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Role of oxytocin in bone

Tianming Wang™, Jianya Ye'*, Yongqiang Zhang™, Jiayi Li*,
Tianxiao Yang®, Yufeng Wang*, Xiao Jiang* and Qinggiang Yao™
tDepartment of Orthopedic Surgery, Institute of Digital Medicine, Nanjing First Hospital, Nanjing
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Oxytocin (OT) is a posterior pituitary hormone that, in addition to its role in
requlating childbirth and lactation, also exerts direct regulatory effects on the
skeleton through peripheral OT and oxytocin receptor (OTR). Bone marrow
mesenchymal stem cells (BMSCs), osteoblasts (OB), osteoclasts (OC),
chondrocytes, and adipocytes all express OT and OTR. OT upregulates RUNX2,
BMP2, ALP, and OCN, thereby enhancing the activity of BMSCs and promoting
their differentiation towards OB rather than adipocytes. OT also directly regulates
OPG/RANKL to inhibit adipocyte generation, increase the expression of SOX9
and COMP, and enhance chondrocyte differentiation. OB can secrete OT,
exerting influence on the surrounding environment through autocrine and
paracrine mechanisms. OT directly increases OC formation through the NkB/
MAP kinase signaling pathway, inhibits osteoclast proliferation by triggering
cytoplasmic Ca2+ release and nitric oxide synthesis, and has a dual regulatory
effect on OCs. Under the stimulation of estrogen, OB synthesizes OT, amplifying
the biological effects of estrogen and OT. Mediated by estrogen, the OT/OTR
forms a feedforward loop with OB. Apart from estrogen, OT also interacts with
arginine vasopressin (AVP), prostaglandins (PGE2), leptin, and adiponectin to
regulate bone metabolism. This review summarizes recent research on the
regulation of bone metabolism by OT and OTR, aiming to provide insights into
their clinical applications and further research.
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Introduction

Almost all vertebrate express oxytocin or oxytocin-like genes and translated peptides
(1). Oxytocin (OT) is a nonapeptide hormone composed of cysteine, tyrosine, isoleucine,
glutamine, aspartic acid, proline, leucine, glycine (Cys-Tyr-Ile-Gln-Asn-Cys—-Pro-Leu-
Gly) with a relative molecular mass of 1007 (2). Isoleucine needs to be at the third position
in the structure to stimulate the oxytocin receptor (OTR) and exert its function (3). A
disulfide bridge between Cys residues 1 and 6 is linked by a disulfide bond (4). This divides
it into two parts, one consisting of a ring portion of six amino acids and the other of the C-
terminal portion of three amino acids (5). Both parts have biological effects of the hormone.
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There are two forms of OT in the human body, central OT and
peripheral OT. Central OT is synthesized and produced by the
paraventricular nucleus (PVN) and supraoptic nucleus (SON) of
the hypothalamus, and released into the bloodstream by the
neurohypophysis under appropriate stimulation (6). Central OT
has anti-inflammatory, antioxidant, energy metabolism regulation,
increased confidence, enhanced social engagement, and alleviation
of conditions such as autism, depression, schizophrenia, and
obsessive-compulsive disorder (7-10). There is relatively limited
research on the relationship between central OT and the
musculoskeletal system, with no breakthrough discoveries to date.
The relationship between central OT and bone metabolism remains
unclear. Peripheral OT is produced by tissues such as adipocytes,
osteoblasts, uterus, ovaries, and testes, and plays a direct role in
cardiovascular system and bone homeostasis, apart from its
involvement in breastfeeding and parturition (11-13). Clinical
studies have shown that postmenopausal women with
osteoporosis have significantly lower plasma oxytocin levels than
non-osteoporotic patients, and being in a state of low oxytocin
levels can further exacerbate bone loss in postmenopausal
osteoporotic women (14). Studies have shown that the trabecular
bone volume of OT and OTR gene knockout mice is significantly
reduced, and injection of oxytocin into their peritoneum can
effectively reverse bone formation defects caused by decreased
osteoblast differentiation (15). Similarly, intraperitoneal injection
of OT in ovariectomized rats can significantly reduce the decrease in
osteoblasts, increase in osteoclast numbers, decrease in serum OPG/
RANKL ratio, and increase in bone formation marker levels (16).
This further demonstrates the promoting effect of peripheral OT on
bone synthesis metabolism. Numerous studies have found that OT
can promote fracture healing, increase bone mass, protect cartilage,
alleviate pain, and improve mood and mental state, among other
positive effects. This has great prospects for application in
orthopedics. This article will focus on reviewing the relationship
between OT and bone metabolism.

Timeline of oxytocin discoveries

In 1894, S. Ramon y Cajal described the neuronal pathway from
the supraoptic nucleus (SON) to the posterior pituitary lobe.

10.3389/fendo.2024.1450007

Building upon this, G. Oliver and E. A. Schifer in 1895 first
elucidated the physiological effects of the pituitary and its
extracts. A decade later, British researcher Henry H. Dale
christened the pituitary extract from the early pregnant cat uterus
as oxytocin due to its uterine contraction properties (17). At that
time, scholars widely held the view that the pituitary extract
contained solely oxytocin without other constituents. In 1909,
Canadian W. Blair Bell proposed the idea of using oxytocin in
obstetric labor to shorten the duration of labor (18). This marked
the commencement of the clinical application of OT. It was not
until 1928 that O. Kamm employed a dialysis membrane to
segregate vasopressin and OT, thereby dispelling the notion that
the pituitary extract consisted solely of OT (19). Subsequently, OT
remained in the phase of natural extraction. Approximately two
decades later, Vincent du Vigneaud isolated OT from the freeze-
dried posterior pituitary of cattle and successfully sequenced it for
the first time (20, 21). The sequencing results expedited the
transition from the natural extraction of OT to its artificial
synthesis (22). Following this, researchers embarked on studying
the effects of OT and endeavored to identify the associated
receptors. Scientists discovered that OTRs are not only present in
peripheral tissues but also in the central nervous system. In 1992,
Kimura et al. delineated the cDNA structure, location, and
composition of the human OTR (23). Subsequently, Copland JA,
Ives KL, and others identified OTR expression on human
osteoblasts and stimulated PGE2 synthesis in bone trabecular cells
(24). OT and PGE2 are implicated in osteoporosis, with PGE2
known to foster bone formation (25). PGE2 has been demonstrated
to be beneficial for bone formation. OT is a novel bone metabolic
agent. Intranasal administration of OT can modulate social
behavior and stress (23). Subsequent research unveiled the crucial
role of oxytocin in social psychological disorders such as anorexia
nervosa, autism, and anxiety (7, 26, 27). In the 21st century, the
widespread presence of OTRs in peripheral tissues, including
adipocytes, and the existence of OTR in human osteoclasts
indicate that OT also regulates osteoclasts (28) (Figure 1).

Over the ensuing decade, scientists discovered that OT can
ameliorate osteoporosis, and osteoarthritis, and promote periodontal
bone regeneration. In 2014, Park JW conducted research on the
osteogenic effects of loaded OT scaffolds, paving the way for novel
applications of OT in tissue engineering technology (29).

revealed first isolated and identified the cDNA osteocytes
the effect of clinical isolate; and structure, location, expressed
pituitary application sequence and composition oxytocin receptors
extracts of oxytocin oxytocin
1894 1906 1928 1960s 1997
1895 1909 1953 1992 21st
century
found SON named it separated neuron could modulate social
pathway oxytocin vasopressin and electrophysiology began behavior and stress
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FIGURE 1

in the SON and PVN

timeline of oxytocin discoveries. This illustration created with BioRender (https://biorender.com).
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Oxytocin receptor

The human oxytocin receptor (OTR) single-copy gene is located
on chromosome 3p35-3p26.2 (4). The OTR belongs to the G protein-
coupled receptor superfamily, consisting of a polypeptide with 389
amino acids (30). It is composed of seven hydrophobic
transmembrane domains, an extracellular N-terminus, and an
intracellular C-terminus, with alternating intracellular and
extracellular loops connected by alpha helices (31). This structure is
highly conserved in the G protein-coupled receptor superfamily.
Conserved residues in GPCRs may be involved in a common
mechanism for activating and signal transducing G proteins.
Activation of the OTR may involve, similar to adrenergic receptors,
the opening of a solvent-exposed site in the cytoplasmic domain that
participates in G protein recognition (32, 33).

The OTR can convert extracellular stimuli (neurotransmitter or
hormone release) into intracellular signaling events (cellular
functions and regulatory changes). The OTR is coupled to a
GTP-binding protein, which, together with a GTPase, stimulates
phospholipase C-f isoform activity. This leads to the production of
inositol trisphosphate and 1,2-diacylglycerol. Inositol trisphosphate
triggers intracellular calcium release, while diacylglycerol activates
protein kinase C, phosphorylating unidentified target proteins.
Ultimately, in response to the increase in intracellular Ca2+,
various cellular events are initiated. This process is accompanied
by transient or sustained ERK phosphorylation. In smooth muscle
cells, the Ca2+-calmodulin system activates myosin light chain
kinase activity, initiating smooth muscle contraction, such as in
uterine smooth muscle. In neurosecretory cells, elevated Ca2+ levels
control cell excitability, regulate their firing patterns, and lead to
neurotransmitter release, such as in taste perception (31, 34).

Direct effect of oxytocin: regulating
bone metabolism cells

OTRs are present in both peripheral and central systems,
including the brain, reproductive system, mammary gland tissues,
cardiovascular system, kidneys, adrenal glands, thymus, pancreas,
adipocytes, and periodontal tissues (35). Studies indicate that OTRs
are present in various bone cells, including osteoblasts (OBs) and
osteoclasts (OCs). This suggests that OT directly interacts with bone
cells, influencing their function and activity, and regulating bone
formation and adipogenesis (36).

Oxytocin regulates BMSCs

BMSCs, known as bone marrow stromal cells, possess the
potential to differentiate into OBs, adipocytes, chondrocytes, and
myocytes (37). Research by Fallahnezhad et al. has shown that OT
upregulates the expression of proteins such as OPG, RUNX2, and
OCN, increases the extracellular levels of insulin-like growth factor
1 and alkaline phosphatase (ALP), enhances the cell viability of
BMSCs derived from ovariectomized rats, and strengthens their
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potential to differentiate towards OBs (38). Studies by Santos et al.
indicate that OT, in combination with osteogenic inducers,
significantly increases the content of OT and OTR in BMSCs
from adult and aged female rats (39). OT can promote the
proliferation of BMSCs and their differentiation into OBs,
enhancing ALP activity and increasing the gene expression of
BMP-2, OPN, and OCN (Figure 2) (40). These studies
demonstrate that OT plays a role in promoting the proliferation
of BMSCs, enhancing their activity, inducing their differentiation
towards OBs, and mineralization, which may be crucial for
increasing bone density.

