
The role of O-GlcNAcylation in
bone metabolic diseases

Yajing Yang1†, Xuchang Zhou2,3†, HuiLi Deng3, Li Chen1,4,5,6,
Xiaolin Zhang1,4,5,6, Song Wu1,4,5,6, Aiqun Song1,4,5,6 and
Fengxia Liang1,4,5,6*
1College of Acupuncture-Moxibustion and Orthopedics, Hubei University of Chinese Medicine, Wuhan,
China, 2School of Sport Medicine and Rehabilitation, Beijing Sport University, Beijing, China, 3School of
Medicine, Xiamen University, Xiamen, China, 4Hubei Shizhen Laboratory, Wuhan, China, 5Hubei
Provincial Collaborative Innovation Center of Preventive Treatment by Acupuncture and Moxibustion,
Wuhan, China, 6University of Chinese Medicine (Hubei Provincial Hospital of Traditional Chinese
Medicine), Wuhan, China

O-GlcNAcylation, as a post-translational modification, can modulate cellular
activities such as kinase activity, transcription-translation, protein degradation,
and insulin signaling by affecting the function of the protein substrate, including
cellular localization of proteins, protein stability, and protein/protein interactions.
Accumulating evidence suggests that dysregulation of O-GlcNAcylation is
associated with disease progression such as cancer, neurodegeneration, and
diabetes. Recent studies suggest that O-GlcNAcylation is also involved in the
regulation of osteoblast, osteoclast and chondrocyte differentiation, which is
closely related to the initiation and development of bonemetabolic diseases such
as osteoporosis, arthritis and osteosarcoma. However, the potential mechanisms
by which O-GlcNAcylation regulates bone metabolism are not fully understood.
In this paper, the literature related to the regulation of bone metabolism by
O-GlcNAcylation was summarized to provide new potential therapeutic
strategies for the treatment of orthopedic diseases such as arthritis and
osteoporosis.
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1 Introduction

O-linked β-N-acetylglucosamine (O-GlcNAc) modification is an inducible, reversible,
and dynamic post-translational modification of proteins, which is widely found in a variety
of multicellular life forms such as plants, animals, and worms and fungi (Shi et al., 2014). It
has been reported that the target proteins of O-GlcNAc are mainly cytoplasmic and nuclear
proteins, including histones, transcriptases, transcription factors, kinases, structural
proteins, and other proteins, with more than tens of thousands of species. O-GlcNAc
can participate in a variety of complex processes such as intracellular gene expression,
subcellular localization, metabolic immunity, cellular signaling and protein homeostasis
through modification of various functional proteins, which play important regulatory roles
in the physiological and pathological processes of the organism (Lee B. E. et al., 2021).
O-GlcNAc biosynthesis is regulated by two highly conserved enzymes: the O-GlcNAc
transferase (OGT) and the O-GlcNAc glycosidase (O-GlcNAcase, OGA), where OGT is
mainly localized in the nucleus and OGA is mainly localized in the cytoplasm (Nagel et al.,
2013). OGT attaches a single N-acetylglucosamine derived from the UDP-GIcNAc group,
the end product of the hexosamine biosynthetic pathway (HBP), to a serine (Ser) or
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threonine (Thr) residue of the target protein. Conversely, OGA is
responsible for removing GlcNAc from the hydroxyl group of the
target protein. UDP-GlcNAc synthesized by HBP is influenced by
metabolic pathways from glucose, amino acids, fatty acids and
nucleic acids. Therefore, O-GlcNAc and HBP are capable of
sensing extracellular changes in glucose, fatty acids, and many
other factors, including hormonal, immunological and stress cues
(Ruan et al., 2013; Hardivillé and Hart, 2014) (Figure 1).

Bone metabolism involves a variety of osteocytes and signaling
pathways, of which bone formation dominated by osteoblasts and
bone resorption dominated by osteoclasts are two important
physiological processes of bone metabolism. The dynamic
balance of bone formation and bone resorption is the foundation
of bone homeostasis. The osteogenic pattern of bone development
includes intramembranous osteogenesis and endochondral
osteogenesis. The intramembranous osteogenesis process involves
the direct differentiation of mesenchymal stem cells (MSCs) into
osteoblasts, which produce osteoids and are encapsulated in the
matrix and gradually transformed into osteocytes, while the bone
matrix undergoes mineralization. Endochondral osteogenesis is the
differentiation of mesenchymal cells into cartilage by aggregation
into clusters. Chondrocytes produce bone matrix to form hyaline
cartilage, which is followed by differentiation and mineralization of
cells in the inner layer of the cartilage endosteum towards
osteogenesis and ultimately the formation of cortical bone
(Thompson et al., 2015). Abnormalities in osteogenic and
chondrogenic differentiation are closely associated with the
initiation and progression of bone metabolic diseases such as
osteoporosis (OP) and osteoarthritis (OA) (Ahn et al., 2016).
Previous studies have shown that high blood glucose levels can

regulate the expression and function of osteoblast genes, thereby
affecting bone formation and ultimately leading to insulin-
dependent diabetic OP. The underlying mechanism may be
closely related to the increase of protein O-GlcNAcylation by
high blood glucose. Accumulating evidence suggests that aberrant
upregulation of O-GlcNAcylation can be involved in the
pathogenesis of multiple human diseases such as diabetes, cancer,
inflammation and neurodegeneration (Lee B. E. et al., 2021; Ouyang
et al., 2022). Importantly, excessive and aberrant protein
O-GlcNAcylation affects chondrocyte differentiation and
maintenance of bone metabolic homeostasis by regulating
multiple signaling pathways (Koyama and Kamemura, 2015;
Takeuchi et al., 2016; Nikolaou et al., 2017). Thus, the protein
O-GlcNAcylation may be closely associated with the onset and
progression of several bone metabolism-related diseases. In this
paper, the literature related to O-GlcNAcylation and bone-related
diseases was reviewed to reveal the potential regulatory mechanisms
of O-GlcNAcylation and bone metabolism, suggesting that targeting
and regulating O-GlcNAcylation may be a potential therapeutic
strategy for bone metabolic diseases.

2 Overview of O-GlcNAcylation

OGT and OGA are currently the only enzymes capable of
regulating intracellular O-GlcNAcylation homeostasis in response to
a variety of intrinsic and extrinsic stimuli, such as oxidative stress, aging,
and altered metabolic status (Yang and Qian, 2017). OGT is mainly
expressed in three isoforms: nucleoplasmic OGT (ncOGT),
mitochondrial OGT (mOGT), and short OGT (sOGT), which are
distinguished in terms of length, subcellular localization, and biological
roles. ncOGT, the most classical and well-studied, is involved in
biological activities such as gene transcription, proteasomal
degradation, and stress tolerance by regulating the vast majority of
proteins O-GlcNAcylation in the nucleus and cytoplasm (Chatham
et al., 2021). mOGT is predominantly distributed in mitochondria,
while sOGT is widely found in cell membranes, nuclei, and
mitochondria. mOGT and sOGT perform specific biological
functions such as energy production and cell survival (Yang and
Qian, 2017). All three OGT isoforms have the same two catalytic
domains, as well as a putative phosphatidylinositol (3,4,5)-trisphosphate
(PIP3)-binding domain. However, studies of the crystal structure of the
human OGT-UDP-peptide complex were unable to confirm the
presence of the PIP3 domain (Chatham et al., 2021). OGA is
divided into three subtypes: fOGA (full-length O-GlcNAcase),
vOGA (variant O-GlcNAcase), and sOGA (shortest O-GlcNAcase).
OGA is able to hydrolyze glycosidic bonds after anchoring O-GlcNAc
through hydrogen bonds on its active center residues (Comtesse et al.,
2001; Gao et al., 2001; Elbatrawy et al., 2020). Previous studies have
found that the increase in overall O-GlcNAcylation levels under acute
stress is modulated by an increase in OGT and a decrease in OGA.
However, in chronic diseases such as cardiac hypertrophy and
osteoarthritis, an increase in O-GlcNAc is associated with a
concomitant upregulation of OGT and OGA expression (Belke,
2011; Andrés-Bergós et al., 2012; Lunde et al., 2012). Once
O-GlcNAcylation homeostasis is disrupted, feedback regulation of
both OGT and OGA expression exists to maintain O-GlcNAcylation
homeostasis (Andrés-Bergós et al., 2012; Yuzwa et al., 2012; Zhang et al.,

FIGURE 1
Overview of O-GlcNAcylation.
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2014; Decourcelle et al., 2020). Notably, the regulation of OGA
expression occurs at the mRNA level, which may involve epigenetic
mechanisms, and the regulation of OGT expression occurs at the
protein level, which may involve translational regulation (Lin
et al., 2021).

With the development and wide application of mass
spectrometry, it has been found that all proteins known to be
able to be modified by O-GlcNAc may also undergo other types
of post-translational modifications of proteins, such as
phosphorylation, ubiquitination, methylation, acetylation, etc.,
suggesting that these post-translational modification patterns are
not isolated, but can interact with each other to jointly regulate the
function and activity of proteins. Current research focuses on the
mutual regulation of O-GlcNAc modification and phosphorylation
modification. The interactions between O-GlcNAcylation and
phosphorylation modifications for specific proteins may be
antagonistic or synergistic. Four main modes of interaction have
been reported for these two post-translational modifications: 1)
O-GlcNAc and phosphorylation crosstalk with each other at the
same threonine/serine residue sites; 2) crosstalk between
O-GlcNAcylation and phosphorylation at neighboring sites; 3)
crosstalk occurs at distant sites: despite being far apart in terms
of protein sequence, these modifications can still be in close spatial
proximity, leading to crosstalk between O-GlcNAcylation and
phosphorylation; 4) Mutual influence by regulating the activity or
localization of each other’s enzymes (Hu et al., 2010; Zhong et al.,
2015). Recent studies have shown that knockdown of PP2A (protein
phosphatase 2) to promote phosphorylation in osteoblasts induces
translocation of OGT from the nucleus to the cytoplasm and reduces
the level of OGT expression, confirming that there is a significant
positive correlation between the levels of PP2A and OGT expression,
and suggesting that phosphorylation and O-GlcNAcylation compete
with each other (Sitosari et al., 2023). In contrast, another study on
the effect of O-GlcNAcylation levels on the role of synaptic
transmission and plasticity in the mouse hippocampus indicated
that an increase in the hippocampal synaptic protein
O-GlcNAcylation could concomitantly contribute to the
upregulation of phosphorylation modifications (Tallent et al.,
2009). Thus, O-GlcNAc modification and phosphorylation
modification collaborate and implicate each other to maintain
normal cellular life activities.

3 O-GlcNAcylation and bone
metabolism

3.1 O-GlcNAcylation and osteoclasts

Bone resorption is a physiological behavior dominated by
osteoclasts and characterized by a decrease in the volume and
density of bone tissue, which is controlled by a complex network
of molecules, including hormones, chemokines, and cytokines
(Cappariello et al., 2014; Ikeda and Takeshita, 2016). Osteoclasts,
as the only cells active in bone resorption, are tartrate-resistant acid
phosphatase (TRAP)-positive multinucleated cells originating from
the hematopoietic monocyte-macrophage system (Cappariello et al.,
2014; Ikeda and Takeshita, 2016; Soysa and Alles, 2016). Osteoclast
differentiation is a highly dynamic process susceptible to subtle

changes in the external environment. Osteoclast differentiation is
mainly regulated by macrophage colony-stimulating factor (M-CSF)
and receptor activator of nuclear factor-κB ligand (RANKL)
(Teitelbaum, 2000; Pettit et al., 2001; Takayanagi et al., 2002).
Previous studies have shown that blood glucose is the main
energy source for osteoclasts to perform bone resorption
functions (Hadjidakis et al., 2006; Catalfamo et al., 2013; An
et al., 2019). HBP is a mediator of the interplay between glucose
flux, cell signaling, and epigenetic regulation of cellular
differentiation (Yuzwa et al., 2012). Extracellular glucose flux can
regulate intracellular O-GlcNAcylation levels through the HBP
pathway and further affect osteoclastogenesis. Tomoharu et al.
(Takeuchi et al., 2016) first demonstrated a negative regulatory
relationship between O-GlcNAcylation and osteoclast
differentiation. The results showed that GlcNAc
(N-acetylglucosamine) treatment led to an increase in the overall
level of O-GlcNAcylation in RANKL-induced RAW264 cells, which
inhibited RANKL-dependent osteoclastogenic differentiation of
murine RAW264 cells. Moreover, OSMI, a specific inhibitor of
OGT, significantly inhibited osteoclast differentiation, while
exogenous GlcNAc treatment significantly increased osteoclast
formation. Specific knockdown of OGT in mouse osteoblasts
inhibited osteoclast formation and downregulated key markers
associated with osteoclast differentiation and function, thereby
alleviating the inflammation-induced reduction in bone loss
(Taira et al., 2023). Other studies further elucidated the potential
mechanism by which O-GlcNAcylation negatively regulates the
process of osteoclast differentiation (Takeuchi et al., 2017;
Takeuchi et al., 2020). Takeuchi et al. (2020) used Thiamet G (a
specific inhibitor of OGA) to induce an increase in the level of
O-GlcNAcylation and found that osteoblasts showed significant
inhibition of differentiation in all three different cell types: mouse
primary bone marrow cells, RAW264cells, and human peripheral
blood mononuclear cells (PBMCs). Further, the knockdown of OGT
using siRNA significantly promoted osteoclast differentiation in
RAW264 cells. In addition, previous studies have shown that
antibodies against citrullinated vimentin are capable of inducing
osteoclastogenesis (Harre et al., 2012; Tarbet et al., 2018).
Citrullinated vimentin may promote osteoclastogenesis through
O-GlcNAcylation (Takeuchi et al., 2020). Thus, the above results
suggest that O-GlcNAcylation homeostasis is closely related to the
regulation of osteoclast differentiation. Promoting total cellular
O-GlcNAcylation levels may be a potential strategy to inhibit
osteoclast differentiation.

