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Abstract: Osteoarthritis (OA) is a prevalent degenerative joint disease driven by complex interactions among mechanical stress,
inflammation, and metabolic dysregulation. Insulin-like growth factor binding protein 3 (IGFBP3) has emerged as a key regulator of
cartilage homeostasis, yet its role in OA remains controversial. Accumulating evidence indicates that IGFBP3 exerts both insulin-like
growth factor 1 (IGF-1)-dependent and IGF-1-independent effects on chondrocytes, including modulation of proliferation, apoptosis,
and nuclear signaling. However, existing studies report contradictory findings, showing both protective and inhibitory actions of
IGFBP3, likely reflecting differences in disease stage, cellular microenvironment, and experimental models. Notably, diabetic OA
represents a distinct pathological subtype. Emerging data suggest that metabolic conditions reshape IGF signaling and IGFBP3
function, highlighting important differences between primary OA and diabetic OA. IGFBP3 activity is further regulated by endocrine
factors, extracellular matrix components, proteases, and epigenetic mechanisms, and mediates multicellular crosstalk among chon-
drocytes, synovial fibroblasts, macrophages, mesenchymal stem cells, and bone cells. This review integrates these divergent findings
and proposes IGFBP3 as a molecular link between metabolic disturbance and joint degeneration, providing a novel framework for
subtype-specific therapeutic targeting in OA.
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Introduction

Osteoarthritis (OA) is a complex, multifactorial joint disorder characterized by progressive cartilage degeneration,
metabolic imbalance, and chronic low-grade inflammation.! Beyond mechanical wear, accumulating evidence highlights
chondrocyte metabolic reprogramming,” oxidative stress,” and disrupted growth factor signaling® as central drivers of
disease progression. Despite extensive investigation into OA-associated genes and pathways, major uncertainties remain
regarding how anabolic and catabolic signals are integrated within the joint microenvironment and how systemic
endocrine cues intersect with local tissue regulation.

Among regulators of cartilage homeostasis, insulin-like growth factor 1 (IGF1) has emerged as a pivotal modulator.
Classically, Insulin-like growth factor binding protein 3 (IGFBP3) recognized as the principal carrier of circulating IGF-1.”
(Figure 1). IGFBP3 also exerts IGF-independent actions through interactions with extracellular matrix (ECM) components,
proteases, and nuclear signaling machinery. Emerging evidence from multi-omics profiling of osteoarthritic joints indicates
that IGFBP3/IGF-1 system is aberrantly expressed in both cartilage and synovium, positioning it as a key regulator of
chondrocyte phenotype, inflammation, and tissue remodeling.®” However, context-dependent and sometimes contradictory
effects of IGFBP3 underscore unresolved controversies regarding its precise functional role in OA.

Distinct from prior reviews that emphasize IGF signaling or isolated molecular pathways, this review conceptualizes
IGFBP3 as an integrative regulatory hub linking gene expression, signaling cascades, epigenetic modulation, and
multicellular communication within the joint. We synthesize recent advances in IGFBP3 biology in OA, critically
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Figure | IGFBP3 Protein Structure. The IGFBP3 protein comprises three domains: the N-domain, the C-domain, and the middle region. The N-domain contains the IGF-
binding site. The C-domain not only includes IGF-binding regions but also provides binding sites for metal ions, heparin, and fibronectin, and plays a crucial role in mediating
the IGF-1 independent effects of IGFBP3. The middle region is subject to post-translational modifications, including glycosylation, phosphorylation, and proteolysis.

evaluate existing inconsistencies, and identify key knowledge gaps, thereby providing a framework for the rational
development of IGFBP3-targeted therapeutic strategies.

Methods

A comprehensive literature search was conducted in PubMed, Web of Science, and Scopus to identify studies published
from 1990 to 2026. The search strategy combined MeSH terms and keywords including “IGFBP3,” “insulin-like growth
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factor binding protein 3,” “osteoarthritis,” “chondrocytes,” “cartilage metabolism,” and “IGF signaling.” English-
language original articles and reviews focusing on IGFBP3-related gene expression, signaling pathways, and regulatory
mechanisms in cartilage or joint tissues were included. Studies not relevant to OA or joint biology were excluded after
title and abstract screening. Additional relevant publications were identified through manual screening of reference lists

from key articles.