Oxytocin regulates osteoblasts

Osteoblast (OBs) are primarily responsible for synthesizing and
secreting bone matrix and mineralizing the bone, playing a crucial
role in bone formation. OBs and adipocytes differentiate from the
same mesenchymal cell precursors. During the differentiation
process, OT is produced by OBs in the bone marrow and acts as
a paracrine-autocrine regulator of bone formation, with high
expression of OTR in OBs (41). The binding of OT and OTR
leads to the release of calcium ions (Ca2+) from the endoplasmic
reticulum, activating the Ca2+-Erk1/2 pathway. The Ca2+-Erk1/2
pathway enhances osteogenic effects by increasing the expression of
the osteogenic gene RUNX2 (Figure 2). The Ca2+-Erk1/2 pathway
also phosphorylates peroxisome proliferator-activated receptor
gamma (PPARY), thereby reducing adipogenesis (31, 42).

The direct and predominant role of OT in bone homeostasis is
mainly achieved through stimulating OB formation and
bidirectionally regulating OC generation (30). Studies have shown
that at the cellular level, OBs from OT and OTR knockout mice
exhibit lower mineralization activity and significant downregulation
of key genes representing OB differentiation, such as OCN, RUNX2,
OPN, etc. (43). BinGe et al. found that OT activates the Erk and
protein kinase B (AKT) pathways (44). At a concentration of 50nM
OT, the expression of osteogenic-related genes is upregulated in
protein imprinting, including ALP, type I collagen (Col I), Runx2,
OPN, and OCN (44).

Research by the Tamma team found that after OT intervention,
OT can stimulate ALP activity in osteoblasts upregulate BMP-2
through the Schnurri-2, and activate transcription factor 4 (ATF4)
pathways, thereby promoting OB differentiation into a mineralized
phenotype (45). Other studies suggest that in vivo, OT activates the
C-FOS pathway and upregulates BMP-2. BMP-2 controls the
expression of Schnurri-2 and 3, osterix, and ATF4, regulating
osteoblastogenesis (46).

By intraperitoneal injection of OT in rats, it has been verified
that OT has anti-osteoporotic effects, reducing the risk of femoral
neck fractures. The mechanism is related to increasing the number
of bone cells and OBs, regulating levels of bone-specific alkaline
phosphatase (bALP), osteocalcin, tartrate-resistant acid
phosphatase (TRAP), and the expression of the Osterix/Sp7
transcription factor OPG/RANKL pathway (47). Research by Di
et al. found that under the stimulation of OT, OTR promotes the
translocation of OTR to the nucleus of osteoblasts through
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OT can directly regulate BMSCs, chondrocytes, adipocytes, and osteoblasts. OT promotes the proliferation of BMSCs and their differentiation into
OBs, increasing ALP, BMP-2, OPN, and OCN. OBs can secrete OT themselves, exerting influences on the surrounding environment in both autocrine
and paracrine forms. OT can directly increase OCt formation by the NkB/MAP kinase signaling pathway. After stimulating mature OCs, OT can inhibit
OCs by leading to the release of nitric oxide and calcium ions (Ca2+) from the endoplasmic reticulum. Additionally, the Ca2+-Erk1/2 pathway
phosphorylates peroxisome proliferator-activated receptor gamma (PPARY), thereby reducing adipogenesis. OT can directly regulate OPG/RANKL to
inhibit adipocyte production, increase the expression of SOX9 and COMP, reduce the expression of ColAl, and protect cartilage. This illustration

created with BioRender (https://biorender.com).

continuous interactions with beta-negative regulatory factors, small
GTPase Rab5 protein, nuclear transport protein beta-1, and
transport protein-1, promoting osteoblast differentiation and
mineralization by increasing ALP activity and regulating the
OPG/RANKL-related pathways (43). Therefore, OT promotes
OBs to synthesize and secrete bone matrix and mineralize the
bone, accelerating bone regeneration.

Oxytocin regulates osteoclasts

Osteoclasts (OCs)originate from the mononuclear-macrophage
system and are primarily responsible for resorbing organic and
mineral components of the bone matrix, removing old and
damaged bone tissue, and playing a crucial role in bone
development, growth, repair, and remodeling (48). OCs express
high levels of OTRs (30). In mature OBs, OT lowers the level of
osteoprotegerin (OPG), stimulates the expression of receptor
activator of nuclear factor kappa-B ligand (RANKL) in OBs, and
induces OC differentiation (49). OT has a bidirectional regulatory
effect on OCs. On one hand, it directly increases OC formation by
activating NxB, mitogen-activated protein kinase (MAPK)
signaling pathways, and mitogen-activated protein kinase
signaling, and indirectly increases OC formation by upregulating
RANKL. On the other hand, after stimulating mature OCs, OT can
inhibit bone resorption by triggering cytoplasmic Ca2+ release and
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nitric oxide synthesis (45, 50, 51). Studies have shown that after OT
treatment, the number of OCs in the bone marrow of
ovariectomized mice significantly decreases, while bone density
levels significantly increase. This mechanism may involve
restoring the coupling of OBs or OCs in the body by altering the
ratio of RANKL to OPG (52). In conclusion, OCs express OT and
OTR, and OT exerts a dual regulatory effect on OCs by triggering
cytoplasmic Ca2+ release and nitric oxide synthesis, adjusting the
ratio of OPG/RANKL in OBs, thus both inhibiting and promoting
OC activity (Figure 2).

The expression of OTRS in pre-osteoclasts is lower than in
mature OCs, suggesting that the level of OTR expression may be
related to different stages of OC differentiation (28). Treatment with
OT leads to increased proliferation of pre-osteoclasts, indicating
that OT may be involved in controlling the early stages of OC
differentiation and formation.

Oxytocin regulates chondrocytes

Chondrocytes are differentiated from BMSCs and are capable of
generating and maintaining cartilage matrix, primarily composed of
collagen and proteoglycans (53). Normal cartilage development is
crucial for bone formation during endochondral ossification, and any
abnormalities in the microenvironment of the bone matrix can lead to
the development of osteoarthritis (OA) (54). OT is expressed in
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chondrocytes and acts on subchondral bone, stimulating cartilage
formation by binding to OTRs (55). Studies have shown a significant
correlation between low levels of OT and OA in patients, with
decreased expression of OT in chondrocytes of OA patients and a
dose-dependent response to tumor necrosis factor-o. treatment, while
administration of OT has potential beneficial effects on cartilage,
subchondral bone, muscle, and inflammation (56). OT has the
potential to maintain cartilage integrity. Furthermore, research by
Wu et al. has found that OT reverses the gene and protein expression
of MMP-1 and MMP-13 in chondrocytes in a dose-dependent
manner through the Janus kinase 2/signal transducer and activator
of transcription 1 (JAK2/STATI1) pathway, and gene knockout of
OTR eliminates the inhibitory effect of OT on MMP-1 and MMP-13
(55). These studies suggest that chondrocytes also express OT and
stimulate cartilage formation by binding to OTR. Additionally, OT
prevents cartilage matrix degradation by regulating matrix
metalloproteinases and inhibits bone immune inflammatory
responses, which may be key to improving bone microstructure. In
a previous study by Roux CH, OT induced an increase in the
expression of aggregating proteoglycans, cartilage oligomeric matrix
protein (COMP), and SRY-related HMG-box gene 9 (Sox9) after
culturing chondrocytes, while downregulating the expression of the
fibrous tissue marker ColAl and increasing the content of
glycosaminoglycans in the extracellular environment, indicating that
OT can promote chondrocyte generation (Figure 2). Additionally, OT
mitigates the detrimental effects of IL-1{, reduces ADAMTS-4 mRNA
transcription levels, and plays a protective role in alleviating
inflammation in cartilage (57). These findings demonstrate that OT
influences the function of chondrocytes and can protect
articular cartilage.

Oxytocin regulates adipocytes

In physiological conditions, BMSCs possess equal differentiation
potential towards adipocytes and osteoblasts. However, in pathological
conditions, regulatory mechanisms favoring either osteogenesis or
adipogenesis can weaken the ability of MSCs to differentiate in the
opposite direction (58). Recent studies have revealed that adipocytes
also express RANKL/OPG and play a crucial role in influencing
osteoclast development and regulating bone remodeling (59). The
differentiation of BMSCs towards adipocytes is a key event in the
pathogenesis of osteoporosis (OP) (60). OT inhibits the differentiation
of adipocyte precursors by regulating the receptor activator of the NxB
ligand/OPG axis signaling pathway, thereby reversing bone loss and
bone marrow adiposity (16).

Culturing human multipotent adipose-derived stem cells with
varying concentrations of OT has been shown to enhance osteogenic
effects and the activity of SA-B-galactosidase (61). This suggests that
OT promotes osteogenic differentiation in a dose-dependent manner
and may enhance osteogenesis in human adipose-derived stem cells
(hASCs) by modulating the autophagy process. The intrinsic
connection between adipocyte differentiation and bone metabolism
influences the differentiation or function of bone tissue cells. OT also
stimulates OB differentiation and inhibits adipocyte differentiation
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through the OPG/RANKL signaling pathway, thereby determining
bone formation over adipogenesis (62).

Indirect effect of oxytocin
Oxytocin and estrogen

Estrogen exerts its effects on bone through two mechanisms: it
can inhibit bone resorption by OCs through the OPG/RANKL
pathway and stimulate bone formation at higher doses (49, 63, 64)
(Figure 3). Estrogen also regulates OBs, bone cells, and T cells to
modulate OC differentiation and activity, thereby inhibiting bone
resorption and promoting bone formation (65). Studies have shown
that the absence or silencing of OTR in OBs inhibits estrogen-
induced OB differentiation. In vivo, OTR knockout mice do not
exhibit the increased trabecular bone volume, cortical thickness,
and bone formation induced by estrogen (64). During pregnancy or
lactation when estrogen levels are elevated, OT release in the bone
marrow promotes rapid bone recovery and inhibits bone
resorption. OTR in OBs is essential for estrogen’s actions (66).
Further research has revealed that after being influenced by
estrogen, OBs typically produce OT in response, and OT, upon
binding with its receptor OTR on OBs, amplifies the effects of
estrogen, increasing OT production and forming an estrogen-
mediated OT/OTR feedforward loop (40). The OT/OTR
feedforward loop OT comprising input factors OT and estrogen,
output factor OTR, and the signaling pathway Schnurri-2/ATF4,
represents a novel regulatory cycle for bone metabolism. Local
synthesis of OT by OBs is estrogen-mediated. 17f-estradiol
stimulates OT production through the Erk phosphorylation
pathway (67). In summary, estrogen mediates the synthesis of OT
and its receptor. OT serves as a synthetic metabolic mediator for
estrogen’s effects on the skeleton.