Notably, Koyama and Kamemura (2015) found that changes in
overall levels of O-GlcNAcylation had no effect on osteoclast
differentiation of RAW264 cells. This discrepancy may be due to
differences in conditions (e.g., cell density, RANKL concentration,
and assay conditions) for inducing osteoclast differentiation.
Furthermore, to assess osteoclast differentiation, Koyama and
Kamemura (2015) detected TRAP mRNA expression as well as
TRAP activity, which can be detected in the early stages of osteoclast
differentiation, whereas Tomoharu et al. (Takeuchi et al., 2016)
assessed the number of osteoclasts and the area of bone resorption,
which was mainly used to assess the late stages of osteoclast
differentiation. Moreover, a study in vitro and in vivo
experiments showed that increased O-GlcNAcylation plays an
important role in promoting osteoclast differentiation (Kim et al.,
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2021). Recent studies have found that O-GlcNAcylation levels
gradually increase during the early stages of osteoclastogenesis
but gradually decline to baseline levels during the maturation
stage (Li et al., 2022). Increased osteoclast differentiation and
activity leads to a shift in bone metabolic homeostasis toward
bone resorption in rheumatoid arthritis (RA). Some scholars
found that the O-GlcNAcylation levels of immature osteoclasts
were all significantly higher than those of mature osteoclasts by
comparing the synovial tissues of RA patients and healthy
individuals. Further, O-GlcNAcylation levels of immature
osteoclasts were found to be significantly higher in the TNF-α
overexpressing arthritis transgenic mouse than in the control
group (Li et al., 2022). The study further verified that OGT or
OGA-related targeted drug inhibition or gene knockout could
prevent osteoclast differentiation in the early and late stages of
differentiation, respectively (Li et al., 2022). Thus, the osteoclast
differentiation may be dynamically regulated by O-GlcNAcylation
levels. Furthermore, several pivotal pathways in the regulation of
osteoclastogenesis by O-GlcNAcylation have been identified (Li
et al., 2022). The initial increase in O-GlcNAc promotes cytokine
signaling and metabolic adaptation, thereby facilitating the
differentiation of osteoclast precursors, whereas the later
downregulation of O-GlcNAc stimulates the rearrangement of
the actin cytoskeleton and enhances cell-cell fusion, thereby
promoting osteoclast maturation (Li et al., 2022). In addition, Li
et al. (2022) found that the effect of O-GlcNAcylation on osteoclast
differentiation may be due to the fact that O-GlcNAcylation targets
NUP153 and interacts with MYC, which promotes the nuclear
translocation of MYC and thus increases the transcriptional
activity of MYC by mass spectrometry and transcriptome
sequencing analysis (As shown in Figure 1) (Li et al., 2022).
NUP153 is a key regulator of RNA splicing (Yoo et al., 2011).
MYC is a central component of the network of regulatory genes that
drive osteoclast lineage commitment (Caputo et al., 2021), triggering
metabolic reprogramming during osteoclast differentiation (Bae
et al., 2017).

NF-κB is an important regulatory pathway for RANKL-induced
osteoclast differentiation (Boyce, 2013). In the classical NF-κB
signaling pathway, NF-κB binds to the NF-κB inhibitor IκBα to
form a complex present in the cytoplasm in a resting state.
Activation of NF-κB by RANKL and M-CSF triggers activation
of the IκBα kinases IKKs, which phosphorylates or ubiquitinates
IκBα for degradation and separation from NF-κB. Subsequently,
NF-κB translocates to the nucleus and binds to the promoter regions
of osteoclast-associated genes, which in turn regulate osteoclast gene
transcription. Previous studies have found that several key proteins
in the NF-κB pathway, such as p65, c-Rel, IKKα, and IKKβ, can be
modified with O-GlcNAc (Li et al., 2019). Some scholars found that
upregulation of O-GlcNAcylation can inhibit NF-κB
p65 phosphorylation and increase the binding of NF-κB to IκBα,
thus preventing NF-κB from translocating into the nucleus to inhibit
the expression of downstream transcriptional regulators such as
NFATc1 as well as osteoclast specific genes including TRAP, histone
K (CtsK), and MMP-9, which ultimately impede the osteoclast
differentiation (Zou et al., 2009; Xing et al., 2011; Takeuchi et al.,
2016). However, in contrast, another study found that inhibition of
O-GlcNAcylation of NF-κB-p65 and NFATc1 with OSMI-1 or
knockdown of OGT, respectively, both hindered osteoclast

differentiation (Kim et al., 2021). The possible reason for these
differences is that different subunits of NF-κB undergo O-GlcNAc
modifications that exert different regulatory effects.

In summary, O-GlcNAcylation showed different regulatory
effects at different stages of osteoclast differentiation (as shown
in Figure 2). Targeted regulation of O-GlcNAcylation during
osteoclast differentiation may offer a potential clinical therapeutic
strategy for the treatment of bone metabolism disorders resulting
from abnormal osteoclast differentiation. Undoubtedly, it would be
promising for clinical applications to focus on whether changes in
O-GlcNAcylation levels play a significant role in the post-
translational modification of osteoclast differentiation
marker proteins.

3.2 O-GlcNAcylation and osteoblasts

Osteoblasts are the main functional cells of bone formation and
are responsible for the synthesis, secretion and mineralization of the
bone matrix (Chhana and Dalbeth, 2014). Abnormal osteogenic
differentiation is one of the most important pathogenic causes of
bone metabolism-related diseases, which are manifested by
decreased bone volume and sparse trabeculae in bone tissue
(Jensen et al., 2021; Zhang et al., 2021). Takahiro et al. (Koyama
and Kamemura, 2015) used two O-GlcNAc-specific antibodies for
the first time to demonstrate that overall O-GlcNAcylation is
elevated in MC3T3-E1 cells during the early stages of osteogenic
differentiation. Functional validation by inhibiting the expression of
OGT and OGA, respectively, revealed that the O-GlcNAcylation
level of the proteins positively regulated the early marker of
osteogenic differentiation, ALP, and the late markers, OCN and
bone sialoprotein (BSP), as well as the calcification of extracellular
matrix (ECM), which promoted osteoblast differentiation (Komori,
2006; Nagel and Ball, 2014; Koyama and Kamemura, 2015; Weng
et al., 2021). Thus, Takahiro et al. proposed that the efficiency of
osteoblast differentiation could be regulated by controlling the level
of overall O-GlcNAcylation. Notably, although the overall level of
O-GlcNAcylation was elevated during the early stages of osteogenic
differentiation, the overall level of O-GlcNAcylation did not
continue to increase after 21 days of osteogenesis-induced
differentiation, revealing a dynamic change in the overall level of
O-GlcNAcylation during the process of osteogenic differentiation
(Nagel et al., 2013). Moreover, Takahiro et al. Also found that the
knockdown of Ets1 resulted in a significant decrease in the
expression of ALP and bone sialoprotein (BSP). Prediction of
glycosylation sites by Online website revealed the presence of
more than 10 Ser/Thr residues in mouse Ets1 protein, which are
possible modification sites for O-GlcNAc, suggesting that Ets1 may
also be a potent candidate transcription factor regulated by
O-GlcNAcylation (Koyama and Kamemura, 2015).

Recent studies have reported the presence of O-GlcNAc
modification of several proteins in osteoblasts (Komori, 2006).
Runx2 is a member of the runt-domain gene family of DNA-
binding proteins (Runx1, Runx2 and Runx3). Runx2, a major
transcription factor in osteoblast differentiation (Komori, 2018),
is involved in the regulation of genes associated with bone matrix
formation, remodeling, and mineralization, including alkaline
phosphatase (ALP) and osteocalcin (OCN) (Komori, 2010).
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Studies have reported that post-translational modification of
Runx2 by phosphorylation, ubiquitination, and acetylation
modulates its activity, stability (Kim et al., 2020; Chen et al.,
2021), and interaction with transcriptional co-regulators and
chromatin remodeling proteins downstream of osteogenic
signaling (Martin et al., 2011). Multiple studies have found that
promoting O-GlcNAcylation of Runx2 enhances the transcriptional
activity of Runx2 and thus participates in the regulation of osteoblast
differentiation (Komori, 2006; Nagel and Ball, 2014; Sun et al., 2019).
Kim et al. (2007) found elevated levels of O-GlcNAcylation during
osteoblast differentiation in MC3T3-E1, which positively regulated
OCN expression by increasing the transcriptional activity of Runx2.
Osteoblast-specific element (OSE2), as a promoter site on OCN, is
also a specific DNA binding site for Runx2 (Shui et al., 2003;
Komori, 2006). Transfection of either the wild-type OCN
promoter plasmid or the OSE2/32-luc plasmid PUGNAc (an
inhibitor of OGA), which is located upstream of the OCN
promoter and increases the copy number of OSE2, enhanced the
transcriptional activity of OCN. In contrast, mutations at the
OSE2 locus resulted in osteoblasts not responding to PUGNAc

stimulation (Kim et al., 2007). The above results suggest that OSE2 is
a key site for O-GlcNAcylation to promote OCN function.
Moreover, a further increase in the expression of OCN by
PUGNAc on trichostatin-induced osteoblasts was found after
transfection of Runx2 plasmid and OCN promoter plasmid in
COS-7 cells. Thus, elevated O-GlcNAcylation increases OCN
transcription via OSE2 and Runx2 during osteoblast
differentiation (Komori, 2006). In addition, BMPs can stimulate
osteoblast differentiation through increased Runx2 phosphorylation
and reverse transcription activation (Ge et al., 2009; Ge et al., 2012).
It has been found that BMP2/7 stimulation reduced OGA activity
(Nagel and Ball, 2014), suggesting that O-GlcNAcylation may be
associated with osteoblast differentiation induced by BMPs.

TGF-β-activated protein kinase 1 (TAK1) is an important
intracellular signaling protein kinase with serine/threonine
protein kinase activity. Osteoblast function is closely related to
the regulatory subunit, TAK1 binding proteins 1 (TAB1)/TAB2,
associated with TAK1 signaling node2 (Nagel et al., 2013). Multiple
studies have reported the presence of O-GlcNAcylation of several
proteins on major components of the TAK1 signaling node (Nagel

FIGURE 2
O-GlcNAcylation regulates osteoclast activity.
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et al., 2013) including CREB-binding protein (CBP), TAB1 (Schimpl
et al., 2010; Alfaro et al., 2012; Trinidad et al., 2012), TAB2 (Parker
et al., 2011), TAB3 (Alfaro et al., 2012; Trinidad et al., 2012), and
TAK1 (Alfaro et al., 2012). Stimulators such as IL-1β, TGFβ, and
BMPs can activate TAK1 binding to the TAK1 complex (TAK1,
TAB1, TAB2, and TAB3) to initiate downstream signaling cascades.
The TAK1 complex has been reported to regulate Runx2 and CBP
activity through O-GlcNAc modification, which in turn increases
BMP2 transcription and affects osteoblast differentiation
(Greenblatt et al., 2010). CBP is a histone acetyltransferase and
transcriptional coactivator. In osteoblasts, CBP interacts with
Runx2 and CREB to regulate their transcriptional activity, which
contributes to CREB-mediated BMP2 expression, thus affecting
osteoblast differentiation (Shim et al., 2012). In addition, a
bioinformatics analysis proposed that redistribution of
O-GlcNAcylation at different molecular weight levels could
regulate the expression of osteogenic markers, thereby facilitating
the transition from early to late stages of osteoblastic differentiation.
Further bioinformatics analyses revealed that O-GlcNAc
modification of factors such as Ctnnb1, Sp1, and Trps1 could
influence the process of osteogenic differentiation, although not
experimentally verified (Weng et al., 2021). Moreover, this team also
proposed that the transition of osteoblasts between proliferation and
differentiation requires fine regulation of calcium homeostasis
(Zayzafoon, 2006). Increased or decreased cytoplasmic Ca2+ can
inhibit the expression of osteogenic markers (Ljunggren et al., 1991;
Dean et al., 2008; Noack et al., 2015; Mirsaidi et al., 2017; Pilquil
et al., 2020). Intracellular Ca2+ concentration increased with elevated
levels of O-GlcNAcylation, while changes in Ca2+ concentration also
affected OGT expression (Weng et al., 2021), indicating that there is
an interaction between intracellular O-GlcNAcylation levels and
calcium signaling pathways during osteoblast differentiation.