Changes in IGFBP3 Expression in OA

The maintenance of IGFBP3 and IGF expression within specific ranges is crucial for ensuring the turnover of normal
chondrocytes and the ECM in cartilage. However, following injury, aberrant changes occur in their expression levels.
Studies involving cultured cartilage tissues from OA patients have demonstrated a significant upregulation in IGFBP3
secretion,®” while IGF expression remains either unchanged or shows only slight elevation.'® This notable disparity in
expression dynamics between IGF and IGFBP3 disrupts their coordinated regulation, thereby affecting cellular viability
and synthetic metabolism, playing a pivotal role in disease progression. However, whether these changes signify
dysregulation of expression mechanisms in response to cellular damage or beneficial regulatory responses for self-
repair remains unclear. Furthermore, genome-wide association studies have identified two single nucleotide polymorph-
isms upstream of the IGFBP3 gene, which are strongly associated with the incidence of hip OA.® This indicates that
genetic variations at the IGFBP3 gene level influence OA onset. Moreover, both downregulation and overexpression of
IGFBP3 have been linked to chondrocyte hypertrophy and metabolic alterations.® These findings collectively underscore
the detrimental impact of abnormal IGFBP3 expression changes on the maintenance of the chondrocyte phenotype.
During various developmental stages of cartilage, the expression of IGFBP3 exhibits dynamic changes. In the early
stages of chondrocyte differentiation within articular cartilage, IGFBP3 expression is notably upregulated, followed by
subsequent downregulation post-hypertrophy.''*'? In murine models, IGFBP3 expression is relatively low in one-week-
old mice but markedly increases by three weeks of age.'? These fluctuations likely reflect the organism’s adaptive
responses to developmental demands during distinct time frames. Similarly, following OA, IGFBP3 expression
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demonstrates diverse patterns across different phases. For instance, in murine temporomandibular joint arthritis, IGFBP3
displays a biphasic expression pattern, characterized by initial upregulation followed by subsequent downregulation.13
Notably, this expression pattern correlates with the progression of OA.'* These observed variations in IGFBP3 expres-
sion likely stem from differing pathological mechanisms during distinct phases of OA. Furthermore, the sensitivity of
IGFBP3 as an indicator underscores its potential utility in signaling changes during various stages subsequent to OA.

IGFBP3 exhibits regional expression variations within cartilage, holding significant implications for understanding
pathological states. Within the epiphyseal growth plate of fetal sheep bones, IGFBP3 expression is confined solely to the
proliferative and hypertrophic zones, with no detection in the differentiation zone.'> Moreover, its expression is relatively
diminished in the hypertrophic zone,'® suggesting a potentially heightened requirement for IGFBP3 expression in regions
characterized by active cell proliferation. In articular cartilage, IGFBP3 predominantly localizes to the superficial layer,'’
likely reflecting the region’s heightened metabolic activity. However, in OA, IGFBP3 expression patterns diverge. While
there is a notable increase in IGFBP3 expression within the middle and deep layers of cartilage, its expression declines in
the superficial layer.'”'® Nevertheless, conflicting findings emerge, with some studies reporting elevated IGFBP3
expression across all layers of OA cartilage, correlating with disease severity.'® The complex pathological mechanisms
of OA may contribute to these disparities, given that different cartilage layers undergo distinct pathological processes.
Upon stimulation with growth factors, IGFBP3 expression demonstrates heterogeneous trends across various layers of
OA cartilage: the middle region exhibits a swifter and more pronounced increase, followed by a gradual increase in the
deep layer, while the superficial layer displays the slowest increase.'® These observations underscore a significant
association between IGFBP3 expression dynamics and the pathological status of cartilage cells.

Moreover, IGFBP3 expression is influenced by mechanical stress. Orthopedic corrective devices have been shown to
reduce IGFBP3 expression in the condylar cartilage of rat mandibles under mechanical stress, thereby facilitating cell
growth and differentiation.”® After exercise, an elevation in IGFBP3 and IGF-1 levels is observed in the synovial fluid of
ponies.?! Proper mechanical stress may enhance cellular metabolism and proliferation by regulating the coordinated
expression of IGF/IGFBP3. Conversely, non-physiological mechanical stress disrupts this coordination. Adverse tensile
stress hinders the expression of IGF-1 and IGFBP3 in temporomandibular joint disc chondrocytes,* and heightened
matrix hardness affects cell differentiation by upregulating IGFBP3 expression.”> Stress is an essential factor in
stimulating cartilage growth and development, as well as a significant contributor to OA occurrence. IGFBP3 plays
a pivotal role in cellular responses to mechanical stimuli. IGFBP3 represents a crucial mechanism for regulating the
proliferation and differentiation of cartilage cells and serves as a pivotal indicator of functional disruption following
cellular damage.