Oxytocin and arginine vasopressin

The gene for OT is located on the human chromosome 20, and
the same is true for arginine vasopressin (AVP) (6). The distance
between OT and AVP on the human chromosome is approximately
8kb (7). Being on the same chromosome, they may have some
common actions in the body. AVPR-1a and -2a are expressed in
OBs and bone cells (36) (Figure 3). Although AVPR-2 is also
expressed in OBs and OCs, it does not affect bone metabolism
(68). OT and AVP share high-affinity G protein-coupled receptors
in bone cells, but they have opposite effects on the skeleton (69).
AVP and OT can partially share receptors. In mice with both
AVPR-1a and OTR deletions, the increased bone mass and
upregulated osteogenic gene expression are attenuated, indicating
that OTR plays a dominant role (36). While OTR is not essential for
the inhibitory effects of AVP on OB generation and gene expression,
when OTR is absent in AVPR-1a knockout cells, gene expression
stimulated by AVP is suppressed. This suggests that AVP and OT
can share their receptors in regulating bone formation in OBs (68).

frontiersin.org


https://doi.org/10.3389/fendo.2024.1450007
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Wang et al.

/ N
[ feedfoward ;
loop ’/9

\ y

%
%
%
%
%
t
%
2
|

10.3389/fendo.2024.1450007

z
<3
g
5
E
>
=
2

v

(EP2,EP4 |

Y OTR @ estrogen

osteocyte

Bone resorption*

—(

N nitric oxide

@ oxytocin O AvP @ PGE2 ) AVPR

FIGURE 3

Estrogen inhibits OC bone resorption through the OPG/RANKL pathway and can stimulate bone formation at higher doses. OB, when influenced by
estrogen, typically reactively produces OT, which further amplifies the effects of estrogen, increases OT production, and forms an estrogen-mediated
OT positive feedback loop. AVPR-1a and -2a are expressed in OBs and bone cells. OT and AVP compete for the same receptors on OB, exerting
opposite effects. OT can also stimulate bone cells to secrete prostaglandins, promote OB differentiation, and enhance osteogenic ability. OT can induce
PGE2 synthesis in bone cells, and PGE2 regulates bone formation and resorption through EP2 and EP4 receptors. After stimulating mature OC, OT can
inhibit OC by triggering intracellular Ca2+ release and nitric oxide synthesis. This illustration created with BioRender (https://biorender.com).

Oxytocin and PGE2

OT can promote the synthesis of prostaglandin E2 (PGE2) in
human Bone trabecular cells (24). OBs participate in the regulation
of sensory nerves by activating the PGE2 receptor 4 (EP4) and
inhibiting sympathetic nerve activity through the central nervous
system. The PGE2-EP4 sensory nerve axis regulates neural activity
and mesenchymal stem cell differentiation in the bone marrow of
adult mice, promoting bone formation and inhibiting fat
production by inhibiting sympathetic activity in the central
nervous system (70, 71) (Figure 3). PGE2 can also stimulate
BMSC osteogenic differentiation through the endothelial cell-
mediated ERK pathway (72). While PGE2 has a promoting effect
on OCs, the specific mechanism is still unclear. This may be
attributed to the activation of EP4 and EP2 receptors on OCs,
affecting OC migration and function (73).

Oxytocin and leptin, adiponectin

OT can also act on cytokines (such as leptin and adiponectin) to
indirectly affect bone tissue (74). Leptin has two opposing effects on
bone tissue. It mainly inhibits bone formation by restricting OB
proliferation, while also stimulating OB differentiation and
inhibiting OC activity (75). These two pathways complement
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each other. Adiponectin (APN) has the potential to regulate bone
mass positively, stimulate angiogenesis, and inhibit OCs (76).
Adiponectin can inhibit OC differentiation induced by
macrophage colony-stimulating factor (M-CSF) and receptor
activator for NxB ligand RANKL (77). The two receptors of APN
are expressed in OBs, stimulating osteoblast differentiation and
mineralization, and playing a direct role in bone metabolism (78).

Oxytocin and bone related diseases
Oxytocin and osteoporosis

Osteoporosis (OP) is a systemic bone disease characterized by loss
of bone density and quality, disruption of bone microstructure, and
increased bone fragility. Primary OP is associated with age-related
decline in estrogen levels, particularly in postmenopausal women (79).
Secondary OP can be caused by various factors such as chronic use of
glucocorticoids (80). Ovariectomy is a commonly used model to
simulate postmenopausal OP. The lack of estrogen leads to reduced
trabecular perforation and connectivity loss in bone (81). Estrogen
plays a protective role in cortical bone quality (82). This protection is
mediated through estrogen receptors expressed in the bone cell
lineage. Estrogen can induce the synthesis of OT in bone (83). In
adipocytes, OT may convert estradiol to estrone by affecting the action
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of 17B-hydroxysteroid dehydrogenase, a steroid hormone enzyme
(66). Estradiol amplifies the bone-forming effects of OT by stimulating
OB. Estrogen must activate OT signaling to enhance its promoting
effect on bone. Previous studies have shown that oxytocin (OT—/-)
and oxytocin receptor (OTR—/-) knockout mice exhibit OP.
Fallahnezhad established an ovariectomy model in adult female
Wistar rats. They found that OT treatment could promote the late-
stage mineralization of BMSCs induced by ovariectomy in vitro bone
formation process while altering the expression of OCN, OPG, and
Runx2 genes (40). Beranger GE et al. demonstrated that OT can
reverse OP (16). The results showed that OT treatment restored bone
parameters to normal in ovariectomized mice. OT treatment increased
the RANKL: OPG ratio to reverse OP. This ratio directly regulates
OBs and OCs in vivo (52). Elabd C et al. support this view and add that
OT can stimulate PGE2 synthesis, promoting bone formation and
inhibiting adipocyte differentiation (41). Another possible pathway is
OT activation of MEK1/2 and ERK1/2, affecting human BMSCs (5).

Postmenopausal women are more likely to have lower OT levels
(14). Due to their decreased OT levels, they are more prone to OP
and muscle atrophy (84). Supplementing with OT can increase
bone density, regulate muscle metabolism, and delay the onset of
muscle atrophy (85, 86). Endogenous OT plays an important role in
peri-menopausal bone remodeling, while exogenous OT becomes a
potential preventive intervention during this period to improve
bone quality and functional outcomes, potentially providing better
gait activity (87). OT can maintain joint stability and bone health in
males (88).

Psychological stress may also be a contributing factor to OP.
Excessive stress can accelerate bone loss and reduce bone formation
(70). Psychological stress and OP share similar pathogenic
mechanisms, including glucocorticoids, insulin-like growth
factors, etc (89). OT can alleviate stress. Therefore, OT may delay
OP by relieving stress. OT can induce lipolysis and inhibit the gene
program for converting white fat to brown fat by expressing OTR in
adipocytes (66, 90). Yi KJ et al. fed mice a high-fat diet and found
that OT expression was associated with adipocyte differentiation
and obesity accumulation, rather than fat content. This promotes
the osteogenic effects of human multipotent adipose-derived stem
cells and BMSCs (38, 90). In conclusion, OT can reduce fat
generation, promote bone formation, and reverse OP (Table 1).

Oxytocin and osteoarthritis

Osteoarthritis (OA) is a progressive degenerative joint disease
characterized by cartilage destruction, subchondral changes, and
osteophyte formation (91). It is associated with age, obesity,
genetics, and significant joint injuries (91, 92). Patients with OA
experience chronic pain in the absence of specific treatment. Within
the body, glial cells, OT, and AVP systems are activated (93).
Additionally, OA is associated with cartilage-degrading enzymes
and inflammatory cytokines (55, 56) (Figure 4). The most crucial
cartilage-degrading enzyme is matrix metalloproteinase (MMP),
which includes inflammatory factors such as tumor necrosis factor-
alpha (TNF-o), and TGF-f superfamily proteins. Among the MMP
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TABLE 1 Mechanism of OT and orthopedic diseases.

Mechanism

Therapeutic

effects

Osteoporosis (OP) Increase bone mass = Influence RANKL/OPG, regulating

Delay bone loss OBs and OCs in the body

Osteoarthritis (OA) = Protect cartilage Activated C-FOS/AP-1 and JAK2/

Inhibit STAT1 pathways, delayed cartilage
inflammation degradation, inhibited the release
of inflammatory cytokines
Fracture Accelerate Activate C-FOS and Ca2+-Erk
bone healing pathways, promote bone
formation, and inhibit
bone resorption.
Analgesia Alleviate pain Modulate peripheral nociceptors

Improve mood and dorsal root ganglia

family, MMP-1 and MMP-13 are more influential than other
members (84). T lymphocytes play a role in controlling
metalloproteinase activity. Regulatory T cells are involved in
downregulating MMP2 and MMP9 metalloproteinases, releasing
pro-inflammatory cytokines such as CCL2 and IL-6 (94). OT and
estrogen are related to T cells (95). There may be a connection
between OT, T cells, and OA. The current mainstream view is that
OT regulates T cell secretion of IFN, TNF, and IL families, affecting
downstream macrophage activation of MMP, and slowing cartilage
degradation (96). Exploring the specific effects of the oxytocin-T
cell-OA axis is crucial. OTR is present in chondrocytes. OTR
expression is reduced in OA patients (57). OT can inhibit the
secretion of pro-inflammatory cytokines, including TNF-o, IL-6,
and reactive oxygen species (ROS) (97, 98). TNF-a is associated
with MMP-1 and MMP-13, enzymes responsible for degrading the
cartilage matrix (55, 56). OT also activates the JAK2/STATI
pathway, participating in the degradation of Col II and the
expression of MMP. In OA, OT activates the C-FOS pathway. C-
FOS/AP-1 directly regulates MMP expression by binding to the AP-
1 site (99). Roux CH et al. studied OA patients and observed that
OT stimulates cartilage formation, increasing the expression of
extracellular proteoglycans, collagen (Col) X, and chondrocyte
matrix proteins (57). In summary, OT has broad anti-
inflammatory, and antioxidant properties, and stimulates cartilage
formation, protecting the cartilage matrix in OA (Table 1).