Hyperglycemia can affect the expression of osteogenic genes and
bone formation, leading to diabetic OP in a diabetic mouse model
(Schwartz, 2003; Botolin and McCabe, 2006; Strotmeyer et al., 2006;
Botolin and McCabe, 2007). Previous studies have reported that
limiting glucose concentration promotes osteogenic differentiation of
MSCs (Lo et al., 2011). It is well known that hyperglycemia promotes
protein O-GlcNAcylation. Therefore, hyperglycemia-induced excessive
protein O-GlcNAcylation may lead to diminished osteogenic
differentiation and diabetic OP. Hanna et al. (Gu et al., 2018)
demonstrated that excess O-GlcNAcylation induced by high glucose,
glucosamine, N-acetylglucosamine treatment or OGT overexpression
inhibited BMP2-induced osteogenic differentiation, as evidenced by the
downregulation of the expression levels of ALP, COL-I, and OCN, as
well as by attenuated activity of Runx2 and Osterix. These results are
consistent with the reduced bone formation phenotype observed in
patients with type 2 diabetes. Paradoxically, however, other studies have
shown that upregulation of O-GlcNAcylation by the addition of OGA
inhibitors promotes osteogenic differentiation and increases
Runx2 transcriptional activity and matrix mineralization (Komori,
2006; Nagel and Ball, 2014). Contributing to these differences may
be the possible different effects of metabolic treatment (high glucose
concentrations) and pharmacological treatment (OGT/OGA
inhibitors). Pharmacological inhibition of OGA increases
O-GlcNAcylation levels by breaking the dynamic on/off cycle,
whereas metabolic treatments or OGT overexpression increase
O-GlcNAcylation levels by shifting the balance toward modification

(Vaidyanathan and Wells, 2014). In addition, the concentration of
UDP-GlcNAc, the donor of O-GlcNAcylation, may affect the selectivity
of OGT substrates (Cheung et al., 2008; Cheung and Hart, 2008),
suggesting that the increase in UDP-GlcNAc concentration induced by
metabolic treatments may differentially regulate the O-GlcNAc
modification site or the type of modified proteins in Runx2 (Yang
and Qian, 2017). Thus, a moderate increase in protein
O-GlcNAcylation promotes osteogenic differentiation, but an
excessive increase in O-GlcNAcylation may inhibit osteogenic
differentiation of cells, suggesting that the overall O-GlcNAcylation
level should be maintained in an optimal range to protect normal
cellular function.

Bone mesenchymal stem/stromal cells (BMSCs) have the
potential for multidirectional differentiation into osteoblasts,
adipocytes, chondrocytes, and myoblasts (Uzieliene et al., 2019;
Huang et al., 2021). Recent studies have shown that inhibiting
intracellular O-GlcNAcylation levels suppressed osteogenic
differentiation of BMSCs. Specific knockdown of OGT in mouse
BMSCs inhibited bone formation and reduced B Lymphopoiesis,
whereas bone marrow adipocyte production was enhanced (Zhang
Z. et al., 2023). The balance between osteogenic and adipogenic
differentiation of BMSCs is coordinately regulated by post-
translational modifications via O-GlcNAc modification by the
transcription factors Runx2 and C/EBPβ. Increased
O-GlcNAcylation of Runx2 is not only essential for the
promotion of osteogenic differentiation but also promotes
B-lymphocyte production through activation of IL-7. OGT
knockdown was able to increase the transcriptional activity of
C/EBPβ by inhibiting O-GlcNAcylation of C/EBPβ, which
promotes adipogenic differentiation of BMSCs and increases
myelopoiesis through activation of the expression of myelopoietic
stem cell factor (SCF) encoded by the Kitl gene (Cordeiro Gomes
et al., 2016; Asada et al., 2017; Fistonich et al., 2018; Zhang et al.,
2019). In addition, elevated O-GlcNAcylation promotes osteogenic
differentiation and calcification in vascular smooth muscle cells
(VSMCs) (Heath et al., 2014; ZhangW. et al., 2023). STIM1 deletion
in VSMCs leads to increased intracellular calcium flux, CaMKII
activation and endoplasmic reticulum stress, which promotes
VSMC calcification through upregulation of O-GlcNAcylation
(Zhang W. et al., 2023), which may be related to the activation
of Akt and Runx2 upregulation (Heath et al., 2014).

In summary, the existing evidence suggests that multiple proteins
critical for the regulation of bone formation and bone remodeling are
regulated by O-GlcNAcylation. Therefore, pharmacological inhibition
of OGA/OGT to reduce protein O-GlcNAcylation could be used as an
effective potential strategy for bone metabolic diseases. In addition,
further studies are needed to investigate the potential mechanism of
protein O-GlcNAcylation in diabetic OP in OGT andOGA conditional
knockout animal models.

3.3 O-GlcNAcylation and chondrocytes

In the skeletal system, chondrocytes are primarily responsible for
maintaining and repairing cartilage tissue. Degeneration of cartilage and
disruption of homeostasis are important pathologic changes in several
bone diseases, including OA (LuValle and Beier, 2000; De Luca, 2006).
The chondrogenic differentiation cascade of events includes cell
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proliferation, extracellular matrix synthesis, cell hypertrophy, matrix
mineralization, vascular invasion, and ultimately apoptosis, which
results in the remodeling of cartilage into bone tissue (Kronenberg,
2003). Studies have shown that insulin can induce chondrocyte
hypertrophy and differentiation in a dose-dependent manner
(Mueller et al., 2013). However, the underlying mechanisms are not
fully understood. Jessic et al. (Andrés-Bergós et al., 2012) demonstrated
for the first time that insulin-induced chondrocyte differentiation
(chondrocyte differentiation) is mediated through the protein
O-GlcNAcylation. The team found that insulin treatment
significantly upregulated the expression of chondrocyte
differentiation-related markers such as parathyroid hormone
receptor type 1 (PTH1R), Runx2 and collagen X (COL-X).
Inhibition of the protein O-GlcNAcylation impeded insulin-induced
elevated expression of markers of chondrogenic differentiation. Further
studies showed that thiamet-G-induced elevation of O-GlcNAcylation
in the absence of insulin was able to significantly promote chondrogenic
differentiation. Another important hallmark of chondrocyte
differentiation is the enzymatic remodeling of the extracellular
matrix. The matrix metalloproteinase family (MMPs) is a family of
solubilizing enzymes that play an irreplaceable role in the remodeling
and degradation of the extracellular matrix (91, 92). Increased
O-GlcNAcylation was found to upregulate MMP-9 and MMP-2
activity (Andrés-Bergós et al., 2012). Previous studies have
demonstrated that increased MMP-9 and MMP-2 activity correlates
with chondrocyte differentiation (Challa et al., 2010). Thus, increased
protein O-GlcNAcylation may promote chondrocyte differentiation by
upregulating MMP-9 and MMP-2 activity, although further
experimental validation is needed.

Mature intervertebral disc cells are chondrocyte-like cells. Nikolaou
et al. (2017) showed that enhanced expression of the proteins
O-GlcNAcylation and OGA/OGT was observed in tissues of human
intervertebral disc degeneration (IDD), suggesting that an increase in
O-GlcNAcylation is closely related to chondrocyte apoptosis and disc
degeneration. Unfortunately, the study lacked normal intervertebral
disc tissue samples as a control. However, Luo et al. (2022) found that
OGT expression and O-GlcNAcylation were elevated in degenerated
nucleus pulposus tissue and nutritionally deficient nucleus pulposus
cells compared to nucleus pulposus cells in healthy disc tissue.
Furthermore, inhibition of O-GlcNAcylation promoted the
induction of apoptosis and senescence in human nucleus pulposus
cells by nutrient deficiency. Under nutrient-deficient conditions,
FAM134B was able to directly interact with OGT to undergo
O-GlcNAcylation, which enhanced the stability of FAM134B protein
by inhibiting ubiquitinated degradation to promote FAM134B-
mediated autophagy in the endoplasmic reticulum and inhibit
apoptosis and senescence in myeloid cells and ultimately delayed the
progression of IDD (Luo et al., 2022). It has been proposed that the
intervertebral disc is an avascular tissue with a hypoglycemic
microenvironment (Boskey, 2008). The cartilaginous endplate is a
transparent cartilaginous layer that separates the intervertebral disc
from the vertebral body. The glucose concentration was significantly
higher on the outside of the cartilage endplate than on the inside. Its
internal glucose concentration was as low as 1 mM (Shirazi-Adl et al.,
2010). Chondrogenic endplate stem cells (CESCs) derived from human
cartilage endplates are a type of stem cells that have greater
chondrogenic and osteogenic differentiation potential than BMSCs.
Some scholars have induced chondrogenic and osteogenic

differentiation of CESCs isolated from degenerated/healthy cartilage
endplates under low glucose (1 mM), normal glucose (5 mM) and high
glucose (25 mM) concentration culture conditions, respectively (As
shown in Figure 2) (Sun et al., 2019). The results demonstrated that
glucose in the microenvironment is essential for regulating CESC
chondrogenesis and osteogenic differentiation, which may be closely
related to O-GlcNAcylation. High glucose promotes CESCs toward
osteogenic differentiation and decreases chondrogenic differentiation
capacity by increasingO-GlcNAcylation, whereas low glucose promotes
CESCs toward chondrogenic differentiation. Sox9 is a key transcription
factor that promotes cell survival and transcriptionally activates several
cartilage-specific markers. O-GlcNAcylation of Sox9 inhibits its activity
and decreases the expression of Sox9 downstream factor COL-II (Sun
et al., 2019). Further, Runx2 activity was also positively correlated with
O-GlcNAcylation levels in CESCs (Komori, 2006; Nagel and Ball,
2014). Thus, O-GlcNAcylation regulation by Sox9 and
Runx2 provides new drug targets for degenerative disc disease.
Moreover, DNA methylation, a newly discovered epigenetic
modification, has been found to play an important regulatory role in
chondrocyte differentiation. TET1 (tet methylcytosine dioxygenase 1),
an enzyme that induces DNA demethylation, is considered a key
epigenetic factor in the hypertrophic differentiation of chondrocytes,
which is highly expressed during chondrogenesis (Vágó et al., 2021).
OGT is able to regulate the biological activity of TET enzymes. It was
shown that OGT interacts with TET1 to increase the stability and
activity of TET1 (Hrit et al., 2018). It is hypothesized that OGT may
promote O-GlcNAcylation of TET1 to activate DNA demethylation,
thereby regulating chondrogenesis and chondrogenic differentiation.

In summary, OGT-mediated O-GlcNAcylation is closely
associated with the stability, activity, and function of multiple
markers related to chondrogenesis and chondrocyte
differentiation. Regulating OGT/O-GlcNAcylation may be a
potential strategy to maintain cartilage homeostasis. In addition,
O-GlcNAcylation interacts extensively with other post-translational
modifications such as phosphorylation and ubiquitination. This
complex regulatory relationship also requires further elucidation
to help better understand the regulation of cartilage homeostasis.

4 O-GlcNAcylation and bone-
related diseases

4.1 O-GlcNAcylation and osteoporosis

OP is a bone metabolic disease characterized by low bone density
and bonemass, destruction of bone microstructure leading to increased
bone fragility and increased risk of fracture. The uncoupling of bone
resorption and bone formation is the most important cause of the
development of this disease. Several studies have shown that O-GlcNAc
affects osteoblast and osteoclast differentiation by modifying marker
proteins during bone metabolism to influence their stability. Kim et al.
(2021) found that local injection of OSMI-1, an inhibitor of OGT,
effectively inhibited lipopolysaccharide (LPS)-induced formation of
TRAP-positive osteoclasts and reduced the number of TRAP-specific
mature osteoclasts, which led to a decrease in the cranial bone mineral
density in mice. It is well recognized that the progression of many
multiple cancers into bone metastases can lead to bone destruction and
even pathologic fractures (Wu et al., 2020). Notably, studies have
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reported that OGT is not only highly expressed in many cancers, but
there is a positive correlation between OGT and cancer metastatic
progression (Esposito et al., 2021). To further understand the
relationship between O-GlcNAcylation and bone metastasis, some
scholars compared the efficacy of OGT-targeted inhibition with the
bone-targeted therapeutic drug zoledronic acid. The results found that

OGT inhibition and bone-targeted therapy had a synergistic effect on
osteoclastogenesis (Kim et al., 2021). Another study found that
inhibiting osteoclast differentiation and ameliorating inflammation-
induced bone loss in a mouse model of arthritis by modulating
O-GlcNAcylation (Li et al., 2022). Thus, targeted modulation of
O-GlcNAcylation levels can not only inhibit arthritis-associated bone

TABLE 1 O-GlcNAcylation regulates bone metabolism.