The Mechanism of IGFBP3 Effects

IGF-1 Dependent Effect

A common mechanism of action for IGFBP3 involves its role as a binding protein affecting the downstream signaling of
IGF. The half-life of the locally formed complexes is significantly prolonged.”* This effect may lead two potential
outcomes: firstly, the complex may protect IGF and reduce its degradation, thus facilitating the downstream effects of
IGF; secondly, the complex may restrict the release of IGF, thereby inhibiting its activation of receptors. The former
possibility seems more apparent under normal physiological conditions, as the complex extends the duration of IGF
action. In studies exploring the latter possibility, IGFBP3 markedly inhibited the binding of IGF-1 to the cell
membrane,”> and similarly suppressed receptor activation, akin to IGF-neutralizing antibodies.”® Furthermore, the
inhibition of IGFBP3 on the synthesis of proteoglycans in human OA knee chondrocytes could be reversed by mutant
forms of IGF-1, such as R3rhIGF-1, Des(1-3)IGF-1, Long R3 IGF-1, which lack affinity for IGFBP3, or by complex
formation inhibitors like NBI-31772. This suggests an IGF-1 dependent inhibitory role for IGFBP3. The promoting or
inhibitory effects seem to depend on the ratio of IGFBP3 to IGF. IGFBP3 at concentrations exceeding four times that of
IGF-1 can completely suppress IGF-1’s promotion of proteoglycan synthesis and proliferation in chondrocytes®’**
(Figure 2). Cells appear to exert diverse effects on cartilage by perceiving and then regulating their expression in
different ratios. The mechanisms underlying these effects and whether manipulating their concentration ratios could be
a therapeutic approach for OA require further investigation.
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Figure 2 IGFBP3’s Mechanisms of Action and Transcriptional Regulation in Chondrocytes. (1) IGF-I Dependent Mechanisms of IGFBP3: IGFBP3 modulates the release of
IGF-1, thereby exerting stimulatory or inhibitory effects on downstream pathways of IGFR. MPs can facilitate the binding of IGFBP3 and the subsequent release of IGF-1. The
IGF-1 Independent Mechanisms of IGFBP3 involve activation of signaling pathways through binding to specific receptors or internalization into the nucleus and mitochondria
via endocytosis. (2) The transcription of IGFBP3 in chondrocytes is positively regulated by the HMGAI complex and p53, while Gli2 acts as a transcriptional repressor. EZH
inhibits IGFBP3 transcription by promoting H3K27me3.

IGF-1 Independent Effect
IGFBP3 has been observed to activate cell membrane receptors such as TGF—[3R,29 LRP1, and TMEM219,25 or
internalize into cells via various pathways, including clathrin-coated pits, the caveolin pathway, and endocytosis,”
thereby exerting IGF-1 independent effects. Despite evidence of IGFBP3’s IGF-1 independent actions in several
diseases, its specific involvement in chondrocytes remains equivocal. Some studies indicate that the sole addition of
IGFBP3 does not influence chondrocytes.”” Furthermore, experiments employing NBI-31772 to inhibit complex forma-
tion have solely demonstrated the IGF-1 dependent effects.’ But, studies show that IGFBP3 mediate Endoplasmic
reticulum stress through PERK/ATF4/CHOP cascade.>” However, these experiments did not scrutinize the impact of
varied IGFBP3 concentrations or assess whether blocking IGFBP3-IGF binding with NBI-31772 affects potential IGF-1
independent actions of IGFBP3. Consequently, these findings do not definitively exclude the presence of IGFBP3’s IGF-
1 independent effects in chondrocytes. Additionally, IGFBP3 has been detected within the nuclei of both normal and OA
cartilage.'” IGFBP3 is transported into the nucleus by importin-B protein, performing diverse functions such as activating
nuclear hormone receptors,” participating in DNA damage repair through non-homologous end joining,> regulating
transcription via interaction with RNA polymerase II subunit 3,>* and engaging in epigenetic regulation by binding to
histone 3.>* The subcellular distribution of IGFBP3 in chondrocytes constitutes significant evidence of its IGF-1
independent actions. Apart from nuclear translocation, IGFBP3 has been observed to localize to chondrocyte
mitochondria.®>> However, beyond these observed localizations, further investigation is warranted to elucidate the
intricate mechanisms underlying IGFBP3’s IGF-1 independent actions within chondrocytes.