Oxytocin and fracture

In addition to its potential therapeutic role in treating
osteoporosis, OT has also shown potential in promoting the
healing and repair of the pulp-dentin complex (100). Fracture
healing is a complex process involving inflammation, healing, and
remodeling. Endogenous OT has been found to have analgesic and
anti-inflammatory effects in rats (101). Studies have revealed that
OT accelerates fracture healing by enhancing the recruitment and
differentiation of BMSCs (102). Furthermore, OT has been shown
to improve the mechanical properties of healed bones, making them
more resistant to future fractures. Following OT treatment, bones
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OT can indirectly reduce inflammatory responses by regulating MMP2 and MMP9 through T cells, as well as directly decreasing ROS to control
inflammation. In the treatment of arthritis, OT can activate the CFOS/AP-1 pathway and STAT1/JAK2 pathway, which collectively act on MMP2 and
MMP9 to alleviate cartilage degradation. The STAT1/JAK2 pathway can also increase the expression of Col2, protecting chondrocytes. Furthermore,
OT can directly increase the protein content of SOX9 and COMP, promoting chondrocyte proliferation to protect cartilage and achieve the goal of
treating arthritis. This illustration created with BioRender (https://biorender.com).

exhibit greater compressive loads, fewer pores, and larger trabecular
bone volume (47).

This is the first study demonstrating that OT can induce bone
formation in bone tissue engineering (29). Microporous b-TCP bone
substitutes loaded with OT promote bone formation by regulating the
RANKL/OPG ratio. Akay AS et al. mixed OT with poly (lactic-co-
glycolic acid) and established a cranial defect model (103). They
found that the OT carrier PLGA accelerated new bone formation in
the first four weeks. OT stimulated a reduction in bone resorption,
leading to a positive bone balance during the bone healing
process (65).

OTR is present in OBs and OCs. OT phosphorylates OTR and
activates the C-FOS pathway (39). This mechanism induces the
differentiation of BMSCs into OBs to increase bone formation and
regulates OCs to reduce bone resorption. Oxytocin also triggers the
release of calcium ions (Ca2+) and activates the Ca2+-Erkl/2
pathway. Another mechanism involves the synthesis of nitric
oxide (NO), regulating glycolysis and differentiation of OB. NO
plays a crucial role in inhibiting bone resorption (104).
Additionally, OT stimulates the secretion of PGE2 in the body
(105). PGE2 can affect nerves and the environment, activate the EP4
receptor, and promote bone formation. PGE2 also regulates
inflammation-related responses and inhibits the secretion of
norepinephrine (NE) (106, 107). NE plays a significant role in
bone metabolism, with two classical receptors, o-adrenergic
receptor (ai-AR), and B-adrenergic receptor (B-AR). NE can
promote bone formation through o-AR and B1-AR and inhibit
bone formation through $2-AR (70). In vivo, OT influences nerves
and the environment, favoring increased new bone formation. Yuka
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Kato et al. demonstrated that OT is involved in the mechanism of
dentin formation (108). Considering the impact of OT on dentin
and bone formation, OT may become a future novel
therapy (Table 1).

OT-based bone healing and repair therapies may have
significant clinical implications. By accelerating the healing
process and improving the quality of bones and muscles, OT can
shorten recovery times and improve the prognosis of patients with
fractures or those undergoing orthopedic surgery. This could have a
significant impact on the quality of life of individuals affected by
fractures, enabling them to regain mobility and functionality
more quickly.

Oxytocin and analgesia

In addition to its role in promoting bone formation, OT can also
be used to alleviate postoperative pain in orthopedic surgery (109).
OT can act as both a central and peripheral analgesic (110). Pain
information is transmitted by nociceptive receptors, traveling
through the spinal dorsal root ganglia to the spinal dorsal horn
for initial integration, and then ascending via different pathways
(spinothalamic tract, spinoreticular tract, and spinoparabrachial
tract) to the cortical areas for advanced pain integration.
Simultaneously, signals are conveyed to various midbrain
structures for processing and integration of pain information,
accompanied by parallel modulation from the pain descending
inhibitory network formed by certain cortical areas, the
hypothalamus, amygdala, and brainstem, ultimately resulting in
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“an adaptive aversive experience with sensory, emotional, cognitive,
and social components.” Using viral vector-based chemical tracing
and optogenetic techniques, it has been discovered that OT axonal
projections and OTR expression occur in various structures
associated with pain modulation, such as the superficial laminae
of the spinal dorsal horn, cingulate cortex, hippocampus, central
amygdala, periaqueductal gray, central nucleus of the amygdala, bed
nucleus of the stria terminalis, ventral tegmental area, and
periaqueductal gray or ventrolateral periaqueductal gray (111, 112).

Wabhis et al. identified a specific subtype of astrocytes expressing
OTR in the central amygdala CeL and demonstrated that OT directly
acts on these astrocytes, affecting the emotional component of
chronic pain (113). There is still controversy regarding the
peripheral analgesic mechanism of OT, with the current
mainstream view suggesting analgesia through the influence of OT-
OTR on peripheral nociceptors and dorsal root ganglia (114). It has
been confirmed that OTR is mainly expressed in the cell bodies or
proximal dendrites of DRG neurons in the peripheral nervous
system, rather than at axon terminals (Table 1). OTR is distributed
in the cell membrane and nuclear subcellular structures of DRG cells,
mainly in small-diameter DRG cells, indicating that OT may exert
pain-modulating effects by activating OTR dynamically expressed in
DRG neurons and directly utilizing primary nociceptive inputs from
DRG (114, 115). Recently, the research team led by Li found that
intravenous injection of OT in a paclitaxel-induced neuropathic pain
model inhibits Navl.7 currents by activating OT-mediated PKC
phosphorylation on DRG neurons, thereby reducing excitability
and pain transmission of DRG neurons to exert analgesic
effects (116).

Li Xiaohua et al. discovered that OT selectively blocks
presynaptic long-term potentiation, alleviating neuropathic pain
and stress (117). Nasal administration of OT is currently the main
route for pain relief (118). Additionally, OT can repair nerve
damage (119). Following OT treatment, the transmission of light
touch and nociceptive sensory nerves returns to normal (120). In
bone cancer, OT alleviates bone cancer pain by inhibiting the
upregulation of TLR4, TNFa, and IL-1B in the spinal cord (121).
Furthermore, lower levels of OT are observed during the active
phase of ankylosing spondylitis. The mechanisms by which OT
influences ankylosing spondylitis are still under investigation.

Conclusion

OT has been shown to improve myocardial hypertrophy,
regulate blood pressure, exhibit antioxidant and anti-
inflammatory properties, modulate energy metabolism, and
alleviate anxiety, among other biological functions (122-124). OT
and OTRs are widely distributed in the peripheral and central
systems, including adipocytes, osteocytes, OBs, and OCs. OT,
through specific binding to OTRs, acts on cells such as
adipocytes, OBs, and OCs, upregulating osteogenic protein
expression, inducing mineralization of OBs, inhibiting OCs, and
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ultimately promoting bone formation. Given its biological
functions, OT may serve as a therapeutic approach for conditions
such as OP, OA, and bone defects. Additionally, oxytocin can exert
analgesic effects.

Currently, the therapeutic effects of OT on bone-related diseases
are largely based on animal experiments, necessitating further
clinical trials to assess the safety and efficacy of oxytocin-based
treatments in patients. A major challenge is the need for targeted
delivery systems to ensure effective and specific delivery of OT to
target organs. Another limitation is the potential off-target effects of
OT. Due to the presence of OTRs in various tissues throughout the
body, including the cardiovascular system and the brain, there is a
risk of systemic effects. Careful dose optimization and monitoring
are required to minimize these side effects and ensure the safety of
oxytocin-based treatments. Future research should elucidate the
precise mechanisms by which OT promotes bone formation and
determine the optimal dosage and administration route for
oxytocin-based therapies.

In conclusion, OT plays a crucial role in bone metabolism.
There is immense potential in the treatment of conditions such as
OP, OA, and bone defects. By harnessing the power of OT, we may
be able to improve bone health and alleviate the pain associated
with bone disorders. OT is poised to become a novel therapeutic
agent in the field of bone treatment.

Author contributions

TW: Writing — original draft, Writing — review & editing. JY:
Writing — original draft. YZ: Writing — original draft. JL: Writing -
original draft, Writing - review & editing. TY: Writing — original
draft. YW: Writing - original draft. XJ: Writing - original draft. QY:
Writing - original draft, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This review
was supported by the National Key Research and Development
Program of China (2023YFB3813000), the National Natural and
Science Foundation of China (No. 82072400), the Science and
Technology Project of Jiangsu Province (No. BE2022718), Nanjing
International Joint Research and Development Project (202201028),
National Natural Science Foundation of China (82102567), and
Nature Science Foundation of Jiangsu Province (BK20200144).