Authors Cell type Protein modified by
O-GlcNAcylation

O-GlcNAcylation
level

Functions

Li et al. (2022) Mouse bone marrow-derived
osteoclasts, RAW264.7 cells

NUP153↑ Promoting Promoting osteoclast
differentiation

Kim et al. (2021) Mouse bone marrow-derived
osteoclasts

NF-kB p65/NFATc1↑ Promoting Promoting osteoclast
differentiation

Takeuchi et al. (2020) Mouse primary bone marrow cells,
RAW264 cells and Human PBMCs

vimentin ↑ Promoting Inhibiting osteoclast
differentiation

Takeuchi et al. (2017) RAW264 cells — Promoting Inhibiting osteoclast
differentiation

Takeuchi et al. (2016) RAW264 cells, human PBMCs phosphorylation of NF-κB p65↓ Promoting Inhibiting osteoclast
differentiation

Koyama and
Kamemura (2015)

RAW264 cells — Promoting osteoclast differentiation is
unaffected

Koyama and
Kamemura (2015)

MC3T3-E1 cells Ets1, Runx2↑ Promoting Promoting osteoblast
differentiation

Gu et al. (2018) C2C12 cell, hPDL cell Runx2↑ Promoting excessive
O-GlcNAcylation

Inhibiting osteoblast
differentiation

Zhang et al. (2023a) BMSCs Runx2↑ Promoting Promoting osteoblast
differentiation

Nagel et al. (2013) Primary human osteoblasts (NHOst),
MC3T3-E1

TAB1, TAB2, CBP↑ Promoting Promoting osteoblast
differentiation

Weng et al. (2021) MC3T3-E1 — Promoting Promoting osteoblast
differentiation

Nagel and Ball (2014) BMSCs, MC3T3-E1 Runx2↑ Promoting Promoting osteoblast
differentiation

Zhang et al. (2023b) VSMCs — Promoting Promoting VSMC osteogenic
differentiation and calcification

Heath et al. (2014) VSMCs phosphorylation of AKT↑ Promoting Promoting VSMC osteogenic
differentiation and calcification

Kim et al. (2007) MC3T3-E1 Runx2↑ Promoting Promoting osteoblast
differentiation

Cai et al. (2023) hFOB1.19 cells the deacetylation activity of SIRT1↑ Promoting Promoting osteoblast
differentiation

Sun et al. (2019) Cartilage endplate stem cells Sox9↑, Runx2↑ Promoting Inhibiting chondrogenesis and
Promoting osteogenesis

Vágó et al. (2021) Mouse chondrocytes TET1↑ Promoting Promoting chondrogenic
differentiation

Andrés-Bergós et al.
(2012)

ATDC5, mouse chondrocytes — Promoting Promoting chondrocyte
differentiation

Nikolaou et al. (2017) Intervertebral disc cells — Promoting Promoting chondrocyte
apoptosis

Luo et al. (2022) Human nucleus pulposus cells FAM134B↑ Promoting Inhibiting chondrocyte apoptosis

Tardio et al. (2014) Human OA chondrocytes, human
healthy chondrocytes

— Promoting Promoting chondrocyte
hypertrophic differentiation
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resorption under inflammatory conditions but also alleviate OP-
associated bone resorption under non-inflammatory conditions. In
addition to inhibiting osteoclast activity, Zhang Z. et al. (2023)
found that OGT knockout mice had reduced bone volume and
number of osteoblasts, decreased bone density, and defects in bone
and tooth development, demonstrating that O-GlcNAcylationmay also
be involved in regulating bone formation. Furthermore, Min et al. (Cai
et al., 2023) determined that the key protein SIRT1, a class of
nicotinamide adenine dinucleotide (NAD+) dependent deacetylases,
may be involved in the regulation of bone remodeling by mass
spectrometry PPI network analysis and hub gene screening
comparisons of fresh blood samples from postmenopausal women
with OP and a healthy population. Mass spectrometry and PyMol
structure analysis revealed that SIRT1 asparagine at position
346 underwent O-GlcNAcylation. Under stress stimulation, the
O-GlcNAcylation level of SIRT1 was elevated and bound to NAD +
through Pi-Pi interaction, which enhanced the SIRT1 deacetylase
activity and deacetylated RANKL protein, thus inhibiting RANKL-
mediated transcriptional activation to suppress osteoclast
differentiation without affecting their survival and regulating the
balance between osteoblast survival and apoptosis. This suggests that
the O-GlcNAcylation of SIRT1 is closely related to the regulation of
bone metabolism, which may provide a theoretical basis for the
prevention and treatment of OP.

In summary, O-GlcNAc may affect bone metabolism by
modifying multiple protein markers. Therefore, modulation of
O-GlcNAc levels is expected to be a potential therapeutic
target for OP.

4.2 O-GlcNAcylation and arthritis

Previous studies have proposed that dysregulation of
O-GlcNAcylation affects inflammatory signaling pathways such as
NF-κB, MAPK, and PI3K/AKT, which can lead to a variety of
inflammatory diseases (Li et al., 2019). Arthritis is a disease primarily
associated with autoimmune reactions, infections, metabolic disorders
and trauma, such as osteoarthritis (OA) and rheumatoid arthritis (RA).
It has been shown that O-GlcNAcylation is closely related to the
pathogenesis of OA and RA mainly. OA is a chronic degenerative
joint disease characterized by cartilage degeneration, synovial
inflammation and subchondral bone remodeling. Pathologic changes
in articular cartilage are recognized as one of the key drivers of OA.
Impairment of chondrocyte function disrupts the metabolic balance
between extracellular matrix synthesis and catabolism, leading to
articular cartilage degeneration (Liu et al., 2020; Lubbers et al., 2020).
It was shown that increased O-GlcNAcylation induced a significant
expansion of the height of the growth plate and the height of the
hypertrophic zone in neonatal mice and promoted hypertrophic
differentiation of chondrocytes (Andrés-Bergós et al., 2012). A
significant increase in O-GlcNAcylation was also found in
degenerated articular cartilage in clinical samples of OA and animal
models ofOA (Largo et al., 2012; Tardio et al., 2014). In addition, IL-1β, a
key catabolic cytokine in OA, was able to induce further accumulation of
O-GlcNAc in chondrocytes from OA patients, suggesting that the
inflammatory environment may contribute to the increased
O-GlcNAcylation of cartilage in OA, which may exacerbate cartilage
damage (Tardio et al., 2014). In addition to cartilage degeneration, the

role of synovial inflammation in the pathologic changes of OA is equally
noteworthy, as it is closely associated with painful symptoms and has
value in determining prognosis (Wang et al., 2016; Mathiessen and
Conaghan, 2017). Although glucosamine (GlcN) inhibits inflammatory
factor production in synoviocytes and thus exhibits a protective effect
against OA (Hua et al., 2007; Kapoor et al., 2012), the underlying anti-
inflammatory mechanism of GlcN remains unclear. Since GlcN can act
as an inducer of HBP, it has been speculated that GlcN has the potential
to exert an anti-inflammatory effect by regulating cellular function
through O-GlcNAcylation of target proteins (Hwang et al., 2013; Suh
et al., 2014). Using DNA microarray analysis, a team of researchers
found thatmore than half of the GlcN-regulated genes weremediated by
O-GlcNAcylation in the IL-1β-stimulated human synovial cell line
MH7A. It has also been found that GlcN can inhibit pro-
inflammatory cytokine expression, while OGT inhibitors can partially
restore GlcN-regulated pro-inflammatory cytokine expression (Someya
et al., 2016). Thus, O-GlcNAcylation is closely related to the process of
anti-inflammatory regulation of OA synoviocytes by GlcN.

RA is a common chronic and systemic autoimmune disease
characterized by aggressive inflammation, overgrowth of synovial
tissue, and progressive joint erosion, ultimately leading to loss of joint
function and deformity (Weyand andGoronzy, 2021). It has been shown
that O-GlcNAcylation can affect macrophage function to regulate the
immune response process in the organism (Jitschin et al., 2019; Yang
et al., 2020). Accumulating evidence shows that O-GlcNAcylation is
highly expressed in fibroblast-like cells and synovial tissues of RA patients
compared to normal tissues. The inflammatory milieu in RA promotes
O-GlcNAcylation levels (Li et al., 2022; Umar et al., 2022). Inhibition of
O-GlcNAcylation of TAB1 in fibroblast-like cells from RA patients
reduces TAK1 autophosphorylation and suppresses TAK1 activation
(Umar et al., 2022). Phosphorylation of TAK1 is an important
determinant of downstream signaling in human RASFs. Induction of
TAK1 activation leads to activation of the downstream pathways MAPK
and IKK thereby promoting the release of inflammatory mediators and
tissue destruction inRA (Ajibade et al., 2013). Kim et al. (2015) found that
increasedO-GlcNAcylation promoted TNF-α-stimulated proliferation of
fibroblast-like synoviocytes and expression of RA-associated
proinflammatory cytokines, and exacerbated synovial proliferation and
bone destruction in RA. O-GlcNAcylation of the NF-κB subunit p65 can
increase the expression levels of downstream genes by promoting nuclear
translocation of p65, DNA binding of proteins, and enhanced
transcriptional activity, thereby enhancing the TNF-α-induced
inflammatory process. In addition, Th1 and Th17 cells play a key role
in the pathogenesis of RA. O-GlcNAcylation of p65 may exacerbate the
severity of arthritis by contributing to the transformation of T cell
populations into Th1 and Th17 cells (Lee et al., 2013; Kim et al., 2015).

Thus, O-GlcNAcylation is involved in different pathological
processes in arthritis, such as chondrocyte hypertrophy, synovial
proliferation and inflammation. The modulation of O-GlcNAcylation
may be a potential therapeutic strategy for arthritis. However, the
potential regulatory mechanism of O-GlcNAcylation in arthritis
needs to be further investigated.

4.3 O-GlcNAcylation and osteosarcoma

Osteosarcoma is one of the most common primarymalignant bone
tumors in adolescents with a 5-year survival rate of less than 20%.

Frontiers in Physiology frontiersin.org09

Yang et al. 10.3389/fphys.2024.1416967

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1416967


Currently, the main treatment strategy for osteosarcoma is surgery
combined with chemotherapy (Isakoff et al., 2015). Some studies have
revealed the presence of high expression of OGT and O-GlcNAcylation
in different solid tumor tissues. O-GlcNAcylation can affect tumor
glucose metabolism, metastasis, proliferation, vascular invasion and
drug resistance by modifying tumor-associated proteins (Cheng et al.,
2016; He et al., 2023). Recently, a clinical study examined
O-GlcNAcylation, OGT, and OGA expression in bone specimens
derived from 109 patients diagnosed with osteosarcoma. The results
showed that high OGA expression was significantly associated with
longer overall survival and metastasis-free period in patients with stage
IIB, and positively correlated with good response to chemotherapeutic
agents (i.e., tumor tissue necrosis percentage ≥90). Further multivariate
analysis indicated that OGA expression was an independent predictor
of good prognosis for osteosarcoma (Sombutthaweesri et al., 2022). In
addition, cancer cells are able to promote signaling pathways associated
with tumorigenesis by increasing the uptake of glucose and glutamine,
which can upregulate the flux of the HBP pathway and increase
O-GlcNAcylation levels (Lee J. B. et al., 2021). It has been shown
that HBP pathway dysregulation is significantly associated with the
prognosis of osteosarcoma patients. Four HBP-related genes (GFPT,
GNPNAT, PGM3, and UAP1) can be used to guide immunologic and
targeted therapies for osteosarcoma, with significant predictive value for
osteosarcoma prognosis (Su et al., 2022).

ROCK2 can modulate the level of target protein phosphorylation/
activity to regulate downstream gene expression. ROCK2 has been
shown to promote cancer cell proliferation, which is closely associated
with cancer progression and poor prognosis (Calò et al., 2019). Deng
et al. (2020) showed that ROCK2 could promote the proliferation of
osteosarcoma cells. Overexpression of ROCK2 promotes OGT protein
stability by inhibiting OGT degradation and ubiquitination through the
ubiquitin-proteasome system, which ultimately promotes osteosarcoma
cell proliferation and tumor growth and increases resistance to TRAIL
(Deng et al., 2020). In addition, Sun et al. (2022) showed that
lncEBLN3P was able to enhance OGT expression by targeting miR-
200a-3p, which ultimately promotes metastasis and drug resistance in
osteosarcoma. Unfortunately, the studies related to O-GlcNAcylation
and osteosarcoma have rarely been validated by animal experiments.

In summary, the expression level of O-GlcNAcylation was
significantly elevated in patients with osteosarcoma.
O-GlcNAcylation accelerates tumor progression by regulating
tumor cell proliferation, differentiation, and migration and is
strongly associated with adverse clinical outcomes. Therefore, the
development of O-GlcNAcylation-related specific inhibitors
provides a new therapeutic direction for osteosarcoma treatment.
Although O-GlcNAcylation has shown strong therapeutic potential
in the treatment of osteosarcoma, the potential regulatory
mechanisms of O-GlcNAcylation in osteosarcoma remain
unclear. More studies are still needed to further investigate the
role of O-GlcNAcylation in osteosarcoma. In addition, the efficacy
and safety of O-GlcNAcylation inhibitors in vivo need to be
validated by extensive preclinical and clinical trials.