Although the IGF-1 independent effects of IGFBP3 in mature chondrocytes are still debatable, its role in promoting
apoptosis in chondrogenic progenitor cells has been definitively established. GGG-IGFBP3, a recombinant IGFBP3
protein with low IGF affinity, has been shown to activate the p21/STAT-1 signaling pathway, resulting in decreased
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synthetic metabolism and increased apoptosis.’*®>’ Moreover, IGFBP3 has been found to inhibit the chondrogenic
differentiation induced by TGF-f in an IGF-1 independent manner.®® However, it has been noted that the non-IGF
-1-dependent pro-apoptotic effect of IGFBP3 is predominantly observed in undifferentiated and early differentiating
chondrogenic progenitor cells, but not in late-stage differentiation®® (Figure 2). In summary, the precise nature of
IGFBP3’s IGF-1 independent actions in mature chondrocytes remains elusive.

Additionally, IGFBP3 has been implicated in stabilizing mRNA through m6A methylation modifications, thereby
impacting disease progression.’® Exploring whether IGFBP3 exerts analogous effects following OA constitutes another
prospective avenue for investigating its independent actions.

Factors Influencing the Effects of IGFBP3

Endocrine

IGFBP3 can be transported via the bloodstream or locally secreted by adjacent tissues. Given the occurrence of local
hematoma and synovial neovascularization following OA, the predominant source of elevated IGFBP3 levels in local
cartilage, whether from local tissue secretion or systemic delivery,*® remains uncertain. Some pharmacological agents
have demonstrated the ability to enhance hepatic synthesis of IGF/IGFBP3, thereby augmenting local cartilage concen-
trations via circulation, consequently promoting cell proliferation*' (Figure 3). These findings highlight the considerable
influence of endocrine factors on the augmentation of local IGFBP3 concentrations.

Different Cellular States

During the developmental stages of the growth plate, IGFBP3 exhibits dual roles: it stimulates chondrocyte proliferation
during the proliferative phase but paradoxically induces apoptosis in terminally differentiated chondrocytes through an
IGF-1 dependent mechanism.** Moreover, during the early differentiation of chondroprogenitor cells, IGFBP3 impedes
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Figure 3 Factors Influencing the Function of IGFBP3. Endocrine IGFBP3 enters the joint cavity via the vasculature. In osteoarthritis, tissues simultaneously secrete IGF,
proteases, and other IGFBPs. The concentration of IGF affects the IGF-1 dependent actions of IGFBP3, proteases can degrade IGFBP3, and other IGFBPs can exert either
synergistic or antagonistic effects relative to IGFBP3. Components within the ECM can bind IGFBP3 to form a reservoir. The heterogeneous cell conditions have different
reactions to IGFBP3.
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cell proliferation via an IGF-1 independent pathway, whereas this inhibitory effect diminishes in later stages of
differentiation.>® The dynamic modulation of IGFBP3 function reflects the intricate regulatory processes governing
cellular responses in distinct physiological contexts (Figure 3). Although the precise mechanisms governing IGFBP3
function regulation within cells remain elusive, it is evident that the diverse cellular states observed at different stages
following OA will inevitably impact the functional outcomes of IGFBP3.

Concentration Ratio of IGFBP3 to IGF-I

In most cases, changes in IGFBP3 expression are typically accompanied by alterations in the expression levels of IGF
and the insulin-like growth factor receptor (IGFR). As a bridging protein between IGF and IGFR, the concentration ratio
of IGFBP3 to these molecules inevitably influences downstream biochemical signaling. Studies have indicated that
despite a significant increase in IGFR on the surface of OA chondrocytes, these cells exhibit an inability to respond to
IGF-1 stimulation.*® This observation indirectly underscores the pivotal role of molar concentration ratios in modulating
the IGF-1 dependent effects of IGFBP3. This scenario elucidates why, in the synovial fluid of OA and rheumatoid
arthritis (RA) patients, where heightened IGFBP3 concentrations are detected, these fluids still possess the capability to
promote chondrocyte proteoglycan synthesis via the IGF signaling pathway.** The pronounced imbalance in their
proportions may underlie the fundamental basis for the IGF-1 dependent inhibitory effects of IGFBP3. IGFBP3
concentrations surpassing four times that of IGF-1 may represent a critical threshold for altered functionality.?®
Despite findings indicating a 3.5-fold increase in IGF-1 expression and a 24-fold increase in IGFBP3 among certain
OA patients,* the ratio of IGF-1 to IGFBP3 may also exhibit variability in response to diverse pathological conditions
following OA (Figure 3). Therefore, research endeavors should not solely focus on changes in IGFBP3 but should also
consider its ratio to IGF-1.