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.

frontiersin.org


https://doi.org/10.3389/fendo.2024.1450007
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Wang et al.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Grinevich V, Knobloch-Bollmann HS, Eliava M, Busnelli M, Chini B. Assembling
the puzzle: pathways of oxytocin signaling in the brain. Biol Psychiatry. (2016) 79:155-
64. doi: 10.1016/j.biopsych.2015.04.013

2. Mustoe A, Taylor JH, French JA. Oxytocin structure and function in New World
monkeys: from pharmacology to behavior. Integr Zool. (2018) 13:634-54. doi: 10.1111/
1749-4877.12318

3. Barberis C, Mouillac B, Durroux T. Structural bases of vasopressin/oxytocin
receptor function. J Endocrinol. (1998) 156:223-9. doi: 10.1677/joe.0.1560223

4. Gimpl G, Fahrenholz F. The oxytocin receptor system: structure, function, and
regulation. Physiol Rev. (2001) 81:629-83. doi: 10.1152/physrev.2001.81.2.629

5. Jurek B, Neumann ID. The oxytocin receptor: from intracellular signaling to
behavior. Physiol Rev. (2018) 98:1805-908. doi: 10.1152/physrev.00031.2017

6. Knobloch HS, Charlet A, Hoffmann LC, Eliava M, Khrulev S, Cetin AH, et al.
Evoked axonal oxytocin release in the central amygdala attenuates fear response.
Neuron. (2012) 73:553-66. doi: 10.1016/j.neuron.2011.11.030

7. Hornberg H, Perez-Garci E, Schreiner D, Hatstatt-Burkle L, Magara F, Baudouin
S, et al. Rescue of oxytocin response and social behaviour in a mouse model of autism.
Nature. (2020) 584:252-6. doi: 10.1038/s41586-020-2563-7

8. La Fratta I, Franceschelli S, Speranza L, Patruno A, Michetti C, D'Ercole P, et al.
Salivary oxytocin, cognitive anxiety and self-confidence in pre-competition athletes. Sci
Rep. (2021) 11:16877. doi: 10.1038/s41598-021-96392-7

9. Yang M, Deng S, Jiang J, Tian M, Xiao L, Gong Y. Oxytocin improves intracerebral
hemorrhage outcomes by suppressing neuronal pyroptosis and mitochondrial fission.
Stroke. (2023) 54:1888-900. doi: 10.1161/STROKEAHA.123.043391

10. Liu CM, Spaulding MO, Rea JJ, Noble EE, Kanoski SE. Oxytocin and food intake
control: neural, behavioral, and signaling mechanisms. Int J Mol Sci. (2021) 22:18.
doi: 10.3390/ijms221910859

11. Hagihara M, Miyamichi K, Inada K. The importance of oxytocin neurons in the
supraoptic nucleus for breastfeeding in mice. PloS One. (2023) 18:e0283152.
doi: 10.1371/journal.pone.0283152

12. Jung C, Wernly B, Bjursell M, Wiseman J, Admyre T, Wikstrom J, et al. Cardiac-
Specific overexpression of oxytocin receptor leads to cardiomyopathy in mice. J Card
Fail. (2018) 24:470-8. doi: 10.1016/j.cardfail.2018.05.004

13. Breuil V, Trojani MC, Ez-Zoubir A. Oxytocin and bone: review and perspectives.
Int J Mol Sci. (2021) 22:12. doi: 10.3390/ijms22168551

14. Yu WJ, Shi HL, Wu XQ, Du YP, Li HL, Tang W7, et al. Association between
serum oxytocin, bone mineral density and body composition in Chinese adult females.
Medicina (Kaunas). (2022) 58:11. doi: 10.3390/medicina58111625

15. Colaianni G, Sun L, Zaidi M, Zallone A. The "love hormone" oxytocin regulates
the loss and gain of the fat-bone relationship. Front Endocrinol (Lausanne). (2015) 6:79.
doi: 10.3389/fend0.2015.00079

16. Beranger GE, Pisani DF, Castel ], Djedaini M, Battaglia S, Amiaud J, et al.
Oxytocin reverses ovariectomy-induced osteopenia and body fat gain. Endocrinology.
(2014) 155:1340-52. doi: 10.1210/en.2013-1688

17. Dale HH. On some physiological actions of ergot. ] Physiol. (1906) 34:163-206.
doi: 10.1113/jphysiol.1906.sp001148

18. Bell WB. The pituitary body and the therapeutic value of the infundibular extract in
shock, uterine atony, and intestinal paresis. Br Med J. (1909) 2:1609-13. doi: 10.1136/
bmj.2.2553.1609

19. Kamm O. THE DIALYSIS OF PITUITARY EXTRACTS. Science. (1928) 67:199-
200. doi: 10.1126/science.67.1729.199

20. Vigneaud VD, Ressler C, Swan CJM, Roberts CW, Katsoyannis PG, Gordon S.
The synthesis of an octapeptide amide with the hormonal activity of oxytocin. ] Am
Chem Soc. (1953) 75:4879-80. doi: 10.1021/ja01115a553

21. Du Vigneaud V, Ressler C, Trippett S. The sequence of amino acids in oxytocin,
with a proposal for the structure of oxytocin. J Biol Chem. (1953) 205:949-57.
doi: 10.1016/S0021-9258(18)49238-1

22. Campanacci L. [Synthesis of oxytocin and vasopressin]. G Clin Med. (1955)
36:1475-8.

23. Kimura T, Tanizawa O, Mori K, Brownstein MJ, Okayama H. Structure and
expression of a human oxytocin receptor. Nature. (1992) 356:526-9. doi: 10.1038/356526a0

24. Copland JA, Ives KL, Simmons DJ, Soloff MS. Functional oxytocin receptors

discovered in human osteoblasts. Endocrinology. (1999) 140:4371-4. doi: 10.1210/
endo.140.9.7130

Frontiers in Endocrinology

10.3389/fendo.2024.1450007

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.

25. Golde B. New clues into the etiology of osteoporosis: the effects of prostaglandins
(E2 and F2 alpha) on bone. Med Hypotheses. (1992) 38:125-31. doi: 10.1016/0306-9877
(92)90085-Q

26. Froemke RC, Young LJ. Oxytocin, neural plasticity, and social behavior. Annu
Rev Neurosci. (2021) 44:359-81. doi: 10.1146/annurev-neuro-102320-102847

27. Carter CS, Kenkel WM, MacLean EL, Wilson SR, Perkeybile AM, Yee JR, et al. I's
oxytocin "Nature's medicine"? Pharmacol Rev. (2020) 72:829-61. doi: 10.1124/
pr.120.019398

28. Colucci S, Colaianni G, Mori G, Grano M, Zallone A. Human osteoclasts express
oxytocin receptor. Biochem Biophys Res Commun. (2002) 297:442-5. doi: 10.1016/
$0006-291X(02)02009-0

29. Park JW, Kim JM, Lee HJ, Jeong SH, Suh JY, Hanawa T. Bone healing with
oxytocin-loaded microporous beta-TCP bone substitute in ectopic bone formation
model and critical-sized osseous defect of rat. J Clin Periodontol. (2014) 41:181-90.
doi: 10.1111/jcpe.12198

30. Feixiang L, Yanchen F, Xiang L, Yunke Z, Jinxin M, Jianru W, et al. The
mechanism of oxytocin and its receptors in regulating cells in bone metabolism. Front
Pharmacol. (2023) 14:1171732. doi: 10.3389/fphar.2023.1171732

31. Sinclair MS, Perea-Martinez I, Dvoryanchikov G, Yoshida M, Nishimori K,
Roper SD, et al. Oxytocin signaling in mouse taste buds. PloS One. (2010) 5:e11980.
doi: 10.1371/journal.pone.0011980

32. Fanelli F, Barbier P, Zanchetta D, de Benedetti PG, Chini B. Activation
mechanism of human oxytocin receptor: a combined study of experimental and
computer-simulated mutagenesis. Mol Pharmacol. (1999) 56:214-25. doi: 10.1124/
mol.56.1.214

33. Scheer A, Fanelli F, Costa T, De Benedetti PG, Cotecchia S. Constitutively active
mutants of the alpha 1B-adrenergic receptor: role of highly conserved polar amino
acids in receptor activation. EMBO J. (1996) 15:3566-78. doi: 10.1002/
embj.1996.15.issue-14

34. Alqudah M, Razzaq RA, Alfagih MA, Al-Shboul O, Al-Dwairi A, Taha S.
Mechanism of oxytocin-induced contraction in rat gastric circular smooth muscle.
Int ] Mol Sci. (2022) 24:12. doi: 10.3390/ijms24010441

35. Pierzynowska K, Gaffke L, Zabifiska M, Cyske Z, Rintz E, Wisniewska K, et al.
Roles of the oxytocin receptor (OXTR) in human diseases. Int ] Mol Sci. (2023) 24:21.
doi: 10.3390/ijms24043887

36. Zaidi M, Yuen T, Kim SM. Pituitary crosstalk with bone, adipose tissue and
brain. Nat Rev Endocrinol. (2023) 19:708-21. doi: 10.1038/s41574-023-00894-5

37. Zhang P, Dong J, Fan X, Yong J, Yang M, Liu Y, et al. Characterization of
mesenchymal stem cells in human fetal bone marrow by single-cell transcriptomic and
functional analysis. Signal Transduct Target Ther. (2023) 8:126. doi: 10.1038/s41392-
023-01338-2

38. Fallahnezhad S, Piryaei A, Darbandi H, Amini A, Ghoreishi SK, Jalalifirouzkouhi
R, et al. Effect of low-level laser therapy and oxytocin on osteoporotic bone marrow-
derived mesenchymal stem cells. J Cell Biochem. (2018) 119:983-97. doi: 10.1002/
jcb.26265

39. Santos LF, Singulani MP, Stringhetta-Garcia CT, Oliveira SHP, Chaves-Neto
AH, Dornelles RCM. Oxytocin effects on osteoblastic differentiation of Bone Marrow
Mesenchymal Stem Cells from adult and aging female Wistar rats. Exp Gerontol. (2018)
113:58-63. doi: 10.1016/j.exger.2018.09.023

40. Fallahnezhad S, Jajarmi V, Shahnavaz S, Amini A, Ghoreishi SK, Kazemi M, et al.
Improvement in viability and mineralization of osteoporotic bone marrow
mesenchymal stem cell through combined application of photobiomodulation
therapy and oxytocin. Lasers Med Sci. (2020) 35:557-66. doi: 10.1007/s10103-019-
02848-8

41. Elabd C, Basillais A, Beaupied H, Breuil V, Wagner N, Scheideler M, et al.
Oxytocin controls differentiation of human mesenchymal stem cells and reverses
osteoporosis. Stem Cells. (2008) 26:2399-407. doi: 10.1634/stemcells.2008-0127

42. Amri EZ, Pisani DF. Control of bone and fat mass by oxytocin. Horm Mol Biol
Clin Investig. (2016) 28:95-104. doi: 10.1515/hmbci-2016-0045

43. Di Benedetto A, Sun L, Zambonin CG, Tamma R, Nico B, Calvano CD, et al.
Osteoblast regulation via ligand-activated nuclear trafficking of the oxytocin receptor.
Proc Natl Acad Sci U.S.A. (2014) 111:16502-7. doi: 10.1073/pnas.1419349111

