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Communications between organs contribute to propel physiological functions, as well as pathological
processes. Growing evidence indicates that bone is continuously regulated by multiple layers of
endocrine,immune, metabolic, and neural networks. The common bone diseases, including osteoporosis,
osteoarthritis, rheumatoid arthritis, and intervertebral disc degeneration, are reported with tight
associations to other nonbone organs. These organ—bone axes emphasize the interorgan communications
that maintain the bone homeostasis and maintain individual health. In this review, we systematically
summarize recent advances in the organ—bone communications, highlighting mechanistic innovations,
such as the gut-bone-immune axis, neuro-immune-bone integration, hypothalamic-pituitary—adrenal
axis, adipo—neuro—hone axis, and their connections with bone pathophysiology. Furthermore, we highlight
circulating biomarkers and imaging advances reflecting organ—bone crosstalk. Finally, we discuss the
clinical relevance, current research gaps, and unsolved questions of organ—bone communications in the
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diagnostic stratification, treatment selection, and multidisciplinary management of bone diseases.

Introduction

Bone diseases are a major component of the global public
health burden. Represented by osteoporosis (OP), osteoarthri-
tis (OA), rheumatoid arthritis (RA), and intervertebral disc
degeneration (IVDD), their prevalence is rising in tandem with
population aging, obesity, and changing lifestyles. OP and fra-
gility fractures lead to a high risk of disability, refracture, and
mortality and incur substantial direct and indirect costs. It is
estimated that the total number of OP cases worldwide will
reach up to 263.2 million between 2030 and 2034, placing sub-
stantial pressure on healthcare systems [1]. Moreover, accord-
ing to the latest Global Burden of Disease Study (GBD 2021),
the number of people living with OA had more than doubled
between 1990 and 2020 and is projected to reach about 1 billion
by 2050 [2]. OA has become one of the major chronic diseases
leading to increased years lived with disability, resulting in bil-
lions of dollars in medical expenses and unemployment losses
each year. Furthermore, RA affects approximately 17.6 million
people worldwide with influences in joints and multiple sys-
temic conditions, substantially increasing the risk of cardio-
vascular complications and premature death [3]. In addition,
IVDD links to low back pain, which affected 619 million people
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in 2020, with a projection of 843 million by 2050 [4]. These
rising trends and incidence of bone diseases highlight the need
for improved prevention and treatment strategies.

Bone is not an independent organ and bone health is not a
“local issue” Bone is a highly metabolic and dynamic tissue, which
is constantly regulated by multiple layers of endocrine, immune,
metabolic, and neural networks. Historically, bone metabolism
was first understood from an endocrine and mechanical perspec-
tive. Subsequently, the concept of the organ-bone axis gradually
became clear: liver—bone (vitamin D 25-hydroxylation, insulin-
like growth factor 1 [IGF-1]) [5], kidney-bone (calcium and
phosphorus homeostasis, fibroblast growth factor 23 [FGF23]/
parathyroid hormone [PTH]) [6], adipose-bone (leptin, adipo-
nectin, and bone marrow adipose) [7], gut-bone (microbiome
and mucosal immunity) [8,9], endocrine-bone (pancreas, thy-
roid, and adrenal glands) [10], cardiovascular-bone (angio-
genesis and endothelial function) [11], neural-bone (central
nervous system-sympathetic / parasympathetic-sensory nerves-
neurotrophic factors) [12], and muscle-bone (mechanotrans-
duction and myokines/motor factors) [13]. These axes collectively
maintain bone homeostasis and systemic health.

Circulating factors from bone, kidney, liver, muscle, adipose
tissue, gut, and the immune system now serve as windows into
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organ-bone crosstalk (Table 1). Importantly, these communica-
tions are fundamentally bidirectional: Bone not only responds
to systemic signals but also actively regulates remote organ
physiology through endocrine factors termed osteokines. These
dual roles underscore bone as both a target and a driver of
multiorgan homeostasis and diseases.

On one hand, bone-derived molecules are emerging as clini-
cally relevant biomarkers for metabolic, cardiovascular, liver, and
renal disorders. Sclerostin, secreted predominantly by osteocytes
and the therapeutic target of romosozumab, is associated with
fracture risk and cardiovascular phenotypes across genetic,
observational, and interventional studies [14]. Osteocalcin mod-
ulates glucose metabolism and links bone to endocrine organs
[15]. Circulating bone morphogenetic protein 9 (BMP9) has been
proposed as a biomarker for noninvasive stratification of non-
alcoholic fatty liver disease [16]. Moreover, our lab demon-
strates that Pinch-dependent Cxcl12 production by bone marrow

stromal cells regulates hepatic Mbl2 expression, thereby coordi-
nating hematopoietic development and innate immune defense,
with disruption of this pathway leading to profound immune
failure and lethality [17]. Furthermore, FGF23 primarily
secreted by osteocytes, rises early in chronic kidney disease-
mineral and bone disorder (CKD-MBD), often before phos-
phate or PTH change, and tracks adverse cardiac and survival
outcomes [18].