5 Conclusions and perspectives

In summary, O-GlcNAcylation, as a key protein post-
translational modification, plays a crucial role in bone

metabolism, which affects the occurrence and prognosis of OP,
OA, RA, and other diseases by participating in processes such as the
formation and differentiation of bone-associated cells, including
osteoblasts, osteoclasts, and chondrocytes (as shown in Table 1). The
underlying complex molecular mechanism involves O-GlcNAc
modification of target proteins, which impacts their activity and
stability and regulates multiple signaling pathways, which in turn
affects osteoblast differentiation and bone matrix mineralization, as
well as osteoclast formation and activity, ultimately regulating bone
metabolism. In addition, O-GlcNAcylation is involved in the
regulation of multiple signaling pathways, including the RANK
and NF-κB signaling pathways, which play a key role in bone
metabolism by regulating the activity of bone metabolism-
associated transcription factors (e.g., Runx2). Moreover, the
imbalance of OGT (O-GlcNAc transferase) and/or OGA
(O-GlcNAcase) also leads to changes in O-GlcNAcylation levels,
which in turn affects the activity of target proteins and bone
metabolic processes. Although only a small number of proteins
have been found to affect bone metabolic homeostasis via
O-GlcNAcylation, further studies by glycosylation proteomics
technology are expected to identify more novel target proteins.
Targeted therapies against O-GlcNAcylation or OGT/OGA can
provide new directions in the diagnosis and treatment of bone-
related diseases. The interaction between O-GlcNAcylation and
other post-translational modifications, such as phosphorylation
and ubiquitination, suggests the complexity of the regulation of
bone metabolism. Exploring the interplay between these
modifications may also provide additional avenues for
therapeutic intervention. A multidisciplinary approach combining
cell biology, molecular biology and clinical studies is needed in the
future to fully explore the therapeutic potential of O-GlcNAcylation
in bone health and disease management. In addition, future studies
could delve deeper into the specific role of O-GlcNAcylation in bone
biology, identify additional substrates, and establish the clinical
relevance and efficacy of modulating this modification in the
management of skeletal disease.

Author contributions

YY: Writing–review and editing, Writing–original draft. XuZ:
Writing–original draft. LC: Writing–review and editing. XiZ:
Writing–review and editing. SW: Writing–review and editing. AS:
Writing–review and editing. FL: Writing–review and editing,
Supervision, Conceptualization.

Funding

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

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.

Frontiers in Physiology frontiersin.org10

Yang et al. 10.3389/fphys.2024.1416967

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1416967


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.

References

Ahn, B. N., Karadeniz, F., Kong, C. S., Nam, K. H., Jang, M. S., Seo, Y., et al. (2016).
Dioxinodehydroeckol enhances the differentiation of osteoblasts by regulating the
expression of phospho-smad1/5/8. Mar. Drugs 14, 168. null. doi:10.3390/md14090168

Ajibade, A. A.,Wang, H. Y., andWang, R. F. (2013). Cell type-specific function of TAK1 in
innate immune signaling. Trends Immunol. 34, 307–316. doi:10.1016/j.it.2013.03.007

Alfaro, J. F., Gong, C. X., Monroe, M. E., Aldrich, J. T., Clauss, T. R., Purvine, S. O.,
et al. (2012). Tandem mass spectrometry identifies many mouse brain O-GlcNAcylated
proteins including EGF domain-specific O-GlcNAc transferase targets. Proc. Natl.
Acad. Sci. U. S. A. 109, 7280–7285. doi:10.1073/pnas.1200425109

An, Y., Zhang, H., Wang, C., Jiao, F., Xu, H., Wang, X., et al. (2019). Activation of
ROS/MAPKs/NF-κB/NLRP3 and inhibition of efferocytosis in osteoclast-mediated
diabetic osteoporosis. Faseb J. 33, 12515–12527. doi:10.1096/fj.201802805RR

Andrés-Bergós, J., Tardio, L., Larranaga-Vera, A., Gómez, R., Herrero-Beaumont, G.,
and Largo, R. (2012). The increase in O-linked N-acetylglucosamine protein
modification stimulates chondrogenic differentiation both in vitro and in vivo.
J. Biol. Chem. 287, 33615–33628. doi:10.1074/jbc.M112.354241

Asada, N., Kunisaki, Y., Pierce, H., Wang, Z., Fernandez, N. F., Birbrair, A., et al.
(2017). Differential cytokine contributions of perivascular haematopoietic stem cell
niches. Nat. Cell Biol. 19, 214–223. doi:10.1038/ncb3475

Bae, S., Lee, M. J., Mun, S. H., Giannopoulou, E. G., Yong-Gonzalez, V., Cross, J. R.,
et al. (2017). MYC-dependent oxidative metabolism regulates osteoclastogenesis via
nuclear receptor ERRα. J. Clin. Invest. 127, 2555–2568. doi:10.1172/JCI89935
Belke, D. D. (2011). Swim-exercised mice show a decreased level of protein

O-GlcNAcylation and expression of O-GlcNAc transferase in heart. J. Appl. Physiol.
111, 157–162. doi:10.1152/japplphysiol.00147.2011

Boskey, A. L. (2008). Signaling in response to hypoxia and normoxia in the
intervertebral disc. Arthritis Rheum. 58, 3637–3639. doi:10.1002/art.24071

Botolin, S., and McCabe, L. R. (2006). Chronic hyperglycemia modulates osteoblast
gene expression through osmotic and non-osmotic pathways. J. Cell Biochem. 99,
411–424. doi:10.1002/jcb.20842

Botolin, S., and McCabe, L. R. (2007). Bone loss and increased bone adiposity in
spontaneous and pharmacologically induced diabetic mice. Endocrinology 148,
198–205. doi:10.1210/en.2006-1006

Boyce, B. F. (2013). Advances in osteoclast biology reveal potential new drug targets
and new roles for osteoclasts. J. bone Min. Res. 28, 711–722. doi:10.1002/jbmr.1885

Cai, M., Chen, Y., Lin, Y., Hu, Z., Li, L., Huang, H., et al. (2023). SIRT1 Asn346 sugar
chain promoting collagen deacetylation protective effect on osteoblasts under stress.
Biochem. Biophys. Res. Commun. 682, 148–155. doi:10.1016/j.bbrc.2023.09.075

Calò, L. A., Ravarotto, V., Pagnin, E., Simioni, F., and Nalesso, F. (2019). Rho kinase
activity and atrial fibrillation: insights from chronic kidney disease and dialysis patients.
J. Hypertens. 37, 1096–1097. doi:10.1097/HJH.0000000000002054

Cappariello, A., Maurizi, A., Veeriah, V., and Teti, A. (2014). The great beauty of the
osteoclast. Arch. Biochem. Biophys. 558, 70–78. doi:10.1016/j.abb.2014.06.017

Caputo, V. S., Trasanidis, N., Xiao, X., Robinson, M. E., Katsarou, A., Ponnusamy, K.,
et al. (2021). Brd2/4 and Myc regulate alternative cell lineage programmes during early
osteoclast differentiation in vitro. iScience 24, 101989. doi:10.1016/j.isci.2020.101989

Catalfamo, D. L., Calderon, N. L., Harden, S. W., Sorenson, H. L., Neiva, K. G., and
Wallet, S. M. (2013). Augmented LPS responsiveness in type 1 diabetes-derived
osteoclasts. J. Cell Physiol. 228, 349–361. doi:10.1002/jcp.24138

Challa, T. D., Rais, Y., and Ornan, E. M. (2010). Effect of adiponectin on
ATDC5 proliferation, differentiation and signaling pathways. Mol. Cell Endocrinol.
323, 282–291. doi:10.1016/j.mce.2010.03.025

Chatham, J. C., Zhang, J., and Wende, A. R. (2021). Role of O-linked
N-acetylglucosamine protein modification in cellular (Patho)Physiology. Physiol.
Rev. 101, 427–493. doi:10.1152/physrev.00043.2019

Chen, Y., Zhao, X., and Wu, H. (2021). Transcriptional programming in arteriosclerotic
disease: a multifaceted function of the Runx2 (Runt-Related transcription factor 2).
Arterioscler. Thromb. Vasc. Biol. 41, 20–34. doi:10.1161/ATVBAHA.120.313791

Cheng, Y. U., Li, H., Li, J., Li, J., Gao, Y., and Liu, B. (2016). O-GlcNAcylation
enhances anaplastic thyroid carcinoma malignancy. Oncol. Lett. 12, 572–578. doi:10.
3892/ol.2016.4647

Cheung, W. D., and Hart, G. W. (2008). AMP-activated protein kinase and
p38 MAPK activate O-GlcNAcylation of neuronal proteins during glucose
deprivation. J. Biol. Chem. 283, 13009–13020. doi:10.1074/jbc.M801222200

Cheung, W. D., Sakabe, K., Housley, M. P., Dias, W. B., and Hart, G. W. (2008).
O-linked beta-N-acetylglucosaminyltransferase substrate specificity is regulated by
myosin phosphatase targeting and other interacting proteins. J. Biol. Chem. 283,
33935–33941. doi:10.1074/jbc.M806199200

Chhana, A., and Dalbeth, N. (2014). Structural joint damage in gout. Rheum. Dis.
Clin. N. Am. 40, 291–309. doi:10.1016/j.rdc.2014.01.006

Comtesse, N., Maldener, E., andMeese, E. (2001). Identification of a nuclear variant of
MGEA5, a cytoplasmic hyaluronidase and a beta-N-acetylglucosaminidase. Biochem.
bioph Res. Co. 283, 634–640. doi:10.1006/bbrc.2001.4815

Cordeiro Gomes, A., Hara, T., Lim, V. Y., Herndler-Brandstetter, D., Nevius, E.,
Sugiyama, T., et al. (2016). Hematopoietic stem cell niches produce lineage-instructive
signals to control multipotent progenitor differentiation. Immunity 45, 1219–1231.
doi:10.1016/j.immuni.2016.11.004

Dean, D. D., Campbell, C. M., Gruwell, S. F., Tindall, J. W., Chuang, H. H., Zhong, W.,
et al. (2008). Arachidonic acid and prostaglandin E2 influence human osteoblast
(MG63) response to titanium surface roughness. J. oral Implantol. 34, 303–312.
doi:10.1563/1548-1336-34.6.303

Decourcelle, A., Loison, I., Baldini, S., Leprince, D., and Dehennaut, V. (2020).
Evidence of a compensatory regulation of colonic O-GlcNAc transferase and
O-GlcNAcase expression in response to disruption of O-GlcNAc homeostasis.
Biochem. Biophys. Res. Commun. 521, 125–130. doi:10.1016/j.bbrc.2019.10.090

De Luca, F. (2006). Impaired growth plate chondrogenesis in children with chronic
illnesses. Pediatr. Res. 59, 625–629. doi:10.1203/01.pdr.0000214966.60416.1b

Deng, X., Yi, X., Huang, D., Liu, P., Chen, L., Du, Y., et al. (2020). ROCK2 mediates
osteosarcoma progression and TRAIL resistance by modulating O-GlcNAc transferase
degradation. Am. J. Cancer Res. 10, 781–798.

Elbatrawy, A. A., Kim, E. J., and Nam, G. (2020). O-GlcNAcase: emerging
mechanism, substrate recognition and small-molecule inhibitors. Chemmedchem 15,
1244–1257. doi:10.1002/cmdc.202000077

Esposito, M., Ganesan, S., and Kang, Y. (2021). Emerging strategies for treating
metastasis. Nat. Cancer 2, 258–270. doi:10.1038/s43018-021-00181-0

Fistonich, C., Zehentmeier, S., Bednarski, J. J., Miao, R., Schjerven, H., Sleckman, B. P.,
et al. (2018). Cell circuits between B cell progenitors and IL-7+ mesenchymal progenitor
cells control B cell development. J. Exp. Med. 215, 2586–2599. doi:10.1084/jem.
20180778

Gao, Y., Wells, L., Comer, F. I., Parker, G. J., and Hart, G. W. (2001). Dynamic
O-glycosylation of nuclear and cytosolic proteins: cloning and characterization of a
neutral, cytosolic beta-N-acetylglucosaminidase from human brain. J. Biol. Chem. 276,
9838–9845. doi:10.1074/jbc.M010420200

Ge, C., Xiao, G., Jiang, D., Yang, Q., Hatch, N. E., Roca, H., et al. (2009). Identification and
functional characterization of ERK/MAPK phosphorylation sites in the Runx2 transcription
factor. J. Biol. Chem. 284, 32533–32543. doi:10.1074/jbc.M109.040980

Ge, C., Yang, Q., Zhao, G., Yu, H., Kirkwood, K. L., and Franceschi, R. T. (2012).
Interactions between extracellular signal-regulated kinase 1/2 and p38 MAP kinase
pathways in the control of RUNX2 phosphorylation and transcriptional activity. J. bone
Min. Res. 27, 538–551. doi:10.1002/jbmr.561

Greenblatt, M. B., Shim, J. H., Zou, W., Sitara, D., Schweitzer, M., Hu, D., et al. (2010).
The p38 MAPK pathway is essential for skeletogenesis and bone homeostasis in mice.
J. Clin. Invest. 120, 2457–2473. doi:10.1172/JCI42285