44. Ge B, Liu H, Liang Q, Shang L, Wang T, Ge S. Oxytocin facilitates the
proliferation, migration and osteogenic differentiation of human periodontal stem
cells. vitro. Arch Oral Biol. (2019) 99:126-33. doi: 10.1016/j.archoralbio.2019.01.007

frontiersin.org


https://doi.org/10.1016/j.biopsych.2015.04.013
https://doi.org/10.1111/1749-4877.12318
https://doi.org/10.1111/1749-4877.12318
https://doi.org/10.1677/joe.0.1560223
https://doi.org/10.1152/physrev.2001.81.2.629
https://doi.org/10.1152/physrev.00031.2017
https://doi.org/10.1016/j.neuron.2011.11.030
https://doi.org/10.1038/s41586-020-2563-7
https://doi.org/10.1038/s41598-021-96392-7
https://doi.org/10.1161/STROKEAHA.123.043391
https://doi.org/10.3390/ijms221910859
https://doi.org/10.1371/journal.pone.0283152
https://doi.org/10.1016/j.cardfail.2018.05.004
https://doi.org/10.3390/ijms22168551
https://doi.org/10.3390/medicina58111625
https://doi.org/10.3389/fendo.2015.00079
https://doi.org/10.1210/en.2013-1688
https://doi.org/10.1113/jphysiol.1906.sp001148
https://doi.org/10.1136/bmj.2.2553.1609
https://doi.org/10.1136/bmj.2.2553.1609
https://doi.org/10.1126/science.67.1729.199
https://doi.org/10.1021/ja01115a553
https://doi.org/10.1016/S0021-9258(18)49238-1
https://doi.org/10.1038/356526a0
https://doi.org/10.1210/endo.140.9.7130
https://doi.org/10.1210/endo.140.9.7130
https://doi.org/10.1016/0306-9877(92)90085-Q
https://doi.org/10.1016/0306-9877(92)90085-Q
https://doi.org/10.1146/annurev-neuro-102320-102847
https://doi.org/10.1124/pr.120.019398
https://doi.org/10.1124/pr.120.019398
https://doi.org/10.1016/S0006-291X(02)02009-0
https://doi.org/10.1016/S0006-291X(02)02009-0
https://doi.org/10.1111/jcpe.12198
https://doi.org/10.3389/fphar.2023.1171732
https://doi.org/10.1371/journal.pone.0011980
https://doi.org/10.1124/mol.56.1.214
https://doi.org/10.1124/mol.56.1.214
https://doi.org/10.1002/embj.1996.15.issue-14
https://doi.org/10.1002/embj.1996.15.issue-14
https://doi.org/10.3390/ijms24010441
https://doi.org/10.3390/ijms24043887
https://doi.org/10.1038/s41574-023-00894-5
https://doi.org/10.1038/s41392-023-01338-2
https://doi.org/10.1038/s41392-023-01338-2
https://doi.org/10.1002/jcb.26265
https://doi.org/10.1002/jcb.26265
https://doi.org/10.1016/j.exger.2018.09.023
https://doi.org/10.1007/s10103-019-02848-8
https://doi.org/10.1007/s10103-019-02848-8
https://doi.org/10.1634/stemcells.2008-0127
https://doi.org/10.1515/hmbci-2016-0045
https://doi.org/10.1073/pnas.1419349111
https://doi.org/10.1016/j.archoralbio.2019.01.007
https://doi.org/10.3389/fendo.2024.1450007
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Wang et al.

45. Tamma R, Colaianni G, Zhu LL, DiBenedetto A, Greco G, Montemurro G, et al.
Oxytocin is an anabolic bone hormone. Proc Natl Acad Sci U.S.A. (2009) 106:7149-54.
doi: 10.1073/pnas.0901890106

46. Nicks KM, Fowler TW, Gaddy D. Reproductive hormones and bone. Curr
Osteoporos Rep. (2010) 8:60-7. doi: 10.1007/s11914-010-0014-3

47. Fernandes-Breitenbach F, Peres-Ueno MJ, Santos LFG, Brito VGB, Castoldi RC,
Louzada MJQ, et al. Analysis of the femoral neck from rats in the periestropause treated
with oxytocin and submitted to strength training. Bome. (2022) 162:116452.
doi: 10.1016/j.bone.2022.116452

48. Takegahara N, Kim H, Choi Y. Unraveling the intricacies of osteoclast
differentiation and maturation: insight into novel therapeutic strategies for bone-
destructive diseases. Exp Mol Med. (2024) 56:9. doi: 10.1038/s12276-024-01157-7

49. Wang LT, Chen LR, Chen KH. Hormone-related and drug-induced
osteoporosis: A cellular and molecular overview. Int J Mol Sci. (2023) 24:12.
doi: 10.3390/ijms24065814

50. Assinder SJ. The importance of experimental investigation of the peripheral
oxytocin system. Methods Mol Biol. (2022) 2384:1-27. doi: 10.1007/978-1-0716-1759-
5.1

51. Altay B, Dede EC, Ozgul O, Atil F, Kocyigit ID, Orhan K, et al. Effect of systemic
oxytocin administration on new bone formation and distraction rate in rabbit
mandible. J Oral Maxillofac Surg. (2020) 78:1171-82. doi: 10.1016/j.joms.2020.03.005

52. Moghazy H, Abdeen Mahmoud A, Elbadre H, Abdel Aziz HO. Protective effect
of oxytocin against bone loss in a female rat model of osteoporosis. Rep Biochem Mol
Biol. (2020) 9:147-55. doi: 10.29252/rbmb.9.2.147

53. Chen S, Liu H, Wang Y, Wang S, Yang B, Sun D, et al. Overexpression of
IncRNA LINC00665 inhibits the proliferation and chondroblast differentiation of bone
marrow mesenchymal stem cells by targeting miR-214-3p. J Orthop Surg Res. (2024)
19:2. doi: 10.1186/s13018-023-04475-0

54. Cheng S, Xu X, Wang R, Chen W, Qin K, Yan J. Chondroprotective effects of
bone marrow mesenchymal stem cell-derived exosomes in osteoarthritis. ] Bioenerg
Biomembr. (2024) 56:31-44. doi: 10.1007/s10863-023-09991-6

55. Wu Y, Wu T, Xu B, Xu X, Chen H, Li X. Oxytocin prevents cartilage matrix
destruction via regulating matrix metalloproteinases. Biochem Biophys Res Commun.
(2017) 486:601-6. doi: 10.1016/j.bbrc.2017.02.115

56. Ferrero S, Amri EZ, Roux CH. Relationship between oxytocin and osteoarthritis:
hope or despair? Int J Mol Sci. (2021) 22:11. doi: 10.3390/ijms222111784

57. Roux CH, Pisani DF, Gillet P, Fontas E, Yahia HB, Djedaini M, et al. Oxytocin
controls chondrogenesis and correlates with osteoarthritis. Int ] Mol Sci. (2020) 21:12.
doi: 10.3390/ijms21113966

58. Shan L, Yang X, Liao X, Yang Z, Zhou J, Li X, et al. Histone demethylase KDM7A
regulates bone homeostasis through balancing osteoblast and osteoclast differentiation.
Cell Death Dis. (2024) 15:136. doi: 10.1038/s41419-024-06521-z

59. Von Bank H, Kirsh C, Simcox J. Aging adipose: Depot location dictates age-
associated expansion and dysfunction. Ageing Res Rev. (2021) 67:101259. doi: 10.1016/
j.arr.2021.101259

60. LiJ, Lu L, Liu L, Wang C, Xie Y, Li H, et al. The unique role of bone marrow
adipose tissue in ovariectomy-induced bone loss in mice. Endocrine. (2024) 83:77-91.
doi: 10.1007/s12020-023-03504-6

61. Petrocelli G, Abruzzo PM, Pampanella L, Tassinari R, Marini S, Zamagni E, et al.
Oxytocin modulates osteogenic commitment in human adipose-derived stem cells. Int ]
Mol Sci. (2023) 24:25. doi: 10.3390/ijms241310813

62. Wang ZX, Luo ZW, Li FX, Cao J, Rao SS, Liu YW, et al. Aged bone matrix-
derived extracellular vesicles as a messenger for calcification paradox. Nat Commun.
(2022) 13:1453. doi: 10.1038/s41467-022-29191-x

63. CuiY,LvB,LiZ, Ma C, Gui Z, Geng Y, et al. Bone-targeted biomimetic nanogels
re-establish osteoblast/osteoclast balance to treat postmenopausal osteoporosis. Small.
(2024) 20:€2303494. doi: 10.1002/smll.202303494

64. Colaianni G, Sun L, Di Benedetto A, Tamma R, Zhu LL, Cao J, et al. Bone
marrow oxytocin mediates the anabolic action of estrogen on the skeleton. J Biol Chem.
(2012) 287:29159-67. doi: 10.1074/jbc.M112.365049

65. Tunheim EG, Skallevold HE, Rokaya D. Role of hormones in bone remodeling in
the craniofacial complex: A review. J Oral Biol Craniofac Res. (2023) 13:210-7.
doi: 10.1016/j.jobcr.2023.01.009

66. Sun L, Lizneva D, Ji Y, Colaianni G, Hadelia E, Gumerova A, et al. Oxytocin
regulates body composition. Proc Natl Acad Sci U.S.A. (2019) 116:26808-15.
doi: 10.1073/pnas.1913611116

67. Colaianni G, Sun L, Zaidi M, Zallone A. Oxytocin and bone. Am J Physiol Regul
Integr Comp Physiol. (2014) 307:R970-977. doi: 10.1152/ajpregu.00040.2014

68. Zaidi M, New M], Blair HC, Zallone A, Baliram R, Davies TF, et al. Actions of
pituitary hormones beyond traditional targets. ] Endocrinol. (2018) 237:R83-r98.
doi: 10.1530/JOE-17-0680

69. Yuen T, Sun L, Liu P, Blair HC, New M, Zallone A, et al. Beyond reproduction:
pituitary hormone actions on bone. Prog Mol Biol Transl Sci. (2016) 143:175-85.
doi: 10.1016/bs.pmbts.2016.08.004

70. Wan QQ, Qin WP, Ma YX, Shen MJ, Li ], Zhang ZB, et al. Crosstalk between bone
and nerves within bone. Adv Sci (Weinh). (2021) 8:2003390. doi: 10.1002/advs.202003390

Frontiers in Endocrinology

11

10.3389/fendo.2024.1450007

71. Zhao D, Wu J, Acosta FM, Xu H, Jiang JX. Connexin 43 hemichannels and
prostaglandin E2 release in anabolic function of the skeletal tissue to mechanical
stimulation. Front Cell Dev Biol. (2023) 11. doi: 10.3389/fcell.2023.1151838

