10.1210/jc.2013-3893
https://doi.org/10.1210/jc.2013-3893
https://doi.org/10.1016/j.bone.2015.08.014
https://doi.org/10.3390/genes13030439
https://doi.org/10.1016/j.stemcr.2015.01.016
https://doi.org/10.1016/j.actbio.2017.11.021
https://doi.org/10.1016/j.actbio.2017.11.021
https://doi.org/10.1016/j.devcel.2009.04.013
https://doi.org/10.1101/gad.231969.113
https://doi.org/10.1002/art.33388
https://doi.org/10.1002/art.33388
https://doi.org/10.1177/1947603513495889
https://doi.org/10.1038/srep11722
https://doi.org/10.1038/srep11722
https://doi.org/10.1016/j.joca.2011.07.015
https://doi.org/10.1002/art.10884


Yoshihara et al. 10.3389/fmed.2023.1276900

Frontiers in Medicine 16 frontiersin.org

 145. Qin J, Shi D, Dai J, Zhu L, Tsezou A, Jiang Q. Association of the leptin gene with 
knee osteoarthritis susceptibility in a Han Chinese population: a case-control study. J 
Hum Genet. (2010) 55:704–6. doi: 10.1038/jhg.2010.86.20664554

 146. Puenpatom RA, Victor TW. Increased prevalence of metabolic syndrome in 
individuals with osteoarthritis: an analysis of NHANES III data. Postgrad Med. (2009) 
121:9–20. doi: 10.3810/pgm.2009.11.2073

 147. Yoshimura N, Muraki S, Oka H, Tanaka S, Kawaguchi H, Nakamura K, et al. 
Accumulation of metabolic risk factors such as overweight, hypertension, dyslipidaemia, 
and impaired glucose tolerance raises the risk of occurrence and progression of knee 
osteoarthritis: a 3-year follow-up of the ROAD study. Osteoarthr Cartil. (2012) 20:1217. 
doi: 10.1016/j.joca.2012.06.006

 148. Wang J, Markova D, Anderson DG, Zheng Z, Shapiro IM, Risbud MV. TNF-α 
and IL-1β promote a disintegrin-like and metalloprotease with thrombospondin type 
I motif-5-mediated aggrecan degradation through syndecan-4 in intervertebral disc. J 
Biol Chem. (2011) 286:39738–49. doi: 10.1074/jbc.M111.264549

 149. Biver E, Berenbaum F, Valdes AM, Araujo de Carvalho I, Bindels LB, Brandi ML, 
et al. Gut microbiota and osteoarthritis management: an expert consensus of the 
European society for clinical and economic aspects of osteoporosis, osteoarthritis and 
musculoskeletal diseases (ESCEO). Ageing Res Rev. (2019) 55:100946. doi: 10.1016/j.
arr.2019.100946

 150. Azzini GOM, Santos GS, Visoni SBC, Azzini VOM, Santos RGD, Huber SC, et al. 
Metabolic syndrome and subchondral bone alterations: the rise of osteoarthritis—a 
review. J Clin Orthop Trauma. (2020) 11:S849–s855. doi: 10.1016/j.jcot.2020.06.021

 151. Faust HJ, Zhang H, Han J, Wolf MT, Jeon OH, Sadtler K, et al. IL-17 and 
immunologically induced senescence regulate response to injury in osteoarthritis. J Clin 
Invest. (2020) 130:5493. doi: 10.1172/jci134091

 152. Jeon OH, Kim C, Laberge RM, Demaria M, Rathod S, Vasserot AP, et al. Local 
clearance of senescent cells attenuates the development of post-traumatic osteoarthritis 
and creates a pro-regenerative environment. Nat Med. (2017) 23:775–81. doi: 10.1038/
nm.4324

 153. Meier FM, Frerix M, Hermann W, Müller-Ladner U. Current immunotherapy in 
rheumatoid arthritis. Immunotherapy. (2013) 5:955–74. doi: 10.2217/imt.13.94

 154. Roman-Blas JA, Jimenez SA. NF-kappaB as a potential therapeutic target in 
osteoarthritis and rheumatoid arthritis. Osteoarthr Cartil. (2006) 14:839–48. doi: 
10.1016/j.joca.2006.04.008