ECM

The C-terminal domain of IGFBP3 contains motifs that facilitating interactions with proteins like heparin, fibronectin,
and hyaluronic acid.*® These interactions within the ECM significantly modulates the function of IGFBP3. Within the
deep layers of normal cartilage, IGFBP3 and fibronectin co-localize within the pericellular matrix. Notably, fibronectin
retards the diffusion of IGFBP3, facilitating the establishment of a stable reservoir of IGF-1 around cells. This reduces
concentration fluctuations, thereby maintaining chondrocyte viability.*” Mechanical loading stimulates cell vitality by
compressing the ECM, thereby releasing internally sequestered IGFBP3 and IGF-1. Conversely, matrix loss following
OA may lead to an increase in extracellular free IGFBP3. However, the presence of matrix proteins may exacerbate the
adverse impacts of IGFBP3. With aging, the ECM fosters the excessive accumulation of IGFBP3, hindering chondrocyte
synthetic metabolism.*® Furthermore, matrix proteins not only enhance the inhibitory effects of low concentrations of
IGFBP3 but also induce the upregulation of IGFBP3 expression in chondrocytes (Figure 3). It is evident that the ECM’s
influence on IGFBP3 action manifests duality. Although some studies have attempted to simulate ECM using materials
containing heparin to attenuate the impact of IGFBP3 on chondrocyte differentiation, a consensus on the regulation of
IGFBP3 action through the ECM remains elusive.

Proteolysis

IGFBP3 is susceptible to cleavage by various proteases, including serine proteinases and metalloproteinases (Table 1).
Post-cleavage, IGFBP3 releases IGF, thereby modulating downstream signaling cascades.”* Consequently, the expression
levels of local proteases inevitably influence the functionality of IGFBP3. Following OA, the expression of certain
proteases escalates. Pro-inflammatory cytokines, such as IL-1a and TNF-a, not only upregulate IGFBP3 expression but
also enhance the expression of neutrophil metalloproteinases and fibrinolytic enzymes.”’>® These proteases play pivotal
roles in the loss of ECM following OA (Figure 3). However, the precise impact of these proteases on IGFBP3 function
and their involvement in cellular perception and regulation of IGFBP3 remain unclear.

Effects of Other IGFBPs
The roles of different IGFBP family members are diverse. IGFBP5 primarily facilitates the activity of IGF-1,°" while
IGFBP2 behaves similarly to IGFBP3, enhancing IGF activity at lower concentrations but exhibiting inhibitory effects at
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Table |1 The Proteases That Hydrolyze IGFBP3

Protease Category References
Prostate specific antigen Serine proteinases | Srinivasan et al*
Gamma-nerve growth factor | Serine proteinases | Wetterau et al*®
Plasmin Serine proteinases | Wetterau et al*°
Complement Cls Serine proteinases | Conover et al®'
Neutrophil elastase Serine proteinases | Cai et al*?
Cathepsin G Serine proteinases | Cai et al*?
Proteinase 3 Serine proteinases | Cai et al*?
Cathepsin Cysteine proteases | Baxter et al®
MMPs Metalloproteinases | Varma et al®®
PAPP-A2 Metalloproteinases | Conoer et al**
ADAMI2 Metalloproteinases | Kim et al**

higher concentrations.'” Additionally, these proteins are subject to distinct regulatory mechanisms that govern their
expression. After cellular stimulation by various hormones and growth factors, IGFBP family members exhibit differ-
ential expression patterns.’® For example, chondrocyte stimulation with Dexamethasone prompts increased IGFBP3
synthesis, whereas IGFBP5 expression diminishes.”” In the chondrocyte lysates of OA patients, elevated expression
levels are observed for IGFBP-2, —3, and —4, while IGFBP-1, —5, and —6 remain unaffected® (Figure 3). This intricate
interplay of varied roles and independently regulated expressions among IGFBPs constitutes a complex network, yielding
synergistic or antagonistic effects that modulate IGFBP3 functionality.