On the other hand, other factors derived from nonbone tis-
sues and organs also link the healthy and disturbed conditions
in our body. Adipokines, like leptin, from adipose tissue pro-
mote osteoblast activity, but excess adipokines correlate with
obesity-induced bone resorption [19]. Moreover, gut-derived
short-chain fatty acids (SCFAs) influence immune-mediated
bone remodeling [20]. Immune-derived mediators, particu-
larly tumor necrosis factor (TNF), interleukin-17 (IL-17), and
the receptor activator of nuclear factor kB ligand (RANKL)/

Table 1. Circulating and imaging biomarkers reflecting organ—bone crosstalk

Organ/Source Biomarker Key functions Clinical relevance References
Osteocytes Sclerostin (total/  Inhibits Wnt signaling in bone formation;  Fracture prediction; interpret [14,169]
bioactive) linked to fracture risk and cardiovascular ~ with PINP/CTX for enhanced
traits via genetic/observational studies;  value; standardization
target of romosozumab. ongoing.
Kidney—bone axis Fibroblast growth  Regulates phosphate homeostasis; Early CKD-MBD detection; [18]
factor 23 (FGF23) elevates early in CKD-MBD before prognostic for adverse
phosphate/PTH changes; associates with  outcomes in renal disease.
cardiac remodeling and mortality.
Lipocalin 2 Bone-derived; modulates appetite and Insights into metabolic-renal- [170]
insulin sensitivity; reflects bidirectional bone loops; emerging in
kidney—bone signaling. diabetes/kidney disorders.
Adipose tissue Leptin Supports osteoblast activity at physiologic ~ Correlates with obesity- [171]
(adipokine) levels; obesity-associated hyperleptinemia  related bone loss; potential for
suppresses bone formation via central metabolic syndrome
sympathetic pathways. monitoring.
Endocrine—bone axis Osteocalcin Bone-derived hormone; regulates Marker of bone-endocrine [15,172]
glucose metabolism and links bone to crosstalk; associations with
pancreas. diabetes and fertility.
Liver Bone morphoge-  Circulating factor; involved in liver-bone ~ Noninvasive NAFLD assess- [16]
netic protein 9 signaling; biomarker for nonalcoholic ment; potential links to
(BMP9) fatty liver disease (NAFLD) stratification.  hepatic osteodystrophy.
Gut (microbiome) Short-chain fatty ~ Microbial metabolites; influence immune-  Probiotic interventions (e.g., [173,174]
acids (SCFAs), mediated bone remodeling; microbiome Limosilactobacillus reuteri)
bile acids shifts correlate with bone turnover. may attenuate bone loss in
select cohorts, though
heterogeneous.
Muscle Irisin Myokine; promotes bone formation; lower Investigational biomarker for [175]
levels linked to osteoporosis/fracturein  sarcopenia—osteoporosis and
women; associates with fall risk and frailty-related bone loss.
microarchitecture.
Immune system Cytokines (TNF,  Drive inflammatory bone resorption; Risk stratification in autoim- [176]
IL-17); RANKL/ measurable in circulation; therapeutically mune diseases; pairs with bone
OPG axis targetable (e.g., anti-TNF agents). markers for trial enrichment.

CKD-MBD, chronic kidney disease-mineral and bone disorder; TNF, tumor necrosis factor; IL-17, interleukin-17; PTH, parathyroid hormone; RANKL, receptor
activator of nuclear factor kB ligand; OPG, osteoprotegerin; PINP, procollagen type | N-terminal propeptide; CTX, C-terminal telopeptide of type | collagen
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osteoprotegerin (OPG) axis, leave a measurable molecular
imprint on bone; in inflammatory diseases, pairing cytokine
profiles with bone turnover markers improves risk stratification
and clinical trial enrichment [21]. These biomarkers enable
early detection of systemic imbalances.