72. Wu Y, Liu M, Zhou H, He X, Shi W, Yuan Q, et al. COX-2/PGE(2)/VEGF
signaling promotes ERK-mediated BMSCs osteogenic differentiation under hypoxia by
the paracrine action of ECs. Cytokine. (2023) 161:156058. doi: 10.1016/
j.cyt0.2022.156058

73. Jiang W, Jin Y, Zhang S, Ding Y, Huo K, Yang J, et al. PGE2 activates EP4 in
subchondral bone osteoclasts to regulate osteoarthritis. Bone Res. (2022) 10:27.
doi: 10.1038/s41413-022-00201-4

74. Elabd SK, Sabry I, Mohasseb M, Algendy A. Oxytocin as a novel therapeutic
option for type I diabetes and diabetic osteopathy. Endocr Regul. (2014) 48:87-102.
doi: 10.4149/endo_2014_02_87

75. Thomas T. The complex effects of leptin on bone metabolism through multiple
pathways. Curr Opin Pharmacol. (2004) 4:295-300. doi: 10.1016/j.coph.2004.01.009

76. Zhang ], Liu S, He Z, Liu H, Liu Y, Hu P, et al. Adiponectin overexpression
promotes fracture healing through regulating the osteogenesis and adipogenesis
balance in osteoporotic mice. ] Bone Miner Metab. (2023) 41:457-69. doi: 10.1007/
s00774-023-01420-3

77. Inoue K, Qin Y, Xia Y, Han J, Yuan R, Sun J, et al. Bone marrow Adipoq-lineage
progenitors are a major cellular source of M-CSF that dominates bone marrow
macrophage development, osteoclastogenesis, and bone mass. Elife. (2023) 12:12.
doi: 10.7554/eLife.82118.sa2

78. Tu WJ, Zhang YH, Wang XT, Zhang M, Jiang KY, Jiang S. Osteocalcin activates
lipophagy via the ADPN-AMPK/PPARo-mTOR signaling pathway in chicken
embryonic hepatocyte. Poult Sci. (2024) 103:103293. doi: 10.1016/j.ps}.2023.103293

79. Li X, Xu ], Dai B, Wang X, Guo Q, Qin L. Targeting autophagy in osteoporosis:
From pathophysiology to potential therapy. Ageing Res Rev. (2020) 62:101098.
doi: 10.1016/j.arr.2020.101098

80. Chotiyarnwong P, McCloskey EV. Pathogenesis of glucocorticoid-induced
osteoporosis and options for treatment. Nat Rev Endocrinol. (2020) 16:437-47.
doi: 10.1038/s41574-020-0341-0

81. Fernandes F, Stringhetta-Garcia CT, Peres-Ueno MJ, Fernandes F, Nicola AC,
Castoldi RC, et al. Oxytocin and bone quality in the femoral neck of rats in
periestropause. Sci Rep. (2020) 10:7937. doi: 10.1038/s41598-020-64683-0

82. Almeida M, Laurent MR, Dubois V, Claessens F, O'Brien CA, Bouillon R, et al.
Estrogens and androgens in skeletal physiology and pathophysiology. Physiol Rev.
(2017) 97:135-87. doi: 10.1152/physrev.00033.2015

83. Colaianni G, Di Benedetto A, Zhu LL, Tamma R, Li ], Greco G, et al. Regulated
production of the pituitary hormone oxytocin from murine and human osteoblasts.
Biochem Biophys Res Commun. (2011) 411:512-5. doi: 10.1016/j.bbrc.2011.06.158

84. Du Y, Xu C, Shi H, Jiang X, Tang W, Wu X, et al. Serum concentrations of
oxytocin, DHEA and follistatin are associated with osteoporosis or sarcopenia in
community-dwelling postmenopausal women. BMC Geriatr. (2021) 21:542.
doi: 10.1186/512877-021-02481-7

85. Magliulo L, Bondi D, Pini N, Marramiero L, Di Filippo ES. The wonder
exerkines-novel insights: a critical state-of-the-art review. Mol Cell Biochem. (2022)
477:105-13. doi: 10.1007/s11010-021-04264-5

86. Qiu Y, Tang C, Serrano-Sosa M, Hu J, Zhu J, Tang G, et al. Bone
microarchitectural parameters can detect oxytocin induced changes prior to bone
density on mitigating bone deterioration in rabbit osteoporosis model using micro-CT.
BMC Musculoskelet Disord. (2019) 20:560. doi: 10.1186/s12891-019-2861-0

87. Santos LFG, Fernandes-Breitenbach F, Silva RAS, Santos DR, Peres-Ueno M]J,
Ervolino E, et al. The action of oxytocin on the bone of senescent female rats. Life Sci.
(2022) 297:120484. doi: 10.1016/j.1fs.2022.120484

88. Aulinas A, Guarda FJ, Yu EW, Haines MS, Asanza E, Silva L, et al. Lower
oxytocin levels are associated with lower bone mineral density and less favorable hip
geometry in hypopituitary men. Neuroendocrinology. (2021) 111:87-98. doi: 10.1159/
000506638

89. Kelly RR, McDonald LT, Jensen NR, Sidles SJ, LaRue AC. Impacts of
psychological stress on osteoporosis: clinical implications and treatment interactions.
Front Psychiatry. (2019) 10:200. doi: 10.3389/fpsyt.2019.00200

90. Yi KJ, So KH, Hata Y, Suzuki Y, Kato D, Watanabe K, et al. The regulation of
oxytocin receptor gene expression during adipogenesis. J Neuroendocrinol. (2015)
27:335-42. doi: 10.1111/jne.12268

91. Katz JN, Arant KR, Loeser RF. Diagnosis and treatment of hip and knee
osteoarthritis: A review. Jama. (2021) 325:568-78. doi: 10.1001/jama.2020.22171

92. Gu Y, Ren K, Wang L, Yao Q. Loss of Klotho contributes to cartilage damage.
Aging (Albany NY). (2019) 11:12793-809. doi: 10.18632/aging.v11i24

93. Nishimura H, Kawasaki M, Suzuki H, Matsuura T, Baba K, Motojima Y, et al.
The neurohypophysial oxytocin and arginine vasopressin system is activated in a knee
osteoarthritis rat model. J Neuroendocrinol. (2020) 32:e12892. doi: 10.1111/jne.12892

94. Carrasco E, Gomez de Las Heras MM, Gabandé-Rodriguez E, Desdin-Mico G,
Aranda JF, Mittelbrunn M. The role of T cells in age-related diseases. Nat Rev Immunol.
(2022) 22:97-111. doi: 10.1038/s41577-021-00557-4

95. Colaianni G, Tamma R, Di Benedetto A, Yuen T, Sun L, Zaidi M, et al. The
oxytocin-bone axis. ] Neuroendocrinol. (2014) 26:53-7. doi: 10.1111/jne.12120

frontiersin.org


https://doi.org/10.1073/pnas.0901890106
https://doi.org/10.1007/s11914-010-0014-3
https://doi.org/10.1016/j.bone.2022.116452
https://doi.org/10.1038/s12276-024-01157-7
https://doi.org/10.3390/ijms24065814
https://doi.org/10.1007/978-1-0716-1759-5_1
https://doi.org/10.1007/978-1-0716-1759-5_1
https://doi.org/10.1016/j.joms.2020.03.005
https://doi.org/10.29252/rbmb.9.2.147
https://doi.org/10.1186/s13018-023-04475-0
https://doi.org/10.1007/s10863-023-09991-6
https://doi.org/10.1016/j.bbrc.2017.02.115
https://doi.org/10.3390/ijms222111784
https://doi.org/10.3390/ijms21113966
https://doi.org/10.1038/s41419-024-06521-z
https://doi.org/10.1016/j.arr.2021.101259
https://doi.org/10.1016/j.arr.2021.101259
https://doi.org/10.1007/s12020-023-03504-6
https://doi.org/10.3390/ijms241310813
https://doi.org/10.1038/s41467-022-29191-x
https://doi.org/10.1002/smll.202303494
https://doi.org/10.1074/jbc.M112.365049
https://doi.org/10.1016/j.jobcr.2023.01.009
https://doi.org/10.1073/pnas.1913611116
https://doi.org/10.1152/ajpregu.00040.2014
https://doi.org/10.1530/JOE-17-0680
https://doi.org/10.1016/bs.pmbts.2016.08.004
https://doi.org/10.1002/advs.202003390
https://doi.org/10.3389/fcell.2023.1151838
https://doi.org/10.1016/j.cyto.2022.156058
https://doi.org/10.1016/j.cyto.2022.156058
https://doi.org/10.1038/s41413-022-00201-4
https://doi.org/10.4149/endo_2014_02_87
https://doi.org/10.1016/j.coph.2004.01.009
https://doi.org/10.1007/s00774-023-01420-3
https://doi.org/10.1007/s00774-023-01420-3
https://doi.org/10.7554/eLife.82118.sa2
https://doi.org/10.1016/j.psj.2023.103293
https://doi.org/10.1016/j.arr.2020.101098
https://doi.org/10.1038/s41574-020-0341-0
https://doi.org/10.1038/s41598-020-64683-0
https://doi.org/10.1152/physrev.00033.2015
https://doi.org/10.1016/j.bbrc.2011.06.158
https://doi.org/10.1186/s12877-021-02481-7
https://doi.org/10.1007/s11010-021-04264-5
https://doi.org/10.1186/s12891-019-2861-0
https://doi.org/10.1016/j.lfs.2022.120484
https://doi.org/10.1159/000506638
https://doi.org/10.1159/000506638
https://doi.org/10.3389/fpsyt.2019.00200
https://doi.org/10.1111/jne.12268
https://doi.org/10.1001/jama.2020.22171
https://doi.org/10.18632/aging.v11i24
https://doi.org/10.1111/jne.12892
https://doi.org/10.1038/s41577-021-00557-4
https://doi.org/10.1111/jne.12120
https://doi.org/10.3389/fendo.2024.1450007
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Wang et al.