 155. Yamada S, Tauchi T, Awata T, Maeda K, Kajikawa T, Yanagita M, et al. 
Characterization of a novel periodontal ligament-specific periostin isoform. J Dent Res. 
(2014) 93:891–7. doi: 10.1177/0022034514543015

 156. Blom AB, van Lent PL, van der Kraan PM, van den Berg WB. To seek shelter 
from the WNT in osteoarthritis? WNT-signaling as a target for osteoarthritis therapy. 
Curr Drug Targets. (2010) 11:620–9. doi: 10.2174/138945010791011901

 157. Chou CH, Wu CC, Song IW, Chuang HP, Lu LS, Chang JH, et al. Genome-wide 
expression profiles of subchondral bone in osteoarthritis. Arthritis Res Ther. (2013) 
15:R190. doi: 10.1186/ar4380

 158. Chen KS, Tatarczuch L, Mirams M, Ahmed YA, Pagel CN, Mackie EJ. Periostin 
expression distinguishes between light and dark hypertrophic chondrocytes. Int J 
Biochem Cell Biol. (2010) 42:880–9. doi: 10.1016/j.biocel.2010.01.018

 159. Moue T, Tajika Y, Ishikawa S, Kanada Y, Okumo T, Asano K, et al. Influence of 
IL13 on periostin secretion by synoviocytes in osteoarthritis. In Vivo. (2017) 31:79–85. 
doi: 10.21873/invivo.11028

 160. Moore RJ. The vertebral endplate: disc degeneration, disc regeneration. Eur Spine 
J. (2006) 15:S333–7. doi: 10.1007/s00586-006-0170-4

 161. Rosselli-Murai LK, Almeida LO, Zagni C, Galindo-Moreno P, Padial-Molina M, 
Volk SL, et al. Periostin responds to mechanical stress and tension by activating the 
MTOR signaling pathway. PLoS One. (2013) 8:e83580. doi: 10.1371/journal.pone.0 
083580

 162. Rani S, Barbe MF, Barr AE, Litvin J. Periostin-like-factor and periostin in an 
animal model of work-related musculoskeletal disorder. Bone. (2009) 44:502–12. doi: 
10.1016/j.bone.2008.11.012

 163. Yoshiba N, Yoshiba K, Hosoya A, Saito M, Yokoi T, Okiji T, et al. Association of 
TIMP-2 with extracellular matrix exposed to mechanical stress and its co-distribution 
with periostin during mouse mandible development. Cell Tissue Res. (2007) 330:133–45. 
doi: 10.1007/s00441-007-0439-x

 164. Korotkyi OH, Vovk AA, Halenova TI, Vovk TB, Dvorshchenko KO, Falalyeyeva 
TM, et al. Cytokines profile in knee cartilage of rats during monoiodoacetate-induced 
osteoarthritis and administration of probiotic. Biopolym Cell. (2020) 36:22–34. doi: 
10.7124/bc.000a1e

 165. Srikanth VK, Fryer JL, Zhai G, Winzenberg TM, Hosmer D, Jones G. A meta-
analysis of sex differences prevalence, incidence and severity of osteoarthritis. Osteoarthr 
Cartil. (2005) 13:769–81. doi: 10.1016/j.joca.2005.04.014

 166. Bentley JK, Chen Q, Hong JY, Popova AP, Lei J, Moore BB, et al. Periostin is 
required for maximal airways inflammation and hyperresponsiveness in mice. J Allergy 
Clin Immunol. (2014) 134:1433–42. doi: 10.1016/j.jaci.2014.05.029

 167. Parulekar AD, Atik MA, Hanania NA. Periostin, a novel biomarker of TH2-driven 
asthma. Curr Opin Pulm Med. (2014) 20:60–5. doi: 10.1097/mcp.0000000000000005

 168. Inaki R, Fujihara Y, Kudo A, Misawa M, Hikita A, Takato T, et al. Periostin 
contributes to the maturation and shape retention of tissue-engineered cartilage. Sci Rep. 
(2018) 8:11210. doi: 10.1038/s41598-018-29228-6