The interorgan axes between bone and other soft organs work
together to maintain skeletal homeostasis and influence the pat-
terns of orthopedic diseases. Collectively, these findings indicate
that bone diseases should no longer be viewed as isolated skeletal
disorders but rather as manifestations of systemic interorgan
network dysregulation. In this review, we systematically sum-
marize recent advances in the influence of major organs on the
development and progression of bone diseases, highlighting
emerging mechanistic insights into multiorgan communication
networks—such as the gut-bone-immune axis, neuro-immune-
bone axis, hypothalamic-pituitary—-adrenal (HPA) axis, and
adipo-neuro-bone axis—and their pathophysiological integra-
tion in OP, OA, RA, and IVDD. Furthermore, we discuss the
clinical importance of organ-bone axes in diagnostic stratifica-
tion, therapeutic targeting, and translational potential.

Principles of Organ—Bone Crosstalk Mediators

Bones provide the structural framework for the body and enable
movement, but they are also highly dynamic organs intricately
connected to systemic homeostasis. Increasing evidence shows
that skeletal disorders are not only the result of intrinsic bone
defects but also arise from disturbances in other organs or sys-
tems (Fig. 1). The liver, kidney, adipose tissue, cardiovascular
system, nervous system, and muscles all exert profound influences
on bone. Rather than acting in isolation, these organs communi-
cate with the skeleton through shared pathways (Table 1). This

section establishes the fundamental principles of organ-bone
crosstalk by categorizing the primary mediators—endocrine, neu-
ral, immune, and mechanical—that shape bone integrity.

Endocrine and metabolic mediators (liver, kidney,

adipose, gastrointestinal, and endocrine)

The skeleton is heavily regulated by a network of systemic hor-
mones and metabolic factors derived from distant organs. The
liver and kidneys function as the primary metabolic hubs for
bone mineral balance. The liver carries out the first step of
vitamin D activation through 25-hydroxylation [22] and pro-
duces IGF-1 under the control of growth hormones to support
bone growth and strength [23].

Beyond classical mineral metabolism, adipose tissue and other
endocrine organs release potent metabolic signals. Adipose tissue
secretes adipokines, such as leptin and adiponectin. Leptin
regulates bone metabolism by suppressing bone formation and
enhancing resorption via central sympathetic activation [24],
while adiponectin generally exerts complex (often inhibitory)
actions on bone mass [25]. Importantly, we demonstrate that
sclerostin derived from adiponectin-expressing adipose lineage
cells negatively regulates bone mass during adulthood, and its
selective deletion increases trabecular bone accrual without
affecting adiposity or glucose metabolism [26]. We also showed
that adipocyte-expressed Kindlin-2 promotes age- and diet-
associated bone loss by activating the fatty acid synthase-
peroxisome proliferator-activated receptor y-fatty acid-binding
protein 4 pathway and suppressing insulin signaling, whereas
adipose-specific Kindlin-2 inhibition enhances bone mass [27,28].
Additionally, bone marrow adipose tissue acts as a metabolically
active depot associated with bone mass [29].

Organ-bone axes in the regulation of bone homeostasis
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Fig. 1. Overview of organ—-bone axes in the regulation of bone homeostasis. Multiple organs (including neural system, endocrine organ, liver, kidney, adipose tissue, gut, immune
system, and muscle system) interact with bone with direct and indirect communications over bone cells (including chondrocytes, osteoclasts, osteoblasts, and osteocytes)

during skeletal pathophysiology.
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Classic endocrine glands also dictate bone turnover. For
instance, the thyroid gland controls bone balance through
thyroid hormones and BMP signaling [10,30]. Further study
showed that excess exogenous glucocorticoids inhibit murine
bone turnover by impairing fatty acid transportation in the
skeletal microenvironment [31].

Neural mediators (central nervous system and

peripheral nervous system)

The nervous system finely tunes bone health through both local
peripheral innervation and central global regulation. The periph-
eral nervous system supplies bone with sensory, sympathetic, and
parasympathetic fibers. Sensory nerves (Ad and C fibers) release
neuropeptides like substance P (SP) and calcitonin gene-related
peptide (CGRP), which shape bone remodeling, stimulate osteo-
blast differentiation, and are vital for fracture healing [32]. This
intricate interplay between sensory nerves and bone tissue cells
is of paramount importance in the field of bone biology and
pathology. Mechanistically, SP can enhance osteoclastogenesis
and stimulate late-stage osteoblast activity and inflammatory
signaling, so its net effect depends on dose and disease state [33].
SP also contributes to cartilage and bone pathology in arthritis
[34]. Furthermore, sensory nerves are closely coupled to angio-
genesis in bone, promoting tissue repair and regeneration,
whereas aberrant neurovascular expansion can contribute to
pathological remodeling and disease progression [35].