Gu, H., Song, M., Boonanantanasarn, K., Baek, K., Woo, K. M., Ryoo, H. M., et al.
(2018). Conditions inducing excessive O-GlcNAcylation inhibit BMP2-induced
osteogenic differentiation of C2C12 cells. Int. J. Mol. Sci. 19, 202. doi:10.3390/
ijms19010202

Hadjidakis, D. J., Raptis, A. E., Sfakianakis, M., Mylonakis, A., and Raptis, S. A. (2006).
Bonemineral density of both genders in Type 1 diabetes according to bone composition.
J. diabetes complicat 20, 302–307. doi:10.1016/j.jdiacomp.2005.07.006

Hardivillé, S., and Hart, G. W. (2014). Nutrient regulation of signaling, transcription,
and cell physiology by O-GlcNAcylation. Cell Metab. 20, 208–213. doi:10.1016/j.cmet.
2014.07.014

Harre, U., Georgess, D., Bang, H., Bozec, A., Axmann, R., Ossipova, E., et al. (2012).
Induction of osteoclastogenesis and bone loss by human autoantibodies against
citrullinated vimentin. J. Clin. Invest. 122, 1791–1802. doi:10.1172/JCI60975

He, X. F., Hu, X., Wen, G. J., Wang, Z., and Lin, W. J. (2023). O-GlcNAcylation in
cancer development and immunotherapy. Cancer Lett. 566, 216258. doi:10.1016/j.
canlet.2023.216258

Frontiers in Physiology frontiersin.org11

Yang et al. 10.3389/fphys.2024.1416967

https://doi.org/10.3390/md14090168
https://doi.org/10.1016/j.it.2013.03.007
https://doi.org/10.1073/pnas.1200425109
https://doi.org/10.1096/fj.201802805RR
https://doi.org/10.1074/jbc.M112.354241
https://doi.org/10.1038/ncb3475
https://doi.org/10.1172/JCI89935
https://doi.org/10.1152/japplphysiol.00147.2011
https://doi.org/10.1002/art.24071
https://doi.org/10.1002/jcb.20842
https://doi.org/10.1210/en.2006-1006
https://doi.org/10.1002/jbmr.1885
https://doi.org/10.1016/j.bbrc.2023.09.075
https://doi.org/10.1097/HJH.0000000000002054
https://doi.org/10.1016/j.abb.2014.06.017
https://doi.org/10.1016/j.isci.2020.101989
https://doi.org/10.1002/jcp.24138
https://doi.org/10.1016/j.mce.2010.03.025
https://doi.org/10.1152/physrev.00043.2019
https://doi.org/10.1161/ATVBAHA.120.313791
https://doi.org/10.3892/ol.2016.4647
https://doi.org/10.3892/ol.2016.4647
https://doi.org/10.1074/jbc.M801222200
https://doi.org/10.1074/jbc.M806199200
https://doi.org/10.1016/j.rdc.2014.01.006
https://doi.org/10.1006/bbrc.2001.4815
https://doi.org/10.1016/j.immuni.2016.11.004
https://doi.org/10.1563/1548-1336-34.6.303
https://doi.org/10.1016/j.bbrc.2019.10.090
https://doi.org/10.1203/01.pdr.0000214966.60416.1b
https://doi.org/10.1002/cmdc.202000077
https://doi.org/10.1038/s43018-021-00181-0
https://doi.org/10.1084/jem.20180778
https://doi.org/10.1084/jem.20180778
https://doi.org/10.1074/jbc.M010420200
https://doi.org/10.1074/jbc.M109.040980
https://doi.org/10.1002/jbmr.561
https://doi.org/10.1172/JCI42285
https://doi.org/10.3390/ijms19010202
https://doi.org/10.3390/ijms19010202
https://doi.org/10.1016/j.jdiacomp.2005.07.006
https://doi.org/10.1016/j.cmet.2014.07.014
https://doi.org/10.1016/j.cmet.2014.07.014
https://doi.org/10.1172/JCI60975
https://doi.org/10.1016/j.canlet.2023.216258
https://doi.org/10.1016/j.canlet.2023.216258
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1416967


Heath, J. M., Sun, Y., Yuan, K., Bradley, W. E., Litovsky, S., Dell’Italia, L. J., et al.
(2014). Activation of AKT by O-linked N-acetylglucosamine induces vascular
calcification in diabetes mellitus. Circ. Res. 114, 1094–1102. doi:10.1161/
CIRCRESAHA.114.302968

Hrit, J., Goodrich, L., Li, C., Wang, B. A., Nie, J., Cui, X., et al. (2018). OGT binds a
conserved C-terminal domain of TET1 to regulate TET1 activity and function in
development. Elife 7, e34870. doi:10.7554/eLife.34870

Hu, P., Shimoji, S., and Hart, G. W. (2010). Site-specific interplay between
O-GlcNAcylation and phosphorylation in cellular regulation. Febs Lett. 584,
2526–2538. doi:10.1016/j.febslet.2010.04.044

Hua, J., Sakamoto, K., Kikukawa, T., Abe, C., Kurosawa, H., and Nagaoka, I. (2007).
Evaluation of the suppressive actions of glucosamine on the interleukin-1beta-mediated
activation of synoviocytes. Inflamm. Res. 56, 432–438. doi:10.1007/s00011-007-7020-7

Huang, M., Xu, S., Liu, L., Zhang, M., Guo, J., Yuan, Y., et al. (2021). m6Amethylation
regulates osteoblastic differentiation and bone remodeling. Front. Cell Dev. Biol. 9,
783322. doi:10.3389/fcell.2021.783322

Hwang, S. Y., Hwang, J. S., Kim, S. Y., and Han, I. O. (2013). O-GlcNAcylation and
p50/p105 binding of c-Rel are dynamically regulated by LPS and glucosamine in
BV2 microglia cells. Brit J. Pharmacol. 169, 1551–1560. doi:10.1111/bph.12223

Ikeda, K., and Takeshita, S. (2016). The role of osteoclast differentiation and function
in skeletal homeostasis. J. biochem-tokyo 159, 1–8. doi:10.1093/jb/mvv112

Isakoff, M. S., Bielack, S. S., Meltzer, P., and Gorlick, R. (2015). Osteosarcoma: current
treatment and a collaborative pathway to success. J. Clin. Oncol. 33, 3029–3035. doi:10.
1200/JCO.2014.59.4895

Jensen, P. R., Andersen, T. L., Chavassieux, P., Roux, J. P., and Delaisse, J. M. (2021).
Bisphosphonates impair the onset of bone formation at remodeling sites. Bone 145,
115850. doi:10.1016/j.bone.2021.115850

Jitschin, R., Bottcher, M., Saul, D., Lukassen, S., Bruns, H., Loschinski, R., et al. (2019).
Inflammation-induced glycolytic switch controls suppressivity of mesenchymal stem
cells via STAT1 glycosylation. Leukemia 33, 1783–1796. doi:10.1038/s41375-018-
0376-6

Kapoor, M., Mineau, F., Fahmi, H., Pelletier, J. P., and Martel-Pelletier, J. (2012).
Glucosamine sulfate reduces prostaglandin E(2) production in osteoarthritic
chondrocytes through inhibition of microsomal PGE synthase-1. J. Rheumatol. 39,
635–644. doi:10.3899/jrheum.110621

Kim, H. B., Lee, S. W., Mun, C. H., Yoon, J. Y., Pai, J., Shin, I., et al. (2015). O-linked
N-acetylglucosamine glycosylation of p65 aggravated the inflammation in both
fibroblast-like synoviocytes stimulated by tumor necrosis factor-α and mice with
collagen induced arthritis. Arthritis Res. Ther. 17, 248. doi:10.1186/s13075-015-0762-7

Kim, M. J., Kim, H. S., Lee, S., Min, K. Y., Choi, W. S., and You, J. S. (2021).
Hexosamine biosynthetic pathway-derived O-GlcNAcylation is critical for RANKL-
mediated osteoclast differentiation. Int. J. Mol. Sci. 22, 8888. doi:10.3390/ijms22168888

Kim, S. H., Kim, Y. H., Song, M., An, S. H., Byun, H. Y., Heo, K., et al. (2007).
O-GlcNAc modification modulates the expression of osteocalcin via OSE2 and Runx2.
Biochem. bioph Res. Co. 362, 325–329. doi:10.1016/j.bbrc.2007.07.149

Kim, W. J., Shin, H. L., Kim, B. S., Kim, H. J., and Ryoo, H. M. (2020). RUNX2-
modifying enzymes: therapeutic targets for bone diseases. Exp. Mol. Med. 52,
1178–1184. doi:10.1038/s12276-020-0471-4

Komori, T. (2006). Mechanism of transcriptional regulation by Runx2 in osteoblasts.
Clin. Calcium 16, 801–807.

Komori, T. (2010). Regulation of bone development and extracellular matrix protein
genes by RUNX2. Cell Tissue Res. 339, 189–195. doi:10.1007/s00441-009-0832-8

Komori, T. (2018). Runx2, an inducer of osteoblast and chondrocyte differentiation.
Histochem Cell Biol. 149, 313–323. doi:10.1007/s00418-018-1640-6

Koyama, T., and Kamemura, K. (2015). Global increase in O-linked
N-acetylglucosamine modification promotes osteoblast differentiation. Exp. Cell Res.
338, 194–202. doi:10.1016/j.yexcr.2015.08.009

Kronenberg, H. M. (2003). Developmental regulation of the growth plate.Nature 423,
332–336. doi:10.1038/nature01657

Largo, R., Tardío, L., Andrés-Bergós, J., and Herrero-Beaumont, G. (2012). Study of
the O-linked-N-acetyl-glucosaminylation of proteins induced by high doses of
glucosamine and its correlation with osteoarthritis progression. Osteoarthr. Cartil.
20, S126. doi:10.1016/j.joca.2012.02.160

Lee, B. E., Suh, P. G., and Kim, J. I. (2021a). O-GlcNAcylation in health and
neurodegenerative diseases. Exp. Mol. Med. 53, 1674–1682. doi:10.1038/s12276-021-
00709-5

Lee, J. B., Pyo, K. H., and Kim, H. R. (2021b). Role and function of O-GlcNAcylation
in cancer. Cancers (Basel) 13, 5365. doi:10.3390/cancers13215365

Lee, S. W., Park, K. H., Park, S., Kim, J. H., Hong, S. Y., Lee, S. K., et al. (2013). Soluble
receptor for advanced glycation end products alleviates nephritis in (NZB/NZW)
F1 mice. Arthritis rheum-us 65, 1902–1912. doi:10.1002/art.37955

Li, Y., Xie, M., Men, L., and Du, J. (2019). O-GlcNAcylation in immunity and
inflammation: an intricate system (Review). Int. J. Mol. Med. 44, 363–374. doi:10.3892/
ijmm.2019.4238

Li, Y. N., Chen, C. W., Trinh-Minh, T., Zhu, H., Matei, A. E., Györfi, A. H., et al.
(2022). Dynamic changes in O-GlcNAcylation regulate osteoclast differentiation and
bone loss via nucleoporin 153. Bone Res. 10, 51. doi:10.1038/s41413-022-00218-9

Lin, C. H., Liao, C. C., Chen, M. Y., and Chou, T. Y. (2021). Feedback regulation of
O-GlcNAc transferase through translation control to maintain intracellular O-GlcNAc
homeostasis. Int. J. Mol. Sci. 22, 3463. doi:10.3390/ijms22073463

Liu, Z., Zhang, H., Wang, H., Wei, L., and Niu, L. (2020). Magnolol alleviates IL-1β-
induced dysfunction of chondrocytes through repression of SIRT1/AMPK/PGC-1α
signaling pathway. J. Interf. cytok Res. 40, 145–151. doi:10.1089/jir.2019.0139

Ljunggren, O., Johansson, H., Ljunghall, S., and Lerner, U. H. (1991). Thrombin
increases cytoplasmic Ca2+ and stimulates formation of prostaglandin E2 in the
osteoblastic cell line MC3T3-El. Bone Min. 12, 81–90. doi:10.1016/0169-6009(91)
90037-z

Lo, T., Ho, J. H., Yang, M. H., and Lee, O. K. (2011). Glucose reduction prevents
replicative senescence and increases mitochondrial respiration in human mesenchymal
stem cells. Cell Transpl. 20, 813–825. doi:10.3727/096368910X539100

Lubbers, R., van Schaarenburg, R. A., Kwekkeboom, J. C., Levarht, E. W. N., Bakker,
A. M., Mahdad, R., et al. (2020). Complement component C1q is produced by isolated
articular chondrocytes. Osteoarthr. Cartil. 28, 675–684. doi:10.1016/j.joca.2019.09.007

Lunde, I. G., Aronsen, J. M., Kvaløy, H., Qvigstad, E., Sjaastad, I., Tønnessen, T., et al.
(2012). Cardiac O-GlcNAc signaling is increased in hypertrophy and heart failure.
Physiol. genomics 44, 162–172. doi:10.1152/physiolgenomics.00016.2011