 169. Xu HG, Zheng Q, Song JX, Li J, Wang H, Liu P, et al. Intermittent cyclic 
mechanical tension promotes endplate cartilage degeneration via canonical Wnt 
signaling pathway and E-cadherin/β-catenin complex cross-talk. Osteoarthr Cartil. 
(2016) 24:158–68. doi: 10.1016/j.joca.2015.07.019

 170. Bron JL, Helder MN, Meisel HJ, Van Royen BJ, Smit TH. Repair, regenerative and 
supportive therapies of the annulus fibrosus: achievements and challenges. Eur Spine J. 
(2009) 18:301–13. doi: 10.1007/s00586-008-0856-x

 171. Roberts S, Menage J, Duance V, Wotton S, Ayad S. Volvo award in basic sciences. 
Collagen types around the cells of the intervertebral disc and cartilage end plate: an 
immunolocalization study. Spine. (1991) 16:1030–8.

 172. Li K, Kapper D, Youngs B, Kocsis V, Mondal S, Kraus P, et al. Potential biomarkers 
of the mature intervertebral disc identified at the single cell level. J Anat. (2019) 234:16. 
doi: 10.1111/joa.12904

 173. Zhong H, Zhou Z, Guo L, Liu F, Zheng B, Bi S, et al. The miR-623/CXCL12 axis 
inhibits LPS-induced nucleus pulposus cell apoptosis and senescence. Mech Ageing Dev. 
(2021) 194:111417. doi: 10.1016/j.mad.2020.111417

 174. Zhang F, Zhao X, Shen H, Zhang C. Molecular mechanisms of cell death in 
intervertebral disc degeneration (review). Int J Mol Med. (2016) 37:1439–48. doi: 
10.3892/ijmm.2016.2573

 175. Niemitz C. The evolution of the upright posture and gait—a review and a new 
synthesis. Naturwissenschaften. (2010) 97:241–63. doi: 10.1007/s00114-009-0637-3

 176. Lotz JC, Chin JR. Intervertebral disc cell death is dependent on the magnitude 
and duration of spinal loading. Spine. (2000) 25:1477–83. doi: 10.1097/00007632- 
200006150-00005

 177. Kadow T, Sowa G, Vo N, Kang JD. Molecular basis of intervertebral disc 
degeneration and herniations: what are the important translational questions? Clin 
Orthop Relat Res. (2015) 473:1903–12. doi: 10.1007/s11999-014-3774-8

 178. Ohba T, Haro H. TWEAK and TSLP in disc degeneration and spontaneous 
hernia resorption. JOR Spine. (2020) 3:e1068. doi: 10.1002/jsp2.1068

 179. Suzuki S, Fujita N, Fujii T, Watanabe K, Yagi M, Tsuji T, et al. Potential 
involvement of the IL-6/JAK/STAT3 pathway in the pathogenesis of intervertebral disc 
degeneration. Spine. (2017) 42:E817–e824. doi: 10.1097/brs.0000000000001982

 180. Purmessur D, Walter BA, Roughley PJ, Laudier DM, Hecht AC, Iatridis J. A role 
for TNFα in intervertebral disc degeneration: a non-recoverable catabolic shift. Biochem 
Biophys Res Commun. (2013) 433:151–6. doi: 10.1016/j.bbrc.2013.02.034

 181. Otani K, Kikuchi S, Yabuki S, Igarashi T, Nikaido T, Watanabe K, et al. Lumbar 
spinal stenosis has a negative impact on quality of life compared with other 
comorbidities: an epidemiological cross-sectional study of 1862 community-dwelling 
individuals. Sci World J. (2013) 2013:590652. doi: 10.1155/2013/590652

 182. Yabuki S, Fukumori N, Takegami M, Onishi Y, Otani K, Sekiguchi M, et al. 
Prevalence of lumbar spinal stenosis, using the diagnostic support tool, and correlated 
factors in Japan: a population-based study. J Orthop Sci. (2013) 18:893–900. doi: 10.1007/
s00776-013-0455-5

 183. Sasaki M, Aoki M, Nishioka K, Yoshimine T. Radiculopathy caused by 
osteoporotic vertebral fractures in the lumbar spine. Neurol Med Chir. (2011) 51:484–9. 
doi: 10.2176/nmc.51.484