Conversely, sympathetic nerves release norepinephrine, acti-
vating $2-adrenergic receptors on osteoblasts and osteoclasts to
generally inhibit bone formation and promote resorption [36].
Providing a physiological counterbalance, parasympathetic (cho-
linergic) innervation utilizes acetylcholine through musca-
rinic receptors (M3/M5) to enhance osteoblast differentiation
and limit osteoclast activity [37,38]. During bone formation,
cholinergic sympathetic fibers contact osteocytes and osteo-
progenitors, preserve osteocyte survival, and contribute to
exercise-induced bone accrual [39].

At the macro level, the central nervous system oversees bone
regulation primarily through the hypothalamus, integrating
signals from the body to adjust skeletal metabolism. The hypo-
thalamus integrates systemic signals and controls the HPA axis,
linking systemic stress responses directly to bone mass regula-
tion. Stress activates it, releasing cortisol via the hypothalamus,
pituitary, and adrenals [40]. High cortisol promotes bone loss
by increasing resorption and cutting formation, raising OP risk
[41]. Direct nerve-bone contacts further supply neurotrophins,
such as nerve growth factor (NGF) and brain-derived neuro-
trophic factor, which regulate local neuronal survival and actively
participate in stem cell differentiation and bone regeneration
[42,43]. Recent discoveries of skeletal interoceptive circuits
have further emphasized the critical role of the central nervous
system in the regulation of bone homeostasis. Specifically,
osteoblast-derived prostaglandin E2 (PGE2) activates EP4
receptors on sensory nerves to relay bone mechanical status to
the hypothalamus, where it suppresses sympathetic output and
promotes bone formation [44].

Immune and inflammatory mediators

Systemic and local immune environments are inextricably
linked to skeletal health. Immune and inflammatory mediators,
often transported via the cardiovascular system, dictate the bal-
ance of osteoclastogenesis. The bone vasculature is central to
coordinating bone formation and repair, with endothelial cells
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promoting healing through vascular endothelial growth factor/
Notch signaling [45]. Distant organs are major sources of these
inflammatory mediators. In the liver, activated Kupffer cells
and injured hepatocytes can release proinflammatory cyto-
kines, including TNF-a and IL-6, which secondarily amplify
RANKL-driven osteoclastogenesis [5]. Similarly, expanded
adipose tissue in obese states releases leptin, IL-6, and TNE,
which drive systemic low-grade inflammation that compro-
mises joint and subchondral bone integrity [46].

Mechanical signals (muscle)

The muscular system is the primary source of mechanical load-
ing, a fundamental requirement for skeletal homeostasis in
accordance with Wolff’s law. Muscle-derived mechanical load-
ing activates mechanosensors in osteocytes and osteoblast-
lineage cells, including integrins and Piezo1, thereby inducing
Ca’*-dependent signaling and Wnt/p-catenin-associated osteo-
genic pathways that promote osteoblast activity [47,48]. Loss
of these mechanical signals, such as during immobilization or
microgravity, rapidly tips the balance toward bone resorption.
Prolonged bed rest, sarcopenia-associated inactivity, and immo-
bilization after injury reduce mechanical loading on the skel-
eton, impair bone formation, and shift bone remodeling toward
resorption [49]. Moreover, resistance exercise boosts bone
formation by raising strain levels above normal [50].

Beyond mechanical loading, muscles communicate with bone
through the release of myokines. Exercise-responsive myokines
participate in muscle-bone crosstalk and regulate exercise-
associated bone remodeling, whereas chronic inflammatory signal-
ing in wasting or inflammatory states may shift bone remodeling
toward impaired bone formation and enhanced resorption [51].
Among these factors, irisin promotes osteoblast differentiation
and increases cortical bone mass [52], while FGF2 supports
osteogenesis and angiogenesis [13,53]. In contrast, myostatin acts
as a negative regulator of musculoskeletal homeostasis, and its
inhibition improves bone mass [54]. Together, these mechanical
and biochemical signals underscore the necessity of muscle-bone
crosstalk in maintaining skeletal integrity.

Multiorgan Axes in Skeletal Homeostasis

Bone pathology arises from both internal defects and intricate
interactions with distant organs. The liver, kidney, endocrine
glands, neural circuits, immune system, adipose tissue, muscle,
and gut microbiota each provide distinct but interconnected
regulatory signals. These inputs shape bone remodeling through
hormones, cytokines, and metabolites. Here, we summarize cur-
rent updated multiple-organ axes in bone and bone-related dis-
eases, highlighting the interorgan communications.