96. Deng Z, Zhang Q, Zhao Z, Li Y, Chen X, Lin Z, et al. Crosstalk between immune
cells and bone cells or chondrocytes. Int Immunopharmacol. (2021) 101:108179.
doi: 10.1016/j.intimp.2021.108179

97. Yuan L, Liu S, Bai X, Gao Y, Liu G, Wang X, et al. Oxytocin inhibits
lipopolysaccharide-induced inflammation in microglial cells and attenuates
microglial activation in lipopolysaccharide-treated mice. J Neuroinflamm. (2016)
13:77. doi: 10.1186/s12974-016-0541-7

98. Szeto A, Nation DA, Mendez AJ, Dominguez-Bendala J, Brooks LG,
Schneiderman N, et al. Oxytocin attenuates NADPH-dependent superoxide activity
and IL-6 secretion in macrophages and vascular cells. Am ] Physiol Endocrinol Metab.
(2008) 295:E1495-1501. doi: 10.1152/ajpendo.90718.2008

99. Rimoldi V, Reversi A, Taverna E, Rosa P, Francolini M, Cassoni P, et al.
Oxytocin receptor elicits different EGFR/MAPK activation patterns depending on its
localization in caveolin-1 enriched domains. Oncogene. (2003) 22:6054-60.
doi: 10.1038/sj.0nc.1206612

100. JungJW, Park SY, Seo EJ, Jang IH, Park Y, Lee D, et al. Functional expression of
oxytocin receptors in pulp-dentin complex. Biomaterials. (2023) 293:121977.
doi: 10.1016/j.biomaterials.2022.121977

101. Nishimura H, Yoshimura M, Shimizu M, Sanada K, Sonoda S, Nishimura K,
et al. Endogenous oxytocin exerts anti-nociceptive and anti-inflammatory effects in
rats. Commun Biol. (2022) 5:907. doi: 10.1038/s42003-022-03879-8

102. Kim SM, Sultana F, Korkmaz F, Lizneva D, Yuen T, Zaidi M. Independent
skeletal actions of pituitary hormones. Endocrinol Metab (Seoul). (2022) 37:719-31.
doi: 10.3803/EnM.2022.1573

103. Akay AS, Arisan V, Cevher E, Sessevmez M, Cam B. Oxytocin-loaded
sustained-release hydrogel graft provides accelerated bone formation: An
experimental rat study. J Orthop Res. (2020) 38:1676-87. doi: 10.1002/jor.24607

104. Jin Z, Kho J, Dawson B, Jiang MM, Chen Y, Ali S, et al. Nitric oxide modulates
bone anabolism through regulation of osteoblast glycolysis and differentiation. J Clin
Invest. (2021) 131:13. doi: 10.1172/JCI138935

105. Assinder SJ, Boumelhem BB. Oxytocin stimulates lipolysis, prostaglandin E(2)
synthesis, and leptin secretion in 3T3-L1 adipocytes. Mol Cell Endocrinol. (2021)
534:111381. doi: 10.1016/j.mce.2021.111381

106. Hu B, Lv X, Chen H, Xue P, Gao B, Wang X, et al. Sensory nerves regulate
mesenchymal stromal cell lineage commitment by tuning sympathetic tones. J Clin
Invest. (2020) 130:3483-98. doi: 10.1172/JCI131554

107. Tsukasaki M, Takayanagi H. Osteoimmunology: evolving concepts in bone-
immune interactions in health and disease. Nat Rev Immunol. (2019) 19:626-42.
doi: 10.1038/s41577-019-0178-8

108. Kato Y, Yokose S. Oxytocin facilitates dentinogenesis of rat dental pulp cells.
J Endod. (2021) 47:592-9. doi: 10.1016/j.joen.2020.12.017

109. Yang FJ, Ma L, Yang J, Zhu ZL, Wang CH. Intranasal vasopressin relieves
orthopedic pain after surgery. Pain Manag Nurs. (2019) 20:126-32. doi: 10.1016/
j.pmn.2018.06.001

110. LiuR, Sun D, Xing X, Chen Q, Lu B, Meng B, et al. Intranasal oxytocin alleviates
comorbid depressive symptoms in neuropathic pain via elevating hippocampal BDNF

Frontiers in Endocrinology

12

10.3389/fendo.2024.1450007

production in both female and male mice. Neuropharmacology. (2024) 242:109769.
doi: 10.1016/j.neuropharm.2023.109769

111. Poisbeau P, Grinevich V, Charlet A. Oxytocin signaling in pain: cellular, circuit,
system, and behavioral levels. Curr Top Behav Neurosci. (2018) 35:193-211.
doi: 10.1007/7854_2017_14

112. Cragg B, Ji G, Neugebauer V. Differential contributions of vasopressin V1A and
oxytocin receptors in the amygdala to pain-related behaviors in rats. Mol Pain. (2016)
12:7. doi: 10.1177/1744806916676491

113. Wahis J, Baudon A, Althammer F, Kerspern D, Goyon S, Hagiwara D, et al.
Astrocytes mediate the effect of oxytocin in the central amygdala on neuronal activity
and affective states in rodents. Nat Neurosci. (2021) 24:529-41. doi: 10.1038/s41593-
021-00800-0

114. Zheng H, Lim JY, Kim Y, Jung ST, Hwang SW. The role of oxytocin,
vasopressin, and their receptors at nociceptors in peripheral pain modulation. Front
Neuroendocrinol. (2021) 63:100942. doi: 10.1016/j.yfrne.2021.100942

115. Noguri T, Hatakeyama D, Kitahashi T, Oka K, Ito E. Profile of dorsal root
ganglion neurons: study of oxytocin expression. Mol Brain. (2022) 15:44. doi: 10.1186/
$13041-022-00927-6

116. LiL,Li P, Guo J, Wu Y, Zeng Q, Li N, et al. Up-regulation of oxytocin receptors
on peripheral sensory neurons mediates analgesia in chemotherapy-induced
neuropathic pain. Br J Pharmacol. (2023) 180:1730-47. doi: 10.1111/bph.16042

117. Li XH, Matsuura T, Xue M, Chen QY, Liu RH, Lu JS, et al. Oxytocin in the
anterior cingulate cortex attenuates neuropathic pain and emotional anxiety by
inhibiting presynaptic long-term potentiation. Cell Rep. (2021) 36:109411.
doi: 10.1016/j.celrep.2021.109411

118. Lopes S, Osorio FL. Effects of intranasal oxytocin on pain perception among
human subjects: A systematic literature review and meta-analysis. Horm Behav. (2023)
147:105282. doi: 10.1016/j.yhbeh.2022.105282

119. Severino AL, Chen R, Hayashida K, Aschenbrenner CA, Sun H, Peters CM,
et al. Plasticity and function of spinal oxytocin and vasopressin signaling during
recovery from surgery with nerve injury. Anesthesiology. (2018) 129:544-56.
doi: 10.1097/ALN.0000000000002290

120. Boada MD, Gutierrez S, Eisenach JC. Peripheral oxytocin restores light touch
and nociceptor sensory afferents towards normal after nerve injury. Pain. (2019)
160:1146-55. doi: 10.1097/j.pain.0000000000001495

121. Mou X, Fang J, Yang A, Du G. Oxytocin ameliorates bone cancer pain by
suppressing toll-like receptor 4 and proinflammatory cytokines in rat spinal cord.
J Neurogenet. (2020) 34:216-22. doi: 10.1080/01677063.2019.1711077

122. Yang Y, Wang Z, Yao M, Xiong W, Wang J, Fang Y, et al. Oxytocin Protects
Against Isoproterenol-Induced Cardiac Hypertrophy by Inhibiting PI3K/AKT Pathway
via a IncRNA GAS5/miR-375-3p/KLF4-Dependent Mechanism. Front Pharmacol.
(2021) 12:766024. doi: 10.3389/fphar.2021.766024

123. Kerem L, Lawson EA. The effects of oxytocin on appetite regulation, food intake
and metabolism in humans. Int ] Mol Sci. (2021) 22:12. doi: 10.3390/ijms22147737

124. Jankowski M, Broderick TL, Gutkowska J. The role of oxytocin in cardiovascular
protection. Front Psychol. (2020) 11:2139. doi: 10.3389/fpsyg.2020.02139

frontiersin.org


https://doi.org/10.1016/j.intimp.2021.108179
https://doi.org/10.1186/s12974-016-0541-7
https://doi.org/10.1152/ajpendo.90718.2008
https://doi.org/10.1038/sj.onc.1206612
https://doi.org/10.1016/j.biomaterials.2022.121977
https://doi.org/10.1038/s42003-022-03879-8
https://doi.org/10.3803/EnM.2022.1573
https://doi.org/10.1002/jor.24607
https://doi.org/10.1172/JCI138935
https://doi.org/10.1016/j.mce.2021.111381
https://doi.org/10.1172/JCI131554
https://doi.org/10.1038/s41577-019-0178-8
https://doi.org/10.1016/j.joen.2020.12.017
https://doi.org/10.1016/j.pmn.2018.06.001
https://doi.org/10.1016/j.pmn.2018.06.001
https://doi.org/10.1016/j.neuropharm.2023.109769
https://doi.org/10.1007/7854_2017_14
https://doi.org/10.1177/1744806916676491
https://doi.org/10.1038/s41593-021-00800-0
https://doi.org/10.1038/s41593-021-00800-0
https://doi.org/10.1016/j.yfrne.2021.100942
https://doi.org/10.1186/s13041-022-00927-6
https://doi.org/10.1186/s13041-022-00927-6
https://doi.org/10.1111/bph.16042
https://doi.org/10.1016/j.celrep.2021.109411
https://doi.org/10.1016/j.yhbeh.2022.105282
https://doi.org/10.1097/ALN.0000000000002290
https://doi.org/10.1097/j.pain.0000000000001495
https://doi.org/10.1080/01677063.2019.1711077
https://doi.org/10.3389/fphar.2021.766024
https://doi.org/10.3390/ijms22147737
https://doi.org/10.3389/fpsyg.2020.02139
https://doi.org/10.3389/fendo.2024.1450007
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Role of oxytocin in bone
	Introduction
	Timeline of oxytocin discoveries
	Oxytocin receptor
	Direct effect of oxytocin: regulating bone metabolism cells
	Oxytocin regulates BMSCs
	Oxytocin regulates osteoblasts
	Oxytocin regulates osteoclasts
	Oxytocin regulates chondrocytes
	Oxytocin regulates adipocytes

	Indirect effect of oxytocin
	Oxytocin and estrogen
	Oxytocin and arginine vasopressin
	Oxytocin and PGE2
	Oxytocin and leptin, adiponectin

	Oxytocin and bone related diseases
	Oxytocin and osteoporosis
	Oxytocin and osteoarthritis
	Oxytocin and fracture
	Oxytocin and analgesia

	Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