 184. Sairyo K, Biyani A, Goel V, Leaman D, Booth R Jr, Thomas J, et al. 
Pathomechanism of ligamentum flavum hypertrophy: a multidisciplinary investigation 
based on clinical, biomechanical, histologic, and biologic assessments. Spine. (2005) 
30:2649–56. doi: 10.1097/01.brs.0000188117.77657.ee

 185. Nakamura T, Okada T, Endo M, Kadomatsu T, Taniwaki T, Sei A, et al. 
Angiopoietin-like protein 2 induced by mechanical stress accelerates degeneration and 
hypertrophy of the ligamentum flavum in lumbar spinal canal stenosis. PLoS One. (2014) 
9:e85542. doi: 10.1371/journal.pone.0085542

 186. Nakatani T, Marui T, Hitora T, Doita M, Nishida K, Kurosaka M. Mechanical 
stretching force promotes collagen synthesis by cultured cells from human ligamentum 
flavum via transforming growth factor-beta1. J Orthop Res. (2002) 20:1380–6. doi: 
10.1016/s0736-0266(02)00046-3

 187. Sairyo K, Biyani A, Goel VK, Leaman DW, Booth R Jr, Thomas J, et al. Lumbar 
ligamentum flavum hypertrophy is due to accumulation of inflammation-related scar 
tissue. Spine. (2007) 32:E340–7. doi: 10.1097/01.brs.0000263407.25009.6e

 188. Hur JW, Kim BJ, Park JH, Kim JH, Park YK, Kwon TH, et al. The mechanism of 
ligamentum flavum hypertrophy: introducing angiogenesis as a critical link that couples 
mechanical stress and hypertrophy. Neurosurgery. (2015) 77:274–81. doi: 10.1227/
neu.0000000000000755

 189. Sugimoto K, Nakamura T, Tokunaga T, Uehara Y, Okada T, Taniwaki T, et al. 
Matrix metalloproteinase promotes elastic fiber degradation in ligamentum flavum 
degeneration. PLoS One. (2018) 13:e0200872. doi: 10.1371/journal.pone.0200872

 190. Nachemson AL, Evans JH. Some mechanical properties of the third human 
lumbar interlaminar ligament (ligamentum flavum). J Biomech. (1968) 1:211–20. doi: 
10.1016/0021-9290(68)90006-7

https://doi.org/10.3389/fmed.2023.1276900
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1038/jhg.2010.86.20664554
https://doi.org/10.3810/pgm.2009.11.2073
https://doi.org/10.1016/j.joca.2012.06.006
https://doi.org/10.1074/jbc.M111.264549
https://doi.org/10.1016/j.arr.2019.100946
https://doi.org/10.1016/j.arr.2019.100946
https://doi.org/10.1016/j.jcot.2020.06.021
https://doi.org/10.1172/jci134091
https://doi.org/10.1038/nm.4324
https://doi.org/10.1038/nm.4324
https://doi.org/10.2217/imt.13.94
https://doi.org/10.1016/j.joca.2006.04.008
https://doi.org/10.1177/0022034514543015
https://doi.org/10.2174/138945010791011901
https://doi.org/10.1186/ar4380
https://doi.org/10.1016/j.biocel.2010.01.018
https://doi.org/10.21873/invivo.11028
https://doi.org/10.1007/s00586-006-0170-4
https://doi.org/10.1371/journal.pone.0083580
https://doi.org/10.1371/journal.pone.0083580
https://doi.org/10.1016/j.bone.2008.11.012
https://doi.org/10.1007/s00441-007-0439-x
https://doi.org/10.7124/bc.000a1e
https://doi.org/10.1016/j.joca.2005.04.014
https://doi.org/10.1016/j.jaci.2014.05.029
https://doi.org/10.1097/mcp.0000000000000005
https://doi.org/10.1038/s41598-018-29228-6
https://doi.org/10.1016/j.joca.2015.07.019
https://doi.org/10.1007/s00586-008-0856-x
https://doi.org/10.1111/joa.12904
https://doi.org/10.1016/j.mad.2020.111417
https://doi.org/10.3892/ijmm.2016.2573
https://doi.org/10.1007/s00114-009-0637-3
https://doi.org/10.1097/00007632-200006150-00005
https://doi.org/10.1097/00007632-200006150-00005
https://doi.org/10.1007/s11999-014-3774-8
https://doi.org/10.1002/jsp2.1068
https://doi.org/10.1097/brs.0000000000001982
https://doi.org/10.1016/j.bbrc.2013.02.034
https://doi.org/10.1155/2013/590652
https://doi.org/10.1007/s00776-013-0455-5
https://doi.org/10.1007/s00776-013-0455-5
https://doi.org/10.2176/nmc.51.484
https://doi.org/10.1097/01.brs.0000188117.77657.ee
https://doi.org/10.1371/journal.pone.0085542
https://doi.org/10.1016/s0736-0266(02)00046-3
https://doi.org/10.1097/01.brs.0000263407.25009.6e
https://doi.org/10.1227/neu.0000000000000755
https://doi.org/10.1227/neu.0000000000000755
https://doi.org/10.1371/journal.pone.0200872
https://doi.org/10.1016/0021-9290(68)90006-7