Gut-bone-immune axis

The gut microbiota is now recognized as a bidirectional inter-
face interacting with the gastrointestinal, immune, endocrine,
and nervous systems, thereby influencing cellular behavior
across multiple organs. Through metabolites, immune modula-
tion, and endocrine/neuroendocrine signaling, the gut micro-
bial community exerts cross-organ control over the rhythmicity
of bone remodeling—a concept collectively referred to as the
gut-bone-immune axis. Recent systematic reviews and multi-
cohort, multiomics datasets show that microbial dysbiosis not
only perturbs the balance between bone formation and resorp-
tion but also resets immune thresholds within niches such as
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bone marrow and synovium. These shifts give rise to “immuno-
metabolic-endocrine” phenotypes that underlie OP, inflam-
matory bone loss, and degenerative joint disease [55].
Metabolite signaling stands at the center of this axis, for exam-
ple SCFAs. Converging evidence from murine models and human
intervention studies supports a unified axis in which high-fiber
intake increases SCFAs, lowers osteoclast activity, and ultimately
improves bone mass [56]. Bile acids (BAs), synthesized in the liver
and further modified by intestinal microbes, form an important
regulatory tier in skeletal homeostasis. Microbial remodeling of
the BA pool activates bone-associated FXR and TGR5 pathways,
leading to suppression of osteoclastogenesis and enhancement of
osteoblast activity and angiogenic-osteogenic coupling. Studies
in estrogen-deficiency and bone-repair models suggest that tar-
geting BA signaling or reshaping the gut microbiota may offer
therapeutic benefit in conditions marked by pathological bone
loss [20]. Tryptophan metabolism provides another major route
by which the gut microbiota communicates with the skeleton.
Microbial conversion of dietary tryptophan generates indoles,
kynurenines, and tryptamine, each capable of shaping mucosal
and systemic immunity [57]. Indole derivatives engage the aryl
hydrocarbon receptor (AhR), enabling intestinal signals to alter
macrophage and dendritic-cell behavior and to recalibrate the T
helper 17 (Th17)/regulatory T cell (Treg) axis. These immune
shifts converge on the RANKL/OPG pathway, thereby influenc-
ing osteoclast and osteoblast dynamics. Pharmacologic AhR
inhibition has been shown to improve cortical bone quality in
aging models, emphasizing its relevance to skeletal degeneration
[58]. Disruption of innate immune sensing also plays a role: Mice
lacking Toll-like receptor 9 develop dysbiosis and persistent low-
grade inflammation, which enhances osteoclastogenesis and
drives bone loss [59]. Multiple microbial taxa further sculpt the
osteoimmune landscape. Th17-inducing organisms such as seg-
mented filamentous bacteria enhance Th17-associated inflam-
matory signaling and may thereby facilitate osteoclastogenic
bone resorption [60], whereas reductions in SCFA production
weaken regulatory T cell-mediated bone-protective programs
and shift the balance toward bone resorption [20]. Translational
data in peri- and postmenopausal women support this concept:
Bacteroides vulgatus is inversely associated with bone mineral
density (BMD), while the SCFA-related metabolite valeric acid
correlates positively with BMD. Experimental interventions con-
firm that B. vulgatus accelerates bone resorption and compro-
mises bone microarchitecture, whereas valeric acid inhibits
osteoclast maturation and enhances osteoblast differentiation
[61]. Gut-derived hormones add yet another regulatory dimen-
sion. Incretins such as glucose-dependent insulinotropic polypep-
tide suppress osteoclastogenesis and improve osteoblast survival
and function [62]. These findings have sparked interest in incretin-
based analogs as potential therapeutics acting along a microbi-
ota—gut hormone-bone axis to counter skeletal fragility.

Neuro—-immune-bone axis

The sensory neuro—-immune axis operates as a critical bidirec-
tional regulator in several important bone diseases, including
OA and RA conditions. Sensory nerve endings lie in close
apposition to synovial cells, and their reciprocal interactions
shape not only the perception of pain but also the balance between
inflammation and resolution. Viewing OA pain through a neu-
roimmunological lens has therefore provided a conceptual
framework for “treating pain through immune modulation”
[63]. Within the joint, sensory afferents release neuropeptides
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such as CGRP, the neurokinin-1 receptor ligand, and SP.
Neurokinin-1 receptor signaling governs cartilage matrix turn-
over and sensitization to pain. CGRP and SP can directly repro-
gram synovial macrophages and chondrocytes, promoting
proinflammatory transcriptional programs and up-regulating
matrix-degrading enzymes [64,65]. Synovial macrophages and
stromal cells, in turn, release cytokines and NGF that foster
neurite sprouting and peripheral sensitization, establishing a
self-reinforcing “pain-inflammation” feedback loop [66]. Both
clinical and preclinical studies underscore the importance of
CGRP and SP pathways in maintaining OA-associated cartilage
dysregulation and pain perception. Therapeutic blockade of
NGEF signaling can reduce pain in osteoarthritis, although the
long-term consequences for cartilage homeostasis require care-
ful patient stratification [67]. A broader set of sensory ion
channels—including voltage-gated sodium channels (Nav family)
and transient receptor potential (TRP) channels—also contribute
to inflammatory pain and neuroimmune coupling. Selective
peripheral inhibition of these channels has shown promise in
OA models, demonstrating not only analgesic potential but also
improvement in structural joint integrity [68].