Regulation of IGFBP3 Expression

Transcription Factors

Various agents have been observed to induce alterations in cellular IGFBP3 expression in previous investigations
(Table 2). These agents activate specific transcription factors that orchestrate changes in IGFBP3 expression. Several
transcription factors implicated in the regulation of IGFBP3 have been identified, including testis-specific protein
Y-linked 1,”* KN motif and ankyrin repeat domain 1,”> and Myb-like protein 2.”® However, investigations into the

regulatory mechanisms governing IGFBP3 at the transcriptional level in cartilage remain relatively sparse.

Table 2 Factors Influence Expression of IGFBP3

Factor Category Effect Reference
VitD Vitamin Promotion Varma et al*?
GH Hormone Promotion Wang et al®
Insulin Hormone Promotion Czogala et al®'
PTH Hormone Inhibition Ruan et al*?
Glucocorticoids | Hormone Dose dependent inhibition | Hoeflich et al®®
Estrogen Hormone Promotion Johansson et al**
IL-1 Cytokine Promotion Cole et al*®
TNF-a Cytokine Promotion Cole et al*®
PGE2 Cytokine Promotion DiBattista et al®
IGF-1 Growth factor | Promotion Olney®’

TGF-8 Growth factor | Promotion Zhang et al*®
EGF Growth factor | Depends Linder et al®’
Copper Metal ion Promotion Monge et al”®
Selenium Metal ion Promotion Wang et al”'
Lead Metal ion Inhibition Yan et al”?
Arsenic Metal ion Promotion Gliga et al”®
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Gasparini et al’’ conducted ChIP experiments revealing that high mobility group protein Al (HMGAI) can bind
directly to the promoter region of IGFBP3, leading to increased IGFBP3 levels upon HMGA1 overexpression. These
findings underscore HMGA1’s role as a transcription factor in driving IGFBP3 expression within chondrocytes.
Moreover, this investigation highlighted the potential formation of transcriptional complexes between HMGA1 and
transcript factor Spl and CCAAT/enhancer-binding protein beta, further enhancing IGFBP3 transcription.”” Additionally,
another study identified a highly correlated single nucleotide polymorphism site, rs788748, linked to IGFBP3 expression,
which interacts with CCAAT/enhancer-binding protein beta.® These findings collectively support the involvement of the
HMGA1 complex in regulating IGFBP3 transcription in chondrocytes. Nonetheless, in Gasparini’s work, the use of ChIP
data from human liver cells rather than OA chondrocytes to demonstrate promoter binding relationships may lack direct
applicability. Furthermore, while gene silencing and overexpression experiments in chondrocyte lines validated the
correlation between HMGA1 and IGFBP3 expression, they do not conclusively rule out alternative mechanisms by
which HMGA1 may indirectly regulate IGFBP3.

Previously, tumor protein p53 (p53) was identified as a transcriptional regulator of IGFBP3 in cancer cells.’” Its
regulatory elements are located upstream of the IGFBP3 gene promoter and within an intronic region.”® Additionally,
Zinc finger protein Gli2 (Gli2) has been shown to bind to a conserved sequence approximately 1.2kb upstream of
IGFBP3.”° A study examining the roles of p53 and Gli2 in IGFBP3 regulation in growth plate chondrocytes revealed that
p53 positively regulates IGFBP3 expression, while Gli2 exerts a negative regulatory effect. Their transcriptional
activities operate independently.”” (Figure 2). However, this study employed fetal mouse growth plates as the experi-
mental model, and it remains uncertain if similar dynamics occur in mature articular cartilage. Nevertheless, given p53’s
pivotal role in regulating cell senescence™ and apoptosis®' in OA, it warrants investigation whether it also mediates the
dysregulation of IGFBP3 expression in these contexts.

The expression of IGFBP3 is subject to modulation by various factors, including the cell type, its physiological state,
and the surrounding microenvironment. The intricate diversity observed in IGFBP3 expression profiles, intimately
intertwined with the myriad pathological processes ensuing in OA, underscores the putative involvement of a plethora
of transcriptional regulators. However, a comprehensive understanding of the transcriptional regulation of IGFBP3 in OA
remains elusive and warrants further investigation. Transcription factors capable of modulating IGFBP3 transcription,
such as hypoxia-inducible factor 1-alpha®® and yes-associated protein,® which also serve as pivotal mediators in the
pathological cascades following OA, may potentially exert their regulatory influence upon translocation into the cellular
nucleus, thereby contributing to the dysregulation of IGFBP3 expression.