Yoshihara et al. 10.3389/fmed.2023.1276900

Frontiers in Medicine 17 frontiersin.org

 191. Löhr M, Hampl JA, Lee JY, Ernestus RI, Deckert M, Stenzel W. Hypertrophy of 
the lumbar ligamentum flavum is associated with inflammation-related TGF-β 
expression. Acta Neurochir. (2011) 153:134–41. doi: 10.1007/s00701-010-0839-7

 192. Takeda H, Nagai S, Ikeda D, Kaneko S, Tsuji T, Fujita N. Collagen profiling of 
ligamentum flavum in patients with lumbar spinal canal stenosis. J Orthop Sci. (2021) 
26:560–5. doi: 10.1016/j.jos.2020.06.006

 193. Nakamura T, Okada T, Endo M, Nakamura T, Oike Y, Mizuta H. Angiopoietin-
like protein 2 promotes inflammatory conditions in the ligamentum flavum in the 
pathogenesis of lumbar spinal canal stenosis by activating interleukin-6 expression. Eur 
Spine J. (2015) 24:2001–9. doi: 10.1007/s00586-015-3835-z

 194. Sun C, Zhang H, Wang X, Liu X. Ligamentum flavum fibrosis and hypertrophy: 
molecular pathways, cellular mechanisms, and future directions. FASEB J. (2020) 
34:9854–68. doi: 10.1096/fj.202000635R

 195. Hayashi K, Suzuki A, Abdullah Ahmadi S, Terai H, Yamada K, Hoshino M, et al. 
Mechanical stress induces elastic fibre disruption and cartilage matrix increase in 
ligamentum flavum. Sci Rep. (2017) 7:13092. doi: 10.1038/s41598-017-13360-w

 196. Hori Y, Suzuki A, Hayashi K, Ohyama S, Yabu A, Maruf MH, et al. Long-term, time-
course evaluation of ligamentum flavum hypertrophy induced by mechanical stress: an 
experimental animal study. Spine. (2021) 46:E520–e527. doi: 10.1097/brs.0000000000003832

 197. Chen YT, Wei JD, Wang JP, Lee HH, Chiang ER, Lai HC, et al. Isolation of 
mesenchymal stem cells from human ligamentum flavum: implicating etiology of 
ligamentum flavum hypertrophy. Spine. (2011) 36:E1193–200. doi: 10.1097/
BRS.0b013e3182053f58

 198. Park JO, Lee BH, Kang YM, Kim TH, Yoon JY, Kim H, et al. Inflammatory 
cytokines induce fibrosis and ossification of human ligamentum flavum cells. J Spinal 
Disord Tech. (2013) 26:E6–E12. doi: 10.1097/BSD.0b013e3182698501

 199. Uchida M, Shiraishi H, Ohta S, Arima K, Taniguchi K, Suzuki S, et al. 
Periostin, a matricellular protein, plays a role in the induction of chemokines in 
pulmonary fibrosis. Am J Respir Cell Mol Biol. (2012) 46:677–86. doi: 10.1165/
rcmb.2011-0115OC