In the translational management of bone and joint diseases,
the neuro-immune-bone axis has emerged as a multidimensional
therapeutic target. One major direction is the precise modulation
of neuropeptide signaling. NGF inhibitors and CGRP-pathway
antagonists can provide substantial analgesic benefit; however,
their use should be accompanied by imaging or liquid-biopsy-
based monitoring of cartilage integrity and macrophage pheno-
types to avoid a “pain relief-driven tissue injury” effect [35,69].
Another promising approach lies in integrating neuromodulation
with immunotherapy. Techniques such as vagus nerve stimula-
tion, sympathetic modulation, and localized neural blockade—
when combined with disease-modifying antirheumatic drugs
or anti-inflammatory agents—may collectively lower the thresh-
old of neuroimmune coupling and improve disease control.
Recalibrating circadian and endocrine rhythms also represents
an actionable strategy. Together, these therapeutic concepts high-
light a broader principle: Systemic regulation of the neuro-
immune-bone axis provides a mechanistic bridge between basic
biology and clinical intervention, opening a new framework for
improving outcomes in skeletal and joint disorders.

HPA axis

Chronic inflammation and persistent stress disrupt the physi-
ological rhythm and feedback control of cortisol within the
HPA axis [70], which is tightly coupled to circadian regulation.
Circadian and sleep-related rhythms in turn govern daily varia-
tion in bone turnover markers [71,72] and modulate monocyte—
macrophage and T-cell activity, thereby influencing inflammatory
activity in RA and OA [73]. Chronic stress further compounds
this burden by reducing BMD [74]. Chronotherapy with mod-
ified-release prednisone exploits this circadian framework
by aligning glucocorticoid exposure with nocturnal inflam-
matory activity, improving morning stiffness and symptom
control in RA [75].

Recent studies indicate that chronic psychological or physi-
ological stress can exacerbate RA through neuro-immune-
bone axis pathways [76]. Heightened sympathetic output
during sustained stress increases catecholamine release, which
in turn amplifies proinflammatory cytokine production. At the
same time, impaired HPA-axis reactivity diminishes anti-
inflammatory cortisol secretion and alters glucocorticoid
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receptor sensitivity, weakening the feedback loops between the
hypothalamus and pituitary [77,78]. This combination fosters
systemic immune imbalance and a lowered threshold for joint
inflammation. HPA-axis dysfunction also shapes adaptive immu-
nity. Altered glucocorticoid signaling can skew T-cell differentia-
tion toward Th17 phenotypes, promoting their expansion and
reinforcing downstream inflammatory cascades [79]. Together,
these mechanisms position the HPA axis as a central regulator
that links systemic stress responses with local joint pathology.

Adipo—neuro-bone axis

Growing evidence indicates that bone homeostasis is not regu-
lated solely by mechanical and endocrine signals but is tightly
coordinated by a dynamic adipo-neuro-bone axis. Bone marrow
adipocytes, peripheral adipose tissue, and sensory/autonomic
nerve fibers form a highly interactive network that regulates
osteoblast-osteoclast coupling, vascular remodeling, and force
adaptation within the bone microenvironment. This axis exhib-
its bidirectional crosstalk: Adipokine secretion influences neu-
ronal excitability and neuropeptide release, while neural signals,
in turn, modulate lipid metabolism, adipocyte differentiation,
and local inflammatory responses in bone.