Epigenetic Regulation

Epigenetic regulation plays a pivotal role in governing gene expression dynamics. The IGFBP3 gene is a direct
transcriptional target of the methyltransferase EZH2,%* which catalyzes H3K27me3, a hallmark of repressive chromatin
states. Studies using EZH1/2 knockout models in mice have shown a marked reduction in H3K27me3 enrichment within
the IGFBP3 promoter region in chondrocytes, concomitant with heightened IGFBP3 expression® (Figure 2).
Nevertheless, the landscape of epigenetic regulation is multifaceted, involving various histone modifications and
chromatin remodeling events beyond mere histone methylation. The overarching epigenetic mechanisms orchestrating
the aberrant changes of IGFBP3 post-OA remain elusive. Additional layers of epigenetic regulation, including

86 78,87
1’

microRNA-mediated control,”> DNA methylation patterns, and histone acetylation dynamics,*® warrant exploration

to decipher the intricate regulatory networks governing IGFBP3 expression alterations following OA.

Post-Transcription and Post-Translational Modifications

Modifications occurring post-transcriptionally and post-translationally are pivotal factors influencing protein expression.
Experimental findings from rat primary chondrocytes derived from growth plates, subjected to specific stimuli, have
demonstrated parallel alteration in both IGFBP3 mRNA and protein levels, suggesting minimal post-transcriptional and

3.8 However, such conclusions may be somewhat limited, as stability-

post-translational modifications affecting IGFBP
related modifications could still be at play. Notably, chordin-like protein 1 has been identified as a facilitator of IGFBP3

stabilization through post-translational modifications, thereby mitigating its degradation.”® Consequently, a more nuanced
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exploration and discussion concerning post-transcriptional and post-translational modifications of IGFBP3 following OA
are warranted.

Effect of IGFBP3 on Cell Interactions

IGFBP3 exhibits expression across diverse cell types and contributes to numerous physiological processes. Consequently,
following OA, a sophisticated network of cellular interactions may arise within the joint via IGFBP3 involvement.

Macrophages

Macrophages have been identified as potential sources of IGFBP3 expression, particularly in conditions such as RA,
where synovial macrophages are believed to be the primary producers of IGFBP3.%® Moreover, M2 macrophages exhibit
heightened levels of IGFBP3 expression compared to their M1 counterparts,”’ suggesting a potential involvement of
IGFBP3 in the tissue repair functions attributed to M2 macrophages. Given the role of IGF-1 as a crucial growth factor
secreted by M2 macrophages for tissue repair and its pivotal role in their activation,”® IGFBP3, as a key modulator of
IGF-1, likely influences the activation status of M2 macrophages. Notably, IGFBP3 not only influences macrophage
differentiation but also impacts their functional activity.”® Furthermore, pro-inflammatory M1 macrophages have been
shown to stimulate IGFBP3 expression in other cell types’ (Figure 4). Therefore, following OA, the activation of M1
macrophages may induce IGFBP3 expression in adjacent cells, while elevated IGFBP3 levels may impede the transition
of macrophages into the reparative M2 phenotype, thereby impeding cartilage repair. This mechanistic interplay could

contribute to the exacerbation of OA.
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Figure 4 Cell Interactions Mediated by IGFBP3. (1) Synovial fibroblasts, chondrocytes, M2 macrophages, and MSCs can produce IGFBP3. M| macrophages can stimulate
other cells to produce IGFBP3 through secreting inflammatory cytokines. (2) IGFBP3 can induce phenotypic changes in chondrocytes, facilitate angiogenesis, inhibit synovial
inflammation, and trigger apoptosis of synovial fibroblasts. It also facilitates macrophages transition into M2 phenotype, enhances the homing of MSCs and their
differentiation into OBs, and modulates the function of OC.
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Synovial Fibroblasts and Angioblasts

The expression of IGFBP3 is closely linked to the condition of the synovium. Inflammatory factors induce an increase in
the secretion of IGFBP3 and IGF-1 by synovial fibroblasts.”” Notably, IGFBP3 serves as a key regulator of
angiogenesis.” Elevated levels of IGFBP3 not only facilitate angiogenesis within the synovium of RA,” but also
suppress the activation of NF-kB pathway and the expression of inflammation-associated genes in synovial fibroblasts
through mechanisms independent of IGF-1. This action leads to the apoptosis of synovial fibroblasts, consequently
mitigating synovial inflammation and hyperplasia®® (Figure 4). Localized inflammation and hyperplasia in the synovium
are key pathological features following OA. A clear understanding of the interplay between IGFBP3 and these processes
holds promise for refining future therapeutic modalities targeting IGFBP3.