 200. Johnson BZ, Stevenson AW, Prêle CM, Fear MW, Wood FM. The role of IL-6 in 
skin fibrosis and cutaneous wound healing. Biomedicine. (2020) 8:101. doi: 10.3390/
biomedicines8050101

 201. Delen E, Doğanlar O, Delen Ö, Doğanlar ZB, Kılınçer C. The role of JAK-STAT 
signaling activation in hypertrophied ligamentum flavum. World Neurosurg. (2020) 
137:e506–16. doi: 10.1016/j.wneu.2020.02.024

 202. Dasu MR, Barrow RE, Spies M, Herndon DN. Matrix metalloproteinase 
expression in cytokine stimulated human dermal fibroblasts. Burns. (2003) 29:527–31. 
doi: 10.1016/s0305-4179(03)00154-2

 203. Luckett LR, Gallucci RM. Interleukin-6 (IL-6) modulates migration and matrix 
metalloproteinase function in dermal fibroblasts from IL-6KO mice. Br J Dermatol. 
(2007) 156:1163–71. doi: 10.1111/j.1365-2133.2007.07867.x

 204. Xuan X, Li S, Lou X, Zheng X, Li Y, Wang F, et al. Stat3 promotes invasion of 
esophageal squamous cell carcinoma through up-regulation of MMP2. Mol Biol Rep. 
(2015) 42:907–15. doi: 10.1007/s11033-014-3828-8

 205. Franceschi C, Campisi J. Chronic inflammation (inflammaging) and its potential 
contribution to age-associated diseases. J Gerontol A. (2014) 69:S4–9. doi: 10.1093/
gerona/glu057

 206. Li Q, Liu X, Wei J. Ageing related periostin expression increase from cardiac 
fibroblasts promotes cardiomyocytes senescent. Biochem Biophys Res Commun. (2014) 
452:497–502. doi: 10.1016/j.bbrc.2014.08.109

https://doi.org/10.3389/fmed.2023.1276900
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1007/s00701-010-0839-7
https://doi.org/10.1016/j.jos.2020.06.006
https://doi.org/10.1007/s00586-015-3835-z
https://doi.org/10.1096/fj.202000635R
https://doi.org/10.1038/s41598-017-13360-w
https://doi.org/10.1097/brs.0000000000003832
https://doi.org/10.1097/BRS.0b013e3182053f58
https://doi.org/10.1097/BRS.0b013e3182053f58
https://doi.org/10.1097/BSD.0b013e3182698501
https://doi.org/10.1165/rcmb.2011-0115OC
https://doi.org/10.1165/rcmb.2011-0115OC
https://doi.org/10.3390/biomedicines8050101
https://doi.org/10.3390/biomedicines8050101
https://doi.org/10.1016/j.wneu.2020.02.024
https://doi.org/10.1016/s0305-4179(03)00154-2
https://doi.org/10.1111/j.1365-2133.2007.07867.x
https://doi.org/10.1007/s11033-014-3828-8
https://doi.org/10.1093/gerona/glu057
https://doi.org/10.1093/gerona/glu057
https://doi.org/10.1016/j.bbrc.2014.08.109


Yoshihara et al. 10.3389/fmed.2023.1276900

Frontiers in Medicine 18 frontiersin.org

Glossary

AC Articular cartilage

ACL Anterior cruciate ligament

AF Annulus fibrosus

AKC Atopic keratoconjunctivitis

AS Ankylosing spondylitis

CTD Carboxy-terminal domain

ECM Extracellular matrix

IVD Intervertebral disk

IVDD Intervertebral disk degeneration

LF Ligamentum flavum

LSS Lumbar spinal stenosis

MAPK Mitogen-activated protein kinase

MMP Matrix metalloproteinases

NP Nucleus pulposus

NPC Nucleus pulposus cells

OPLL Ossification of the posterior longitudinal ligament

POSTN Periostin

QOL Quality of life

SASP Senescence-associated secretory phenotype

SDD Spinal degenerative disease

SCs Senescent cells

TNF Tumor necrosis factor
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