Leptin serves as a typical example of adipose-derived regula-
tors in adipo—neuro-bone axis. Leptin is produced by adipocytes,
which can directly boost osteoblast and chondrocyte activity for
bone growth, but it also indirectly regulates bone via the hypo-
thalamus, sympathetic nervous system, body weight changes, and
effects on other hormones like those from the pituitary gland
[19]. Through the central nervous system, leptin inhibits bone
formation using sympathetic pathways and serotonin modula-
tion. Studies show that leptin deficiency lowers sympathetic tone,
leading to higher bone mass, while B-adrenergic blockade or
leptin replacement during disuse mitigates bone loss by boosting
osteoblast activity, curbing osteoclast function, and maintaining
leptin levels to preserve bone density and formation rates [80,81].
Additionally, leptin curbs serotonin synthesis in the brainstem,
which otherwise promotes bone accrual through hypothalamic
receptors. Disruption of this serotonin pathway corrects leptin-
deficient bone phenotypes, which indicated a shared neural
mechanism for bone mass, appetite, and energy balance [82].

OP is characterized by increased bone marrow adiposity,
accompanied by reduced sensory innervation and impaired
osteoblast activity, highlighting a dysfunction in the adipo-
neuro-bone axis [32]. Under conditions, such as aging, estrogen
deficiency, and chronic inflammatory states, excessive bone mar-
row fat accumulation creates a lipotoxic microenvironment
enriched with saturated fatty acids and bioactive lipids [83].
These metabolites activate neuronal TRP channels, triggering
neurogenic inflammation, which in turn promotes osteoclast
recruitment and differentiation [84]. Together, these interactions
form a self-reinforcing adipo-neuro-bone metabolic cycle.

Besides OP, adipo-neuro-bone axis also participates in other
common bone diseases. In OA, periarticular adipose deposits,
such as the infrapatellar fat pad, function as active neurometa-
bolic hubs [85]. Adipokines, including leptin and visfatin, can
induce the production of NGEF, IL-6, and matrix-degrading
enzymes in synovial fibroblasts and chondrocytes. This process
enhances sensory nerve sensitivity and perpetuates a chronic
pain-inflammation circuit [86]. In RA, systemic metabolic dis-
turbances and inflamed synovial adipose tissue intensify the
sympathetic—-osteoclast coupling, thereby accelerating para-
articular bone erosion [87]. Increased bone marrow adiposity

Gan et al. 2026 | https://doi.org/10.34133/research.1319

further disrupts local neuro-osteogenic signaling, leading to per-
sistent bone loss even under immunosuppressive therapy [88].

Therefore, leptin antagonists, adiponectin mimetics, and
interventions that normalize the lipid composition of bone
marrow adipose tissue may help rebalance neural excitability
and skeletal metabolism. Selectively blocking sympathetic
B-adrenergic signaling, inhibiting TRP channels activated by
lipotoxic metabolites, or enhancing osteoanabolic signaling
derived from sensory nerves could restore osteoblast—osteoclast
coupling [89,90]. Combining antilipotoxic therapies (such as
peroxisome proliferator-activated receptor y modulators or
ceramide pathway inhibitors) with anabolic agents (e.g., PTH
analogs or sclerostin inhibitors) could disrupt the adipo-
neuro-bone cycle and benefit bone health [91,92].

In summary, the adipo-neuro-bone axis provides a mecha-
nistic framework linking metabolism, neural activity, and skel-
etal integrity. Understanding its components and signaling
hierarchy not only enriches fundamental bone biology but also
opens translational avenues for treating OP, OA, RA, and other
metabolic bone disorders.

Pathophysiological Integration in
Skeletal Diseases

The multiorgan regulatory axes and their mediators do not act
in isolation. When perturbed, these interconnected metabolic,
immune, neuroendocrine, and mechanical pathways con-
verge to shape the onset and progression of skeletal diseases.
Disruptions along these axes manifest as distinct yet mecha-
nistically overlapping clinical entities. This section illustrates
how imbalances in metabolic, immune, neural, and mechanical
crosstalk manifest in distinct clinical phenotypes, including
osteoarthritis, RA, OP, and IVDD.