Mesenchymal Stem Cells (MSCs)

IGFBP3 acts as a critical regulatory factor secreted by MSCs.”” In this context, human bone marrow MSCs notably
secrete abundant IGFBP3, which, upon deposition in the ECM, enhances both MSC homing and osteogenic differentia-
tion capacities.”® Beyond its autocrine effects on MSC differentiation,’® IGFBP3 secretion by MSCs also exerts paracrine
effects, influencing the phenotype of neighboring cells?® (Figure 4). Consequently, bone marrow MSCs establish
a complex multicellular interaction network, modulating both their own behavior and that of adjacent cells through
IGFBP3 secretion, thereby impacting the repair process in OA.

Osteoblast (OB) and Osteoclast (OC)

Perspectives on the impact of IGFBP3 on bone health are heterogeneous. In RA, IGFBP3 exhibits a bone-protective
effect by inhibiting RANKL expression, thereby attenuating osteoclastogenesis and bone resorption.'® However, in
murine models with IGFBP3 overexpression, there is an observed increase in OC formation exceeding that of OB,
resulting in diminished bone density'®' (Figure 4). These discrepant findings may arise from the dual actions of IGFBP3,
whether dependent or independent of IGF-1 signaling, or variations in the IGF-1 concentration ratios. Notably, bone
degradation in the later stages of OA is a hallmark manifestation, and intercellular interactions mediated by IGFBP3 are
likely pivotal in influencing osteoclastic and osteoblastic activities.

IGFBP3 in Diabetic OA

Diabetic OA is increasingly regarded as a metabolically distinct OA subtype characterized by insulin resistance, chronic
low-grade inflammation and impaired growth factor signaling. The IGF axis is tightly linked to glucose metabolism, and
systemic IGFBP3 levels are frequently altered in diabetes.'®® Hyperglycemia and advanced glycation end products
attenuate chondrocyte responsiveness to IGF-1,'% while elevated IGFBP3 may further restrict IGE-1 bioavailability,
thereby exacerbating anabolic resistance in diabetic cartilage.

Beyond IGF-dependent actions, IGFBP3 may contribute to mitochondrial dysfunction, oxidative stress and chon-
drocyte senescence under high-glucose conditions through IGF-independent nuclear and mitochondrial pathways. In

contrast to primary OA, diabetic OA is likely influenced more strongly by endocrine-derived IGFBP3,*°

reflecting
systemic metabolic dysregulation rather than purely local cartilage pathology. However, direct evidence defining the
specific role of IGFBP3 in diabetic OA remains limited. Elucidating whether IGFBP3 represents a shared mediator or

a subtype-specific regulator will be critical for developing targeted therapies for metabolically driven OA.

Conclusion and Perspectives

IGFBP3, as a key component of the IGF system, exerts both IGF-dependent and IGF-independent effects in cartilage and
joint tissues. Accumulating evidence demonstrates that IGFBP3 expression is dynamically altered in OA in a stage- and
region-specific manner. However, existing studies report inconsistent functional outcomes, with IGFBP3 showing both
inhibitory and protective roles in chondrocyte metabolism. These discrepancies may be attributed to differences in
disease stage, cartilage zone, experimental models, and particularly the molar ratio of IGFBP3 to IGF-1. Beyond its
classical role in modulating IGF-1 signaling, IGFBP3 may function independently through nuclear and mitochondrial
localization, participating in transcriptional regulation and apoptosis. Nevertheless, most mechanistic evidence is derived

10 https: Journal of Inflammation Research 2026:19



Chen et al

from non-articular or progenitor cell models, and its precise role in mature articular chondrocytes remains insufficiently
defined.

IGFBP3 is also involved in intercellular communication within the joint microenvironment, including interactions
with macrophages, synovial fibroblasts, MSCs, and bone cells. Such multicellular regulatory networks suggest that
IGFBP3 may serve as a molecular hub linking cartilage degeneration with inflammation, angiogenesis, and osteochondral
remodeling.

Current evidence is largely based on experimental models, and IGF-independent mechanisms and IGFBP family
interactions remain unresolved. Despite these limitations, IGFBP3 emerges as a context-dependent regulator of OA.
Future multi-omics and cell-specific studies are required to define its mechanisms and therapeutic potential.
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