Luo, R., Li, G., Zhang, W., Liang, H., Lu, S., Cheung, J. P. Y., et al. (2022). O-GlcNAc
transferase regulates intervertebral disc degeneration by targeting FAM134B-mediated
ER-phagy. Exp. Mol. Med. 54, 1472–1485. doi:10.1038/s12276-022-00844-7

LuValle, P., and Beier, F. (2000). Cell cycle control in growth plate chondrocytes.
Front. Biosci. 5, D493–D503. doi:10.2741/luvalle

Martin, J. W., Zielenska, M., Stein, G. S., van Wijnen, A. J., and Squire, J. A. (2011).
The role of RUNX2 in osteosarcoma oncogenesis. Sarcoma 2011, 282745. doi:10.1155/
2011/282745

Mathiessen, A., and Conaghan, P. G. (2017). Synovitis in osteoarthritis: current
understanding with therapeutic implications. Arthritis Res. Ther. 19, 18. doi:10.1186/
s13075-017-1229-9

Mirsaidi, A., Tiaden, A. N., and Richards, P. J. (2017). Prostaglandin E2 inhibits
matrix mineralization by human bone marrow stromal cell-derived osteoblasts via
Epac-dependent cAMP signaling. Sci. Rep. 7, 2243. doi:10.1038/s41598-017-02650-y

Mueller, M. B., Blunk, T., Appel, B., Maschke, A., Goepferich, A., Zellner, J., et al.
(2013). Insulin is essential for in vitro chondrogenesis of mesenchymal progenitor cells
and influences chondrogenesis in a dose-dependent manner. Int. Orthop. 37, 153–158.
doi:10.1007/s00264-012-1726-z

Nagel, A. K., and Ball, L. E. (2014). O-GlcNAc modification of the runt-related
transcription factor 2 (Runx2) links osteogenesis and nutrient metabolism in bone
marrow mesenchymal stem cells.Mol. Cell proteomics 13, 3381–3395. doi:10.1074/mcp.
M114.040691

Nagel, A. K., Schilling, M., Comte-Walters, S., Berkaw, M. N., and Ball, L. E. (2013).
Identification of O-linked N-acetylglucosamine (O-GlcNAc)-modified osteoblast
proteins by electron transfer dissociation tandem mass spectrometry reveals proteins
critical for bone formation. Mol. Cell Proteomics 12, 945–955. doi:10.1074/mcp.M112.
026633

Nikolaou, G., Zibis, A. H., Fyllos, A. H., Katsioulis, A., Sotiriou, S., Kotrotsios, A., et al.
(2017). Detection of O-linked-N-acetylglucosamine modification and its associated
enzymes in human degenerated intervertebral discs. Asian spine J. 11, 863–869. doi:10.
4184/asj.2017.11.6.863

Noack, C., Hempel, U., Preissler, C., and Dieter, P. (2015). Prostaglandin E2 impairs
osteogenic and facilitates adipogenic differentiation of human bone marrow stromal
cells. Prostag leukotr Ess. 94, 91–98. doi:10.1016/j.plefa.2014.11.008

Ouyang, M., Yu, C., Deng, X., Zhang, Y., Zhang, X., and Duan, F. (2022).
O-GlcNAcylation and its role in cancer-associated inflammation. Front. Immunol.
13, 861559. doi:10.3389/fimmu.2022.861559

Parker, B. L., Gupta, P., Cordwell, S. J., Larsen, M. R., and Palmisano, G. (2011).
Purification and identification of O-GlcNAc-modified peptides using phosphate-based
alkyne CLICK chemistry in combination with titanium dioxide chromatography and
mass spectrometry. J. Proteome Res. 10, 1449–1458. doi:10.1021/pr100565j

Pettit, A. R., Ji, H., von Stechow, D., Müller, R., Goldring, S. R., Choi, Y., et al. (2001).
TRANCE/RANKL knockout mice are protected from bone erosion in a serum transfer
model of arthritis. Am. J. Pathol. 159, 1689–1699. doi:10.1016/S0002-9440(10)63016-7

Pilquil, C., Alvandi, Z., and Opas, M. (2020). Calreticulin regulates a switch between
osteoblast and chondrocyte lineages derived from murine embryonic stem cells. J. Biol.
Chem. 295, 6861–6875. doi:10.1074/jbc.RA119.011029

Ruan, H. B., Singh, J. P., Li, M. D., Wu, J., and Yang, X. (2013). Cracking the
O-GlcNAc code in metabolism. Trends endocrin24, 301–309. doi:10.1016/j.tem.2013.
02.002

Schimpl, M., Schüttelkopf, A. W., Borodkin, V. S., and van Aalten, D. M. (2010).
Human OGA binds substrates in a conserved peptide recognition groove. Biochem. J.
432, 1–7. doi:10.1042/BJ20101338

Frontiers in Physiology frontiersin.org12

Yang et al. 10.3389/fphys.2024.1416967

https://doi.org/10.1161/CIRCRESAHA.114.302968
https://doi.org/10.1161/CIRCRESAHA.114.302968
https://doi.org/10.7554/eLife.34870
https://doi.org/10.1016/j.febslet.2010.04.044
https://doi.org/10.1007/s00011-007-7020-7
https://doi.org/10.3389/fcell.2021.783322
https://doi.org/10.1111/bph.12223
https://doi.org/10.1093/jb/mvv112
https://doi.org/10.1200/JCO.2014.59.4895
https://doi.org/10.1200/JCO.2014.59.4895
https://doi.org/10.1016/j.bone.2021.115850
https://doi.org/10.1038/s41375-018-0376-6
https://doi.org/10.1038/s41375-018-0376-6
https://doi.org/10.3899/jrheum.110621
https://doi.org/10.1186/s13075-015-0762-7
https://doi.org/10.3390/ijms22168888
https://doi.org/10.1016/j.bbrc.2007.07.149
https://doi.org/10.1038/s12276-020-0471-4
https://doi.org/10.1007/s00441-009-0832-8
https://doi.org/10.1007/s00418-018-1640-6
https://doi.org/10.1016/j.yexcr.2015.08.009
https://doi.org/10.1038/nature01657
https://doi.org/10.1016/j.joca.2012.02.160
https://doi.org/10.1038/s12276-021-00709-5
https://doi.org/10.1038/s12276-021-00709-5
https://doi.org/10.3390/cancers13215365
https://doi.org/10.1002/art.37955
https://doi.org/10.3892/ijmm.2019.4238
https://doi.org/10.3892/ijmm.2019.4238
https://doi.org/10.1038/s41413-022-00218-9
https://doi.org/10.3390/ijms22073463
https://doi.org/10.1089/jir.2019.0139
https://doi.org/10.1016/0169-6009(91)90037-z
https://doi.org/10.1016/0169-6009(91)90037-z
https://doi.org/10.3727/096368910X539100
https://doi.org/10.1016/j.joca.2019.09.007
https://doi.org/10.1152/physiolgenomics.00016.2011
https://doi.org/10.1038/s12276-022-00844-7
https://doi.org/10.2741/luvalle
https://doi.org/10.1155/2011/282745
https://doi.org/10.1155/2011/282745
https://doi.org/10.1186/s13075-017-1229-9
https://doi.org/10.1186/s13075-017-1229-9
https://doi.org/10.1038/s41598-017-02650-y
https://doi.org/10.1007/s00264-012-1726-z
https://doi.org/10.1074/mcp.M114.040691
https://doi.org/10.1074/mcp.M114.040691
https://doi.org/10.1074/mcp.M112.026633
https://doi.org/10.1074/mcp.M112.026633
https://doi.org/10.4184/asj.2017.11.6.863
https://doi.org/10.4184/asj.2017.11.6.863
https://doi.org/10.1016/j.plefa.2014.11.008
https://doi.org/10.3389/fimmu.2022.861559
https://doi.org/10.1021/pr100565j
https://doi.org/10.1016/S0002-9440(10)63016-7
https://doi.org/10.1074/jbc.RA119.011029
https://doi.org/10.1016/j.tem.2013.02.002
https://doi.org/10.1016/j.tem.2013.02.002
https://doi.org/10.1042/BJ20101338
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1416967


Schwartz, A. V. (2003). Diabetes mellitus: does it affect bone? Calcif. tissue Int. 73,
515–519. doi:10.1007/s00223-003-0023-7

Shi, W. W., Jiang, Y. L., Zhu, F., Yang, Y. H., Shao, Q. Y., Yang, H. B., et al. (2014).
Structure of a novel O-linked N-acetyl-D-glucosamine (O-GlcNAc) transferase, GtfA,
reveals insights into the glycosylation of pneumococcal serine-rich repeat adhesins.
J. Biol. Chem. 289, 20898–20907. doi:10.1074/jbc.M114.581934

Shim, J. H., Greenblatt, M. B., Singh, A., Brady, N., Hu, D., Drapp, R., et al. (2012).
Administration of BMP2/7 in utero partially reverses Rubinstein-Taybi syndrome-like skeletal
defects induced by Pdk1 or Cbp mutations in mice. J. Clin. Invest. 122, 91–106. doi:10.1172/
JCI59466

Shirazi-Adl, A., Taheri, M., and Urban, J. P. (2010). Analysis of cell viability in
intervertebral disc: effect of endplate permeability on cell population. J. Biomech. 43,
1330–1336. doi:10.1016/j.jbiomech.2010.01.023

Shui, C., Spelsberg, T. C., Riggs, B. L., and Khosla, S. (2003). Changes in Runx2/
Cbfa1 expression and activity during osteoblastic differentiation of human bone
marrow stromal cells. J. bone Min. Res. 18, 213–221. doi:10.1359/jbmr.2003.18.2.213

Sitosari, H., Morimoto, I., Weng, Y., Zheng, Y., Fukuhara, Y., Ikegame, M., et al.
(2023). Inhibition of protein phosphatase 2A by okadaic acid induces translocation of
nucleocytoplasmic O-GlcNAc transferase. Biochem. bioph Res. Co. 646, 50–55. doi:10.
1016/j.bbrc.2023.01.033

Sombutthaweesri, T., Wu, S., Chamusri, N., Settakorn, J., Pruksakorn, D., Chaiyawat, P.,
et al. (2022). Relationship between O-GlcNAcase expression and prognosis of patients with
osteosarcoma. Appl. immunohisto M. M. 30, e1–e10. doi:10.1097/PAI.0000000000000970

Someya, A., Ikegami, T., Sakamoto, K., and Nagaoka, I. (2016). Glucosamine
downregulates the IL-1β-induced expression of proinflammatory cytokine genes in
human synovial MH7A cells by O-GlcNAc modification-dependent and -independent
mechanisms. PLoS One 11, e0165158. doi:10.1371/journal.pone.0165158

Soysa, N. S., and Alles, N. (2016). Osteoclast function and bone-resorbing activity: an
overview. Biochem. bioph Res. Co. 476, 115–120. doi:10.1016/j.bbrc.2016.05.019

Strotmeyer, E. S., Cauley, J. A., Orchard, T. J., Steenkiste, A. R., and Dorman, J. S.
(2006). Middle-aged premenopausal women with type 1 diabetes have lower bone
mineral density and calcaneal quantitative ultrasound than nondiabetic women.
Diabetes care 29, 306–311. doi:10.2337/diacare.29.02.06.dc05-1353

Su, Z., Wang, C., Pan, R., Li, H., Chen, J., Tan, J., et al. (2022). The hexosamine
biosynthesis pathway-related gene signature correlates with immune infiltration and
predicts prognosis of patients with osteosarcoma. Front. Immunol. 13, 1028263. doi:10.
3389/fimmu.2022.1028263

Suh, H. N., Lee, Y. J., Kim, M. O., Ryu, J. M., and Han, H. J. (2014). Glucosamine-
induced Sp1 O-GlcNAcylation ameliorates hypoxia-induced SGLT dysfunction in
primary cultured renal proximal tubule cells. J. Cell Physiol. 229, 1557–1568. doi:10.
1002/jcp.24599

Sun, C., Lan, W., Li, B., Zuo, R., Xing, H., Liu, M., et al. (2019). Glucose regulates
tissue-specific chondro-osteogenic differentiation of human cartilage endplate stem
cells via O-GlcNAcylation of Sox9 and Runx2. Stem Cell Res. Ther. 10, 357. doi:10.1186/
s13287-019-1440-5

Sun, M. X., An, H. Y., Sun, Y. B., Sun, Y. B., and Bai, B. (2022). LncRNA EBLN3P
attributes methotrexate resistance in osteosarcoma cells through miR-200a-3p/
O-GlcNAc transferase pathway. J. Orthop. Surg. Res. 17, 557. doi:10.1186/s13018-
022-03449-y

Taira, T. M., Ramos-Junior, E. S., Melo, P. H., Costa-Silva, C. C., Alteen, M. G.,
Vocadlo, D. J., et al. (2023). HBP/O-GlcNAcylation metabolic Axis regulates bone
resorption outcome. J. Dent. Res. 102, 440–449. doi:10.1177/00220345221141043

Takayanagi, H., Kim, S., and Taniguchi, T. (2002). Signaling crosstalk between
RANKL and interferons in osteoclast differentiation. Arthritis Res. 4 (Suppl. 3),
S227–S232. doi:10.1186/ar581

Takeuchi, T., Horimoto, Y., Oyama, M., Nakatani, S., Kobata, K., Tamura, M., et al.
(2020). Osteoclast differentiation is suppressed by increased O-GlcNAcylation due to
thiamet G treatment. Biol. Pharm. Bull. 43, 1501–1505. doi:10.1248/bpb.b20-00221

Takeuchi, T., Nagasaka, M., Shimizu, M., Tamura, M., and Arata, Y. (2016).
N-acetylglucosamine suppresses osteoclastogenesis in part through the promotion of
O-GlcNAcylation. Bone Rep. 5, 15–21. doi:10.1016/j.bonr.2016.02.001

Takeuchi, T., Sugimoto, A., Imazato, N., Tamura, M., Nakatani, S., Kobata, K., et al.
(2017). Glucosamine suppresses osteoclast differentiation through the modulation of
glycosylation including O-GlcNAcylation. Biol. Pharm. Bull. 40, 352–356. doi:10.1248/
bpb.b16-00877

Tallent, M. K., Varghis, N., Skorobogatko, Y., Hernandez-Cuebas, L., Whelan, K.,
Vocadlo, D. J., et al. (2009). In vivo modulation of O-GlcNAc levels regulates
hippocampal synaptic plasticity through interplay with phosphorylation. J. Biol.
Chem. 284, 174–181. doi:10.1074/jbc.M807431200

Tarbet, H. J., Dolat, L., Smith, T. J., Condon, B. M., O’Brien, E. T., Valdivia, R. H., et al.
(2018). Site-specific glycosylation regulates the form and function of the intermediate
filament cytoskeleton. Elife 7, e31807. doi:10.7554/eLife.31807

Tardio, L., Andrés-Bergós, J., Zachara, N. E., Larrañaga-Vera, A., Rodriguez-Villar,
C., Herrero-Beaumont, G., et al. (2014). O-linked N-acetylglucosamine (O-GlcNAc)
protein modification is increased in the cartilage of patients with knee osteoarthritis.
Osteoarthr. Cartil. 22, 259–263. doi:10.1016/j.joca.2013.12.001

Teitelbaum, S. L. (2000). Bone resorption by osteoclasts. Science 289, 1504–1508.
doi:10.1126/science.289.5484.1504

Thompson, E. M., Matsiko, A., Farrell, E., Kelly, D. J., and O’Brien, F. J. (2015).
Recapitulating endochondral ossification: a promising route to in vivo bone
regeneration. J. tissue Eng. Regen. M. 9, 889–902. doi:10.1002/term.1918

Trinidad, J. C., Barkan, D. T., Gulledge, B. F., Thalhammer, A., Sali, A., Schoepfer, R.,
et al. (2012). Global identification and characterization of both O-GlcNAcylation and
phosphorylation at the murine synapse.Mol. Cell proteomics 11, 215–229. doi:10.1074/
mcp.O112.018366

Umar, S., Singh, A. K., Chourasia, M., Rasmussen, S. M., Ruth, J. H., and Ahmed, S.
(2022). Penta-o-galloyl-beta-d-Glucose (PGG) inhibits inflammation in human
rheumatoid arthritis synovial fibroblasts and rat adjuvant-induced arthritis model.
Front. Immunol. 13, 928436. doi:10.3389/fimmu.2022.928436

Uzieliene, I., Bernotiene, E., Rakauskiene, G., Denkovskij, J., Bagdonas, E.,
Mackiewicz, Z., et al. (2019). The antihypertensive drug nifedipine modulates the
metabolism of chondrocytes and human bonemarrow-derived mesenchymal stem cells.
Front. Endocrinol. (Lausanne) 10, 756. doi:10.3389/fendo.2019.00756

Vágó, J., Kiss, K., Karanyicz, E., Takács, R., Matta, C., Ducza, L., et al. (2021). Analysis
of gene expression patterns of epigenetic enzymes Dnmt3a, Tet1 and ogt in murine
chondrogenic models. Cells 10, 2678. doi:10.3390/cells10102678

Vaidyanathan, K., and Wells, L. (2014). Multiple tissue-specific roles for the
O-GlcNAc post-translational modification in the induction of and complications
arising from type II diabetes. J. Biol. Chem. 289, 34466–34471. doi:10.1074/jbc.R114.
591560

Wang, X., Blizzard, L., Halliday, A., Han, W., Jin, X., Cicuttini, F., et al. (2016).
Association between MRI-detected knee joint regional effusion-synovitis and structural
changes in older adults: a cohort study. Ann. Rheum. Dis. 75, 519–525. doi:10.1136/
annrheumdis-2014-206676

Weng, Y., Wang, Z., Fukuhara, Y., Tanai, A., Ikegame, M., Yamada, D., et al. (2021).
O-GlcNAcylation drives calcium signaling toward osteoblast differentiation: a
bioinformatics-oriented study. Biofactors 47, 992–1015. doi:10.1002/biof.1774

Weyand, C. M., and Goronzy, J. J. (2021). The immunology of rheumatoid arthritis.
Nat. Immunol. 22, 10–18. doi:10.1038/s41590-020-00816-x

Wu, D., Jin, J., Qiu, Z., Liu, D., and Luo, H. (2020). Functional analysis of
O-GlcNAcylation in cancer metastasis. Front. Oncol. 10, 585288. doi:10.3389/fonc.
2020.585288

Xing,D., Gong, K., Feng,W.,Nozell, S. E., Chen, Y. F., Chatham, J. C., et al. (2011).O-GlcNAc
modification of NFκB p65 inhibits TNF-α-induced inflammatory mediator expression in rat
aortic smooth muscle cells. PLoS One 6, e24021. doi:10.1371/journal.pone.0024021

Yang, X., and Qian, K. (2017). Protein O-GlcNAcylation: emerging mechanisms and
functions. Nat. Rev. Mol. Cell bio 18, 452–465. doi:10.1038/nrm.2017.22

Yang, Y., Li, X., Luan, H. H., Zhang, B., Zhang, K., Nam, J. H., et al. (2020). OGT
suppresses S6K1-mediated macrophage inflammation and metabolic disturbance. Proc.
Natl. Acad. Sci. U. S. A. 117, 16616–16625. doi:10.1073/pnas.1916121117

Yoo, B. K., Santhekadur, P. K., Gredler, R., Chen, D., Emdad, L., Bhutia, S., et al.
(2011). Increased RNA-induced silencing complex (RISC) activity contributes to
hepatocellular carcinoma. Hepatology 53, 1538–1548. doi:10.1002/hep.24216

Yuzwa, S. A., Shan, X., Macauley, M. S., Clark, T., Skorobogatko, Y., Vosseller, K., et al.
(2012). Increasing O-GlcNAc slows neurodegeneration and stabilizes tau against
aggregation. Nat. Chem. Biol. 8, 393–399. doi:10.1038/nchembio.797

Zayzafoon, M. (2006). Calcium/calmodulin signaling controls osteoblast growth and
differentiation. J. Cell Biochem. 97, 56–70. doi:10.1002/jcb.20675

Zhang, W., Sun, Y., Yang, Y., and Chen, Y. (2023b). Impaired intracellular calcium
homeostasis enhances protein O-GlcNAcylation and promotes vascular calcification
and stiffness in diabetes. Redox Biol. 63, 102720. doi:10.1016/j.redox.2023.102720

Zhang, Y., Ma, L., Lu, E., and Huang, W. (2021). Atorvastatin upregulates microRNA-186
and inhibits the TLR4-mediatedMAPKs/NF-κBpathway to relieve steroid-induced avascular
necrosis of the femoral head. Front. Pharmacol. 12, 583975. doi:10.3389/fphar.2021.583975

Zhang, Z., Huang, Z., Awad, M., Elsalanty, M., Cray, J., Ball, L. E., et al. (2023a).
O-GlcNAc glycosylation orchestrates fate decision and niche function of bone marrow
stromal progenitors. Elife 12, e85464. doi:10.7554/eLife.85464

Zhang, Z., Huang, Z., Ong, B., Sahu, C., Zeng, H., and Ruan, H. B. (2019). Bone marrow
adipose tissue-derived stem cell factor mediates metabolic regulation of hematopoiesis.
Haematol-hematol J. 104, 1731–1743. doi:10.3324/haematol.2018.205856

Zhang, Z., Tan, E. P., VandenHull, N. J., Peterson, K. R., and Slawson, C. (2014).
O-GlcNAcase expression is sensitive to changes in O-GlcNAc homeostasis. Front.
Endocrinol. (Lausanne) 5, 206. doi:10.3389/fendo.2014.00206

Zhong, J., Martinez, M., Sengupta, S., Lee, A., Wu, X., Chaerkady, R., et al. (2015).
Quantitative phosphoproteomics reveals crosstalk between phosphorylation and
O-GlcNAc in the DNA damage response pathway. Proteomics 15, 591–607. doi:10.
1002/pmic.201400339

Zou, L., Yang, S., Champattanachai, V., Hu, S., Chaudry, I. H., Marchase, R. B., et al.
(2009). Glucosamine improves cardiac function following trauma-hemorrhage by
increased protein O-GlcNAcylation and attenuation of NF-{kappa}B signaling. Am.
J. physiol-heart C. 296, H515–H523. doi:10.1152/ajpheart.01025.2008

Frontiers in Physiology frontiersin.org13

Yang et al. 10.3389/fphys.2024.1416967

https://doi.org/10.1007/s00223-003-0023-7
https://doi.org/10.1074/jbc.M114.581934
https://doi.org/10.1172/JCI59466
https://doi.org/10.1172/JCI59466
https://doi.org/10.1016/j.jbiomech.2010.01.023
https://doi.org/10.1359/jbmr.2003.18.2.213
https://doi.org/10.1016/j.bbrc.2023.01.033
https://doi.org/10.1016/j.bbrc.2023.01.033
https://doi.org/10.1097/PAI.0000000000000970
https://doi.org/10.1371/journal.pone.0165158
https://doi.org/10.1016/j.bbrc.2016.05.019
https://doi.org/10.2337/diacare.29.02.06.dc05-1353
https://doi.org/10.3389/fimmu.2022.1028263
https://doi.org/10.3389/fimmu.2022.1028263
https://doi.org/10.1002/jcp.24599
https://doi.org/10.1002/jcp.24599
https://doi.org/10.1186/s13287-019-1440-5
https://doi.org/10.1186/s13287-019-1440-5
https://doi.org/10.1186/s13018-022-03449-y
https://doi.org/10.1186/s13018-022-03449-y
https://doi.org/10.1177/00220345221141043
https://doi.org/10.1186/ar581
https://doi.org/10.1248/bpb.b20-00221
https://doi.org/10.1016/j.bonr.2016.02.001
https://doi.org/10.1248/bpb.b16-00877
https://doi.org/10.1248/bpb.b16-00877
https://doi.org/10.1074/jbc.M807431200
https://doi.org/10.7554/eLife.31807
https://doi.org/10.1016/j.joca.2013.12.001
https://doi.org/10.1126/science.289.5484.1504
https://doi.org/10.1002/term.1918
https://doi.org/10.1074/mcp.O112.018366
https://doi.org/10.1074/mcp.O112.018366
https://doi.org/10.3389/fimmu.2022.928436
https://doi.org/10.3389/fendo.2019.00756
https://doi.org/10.3390/cells10102678
https://doi.org/10.1074/jbc.R114.591560
https://doi.org/10.1074/jbc.R114.591560
https://doi.org/10.1136/annrheumdis-2014-206676
https://doi.org/10.1136/annrheumdis-2014-206676
https://doi.org/10.1002/biof.1774
https://doi.org/10.1038/s41590-020-00816-x
https://doi.org/10.3389/fonc.2020.585288
https://doi.org/10.3389/fonc.2020.585288
https://doi.org/10.1371/journal.pone.0024021
https://doi.org/10.1038/nrm.2017.22
https://doi.org/10.1073/pnas.1916121117
https://doi.org/10.1002/hep.24216
https://doi.org/10.1038/nchembio.797
https://doi.org/10.1002/jcb.20675
https://doi.org/10.1016/j.redox.2023.102720
https://doi.org/10.3389/fphar.2021.583975
https://doi.org/10.7554/eLife.85464
https://doi.org/10.3324/haematol.2018.205856
https://doi.org/10.3389/fendo.2014.00206
https://doi.org/10.1002/pmic.201400339
https://doi.org/10.1002/pmic.201400339
https://doi.org/10.1152/ajpheart.01025.2008
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1416967

	The role of O-GlcNAcylation in bone metabolic diseases
	1 Introduction
	2 Overview of O-GlcNAcylation
	3 O-GlcNAcylation and bone metabolism
	3.1 O-GlcNAcylation and osteoclasts
	3.2 O-GlcNAcylation and osteoblasts
	3.3 O-GlcNAcylation and chondrocytes

	4 O-GlcNAcylation and bone-related diseases
	4.1 O-GlcNAcylation and osteoporosis
	4.2 O-GlcNAcylation and arthritis
	4.3 O-GlcNAcylation and osteosarcoma

	5 Conclusions and perspectives
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