oP

OP is the classic manifestation of disrupted systemic endo-
crine and metabolic crosstalk (Fig. 2). For example, hepatic
pathology contributes to bone loss across a disease spectrum:
Nonalcoholic fatty liver disease is associated with modestly
reduced BMD, while cirrhosis is accompanied by a substantially
higher prevalence of OP. Mechanistically, hepatocyte-derived
RANKL, up-regulated under inflammatory conditions, repre-
sents a direct liver-to-bone endocrine signal that promotes
osteoclast-mediated resorption [93,94]. Concurrently, CKD
promotes skeletal fragility through disturbances in mineral
metabolism, bone turnover, and bone quality that evolve with
declining kidney function [95]. The earliest identifiable
alteration—often preceding changes in PTH, calcium, or active
vitamin D—is a marked elevation in osteocyte-derived FGF23,
which acts on the kidney to suppress phosphate reabsorption
and down-regulate CYP27B1 [96-98]. Therefore, FGF23 acts
as the primary initiating signal in CKD-MBD pathogenesis. As
this cascade progresses, the secondary phase is characterized
by a profound drop in active vitamin D synthesis, leading to
severely impaired intestinal calcium absorption. This resulting
hypocalcemia, combined with ongoing phosphate retention,
triggers the tertiary phase: severe secondary hyperparathyroid-
ism. Chronically high PTH fundamentally shifts bone turnover,
driving relentless osteoclast activation and culminating in oste-
itis fibrosa [6,99,100]. Clinical evidence robustly supports this
hierarchy, demonstrating that while early FGF23 excess initiates
mineral dysregulation, it is the downstream, late-stage collapse
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Fig. 2. Organ—bone axes in regulating osteoporosis (OP) pathogenesis. Liver, kidney, and other organs contribute to bone remodeling through various secreted factors that
directly or indirectly influence the formation and activities of osteoblasts, osteoclasts, bone-lining cells, osteocytes, and angiogenesis in bone environment. VEGF, vascular
endothelial growth factor; BMAT, bone marrow adipose tissue; CNS, central nervous system; AGEs, advanced glycation end products.

of vitamin D and uncontrolled PTH that ultimately results in
severe structural skeletal fragility [101,102]. Clinical studies
confirm that targeted interventions, such as vitamin D supple-
mentation, can help restore balance when applied appropriately
within this temporal cascade [103].

Classic endocrine failures also precipitate OP. Diabetes
(T1DM and T2DM) harms bone quality and increases frac-
ture risk via advanced glycation end products that damage
collagen structure and reduce osteoblast activity [104,105].
Hyperthyroidism speeds up bone loss [106], and excess gluco-
corticoids (endogenous or pharmacological) rapidly deplete
trabecular bone by disrupting macrophage-fueled osteogenesis
[107,108]. In this endocrine-bone axis, estrogen therapy eases
bone loss after menopause, which prevents bone loss, reduces
fracture risk, and keeps bone structure [109,110]. For patients
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with hormone deficiencies, therapies such as teriparatide stim-
ulate bone formation [111], while denosumab prevents bone
breakdown, including in cancer patients receiving hormone-
blocking treatments [112].

Beyond classic endocrine hubs, gastrointestinal malabsorp-
tion issues, such as in celiac disease or inflammatory bowel
disease, deprive the skeleton of crucial nutrients, severely low-
ering BMD and raising fracture risk [113]. Moreover, fecal
microbiota transplantation prevents bone loss in ovariecto-
mized mice by reshaping gut microbiota and metabolism [114].
Conversely, dysbiosis in metabolic disorders actively destroys
bone. Recent findings highlight that obese gut microbiota-derived
lipopolysaccharides activate Toll-like receptor 4 signaling to
induce bone marrow macrophage senescence. These senescent
macrophages hypersecrete grancalcin, driving obesity-associated
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skeletal deterioration—a pathogenic loop that can be effectively
mitigated by grancalcin neutralization [115]. Finally, human
studies confirm that muscle mass predicts bone health. From
a mechanical standpoint, muscle wasting (sarcopenia) deprives
bone of essential mechanical strain and osteogenic myokines,
markedly raising fracture risk in older adults [116-118].

OA and RA
OA and RA are characterized by severe joint destruction driven
by a complex interplay of systemic inflammation, metabolic
shifts, and neurovascular dysfunction (Figs. 3 and 4).
Nonalcoholic fatty liver disease and chronic liver disease are
associated with osteoarticular disorders, probably through sys-
temic inflammatory and metabolic pathways [119]. In parallel,
vascular dysfunction represents a key convergent mecha-
nism: Systemic inflammation promotes endothelial dysfunction,
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Fig. 3. Organ—bone axes in regulating osteoarthritis (OA) pathogenesis. Cardiovascular
system, adipose tissue, peripheral nervous system (PNS), and liver are largely involved
in OA pathogenesis, including cartilage loss, inflammation, extracellular matrix (ECM)
degradation, angiogenesis, and chronic pain.
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whereas local hypoxia within inflamed joints drives pathologi-
cal angiogenesis, thereby sustaining synovitis and structural
damage [120,121]. Preclinical studies further suggest that vas-
cular endothelial growth factor/vascular endothelial growth
factor receptor 2-targeted or endothelial-directed interventions
can attenuate synovial angiogenesis and joint inflammation
[122,123]. Adipose tissue further amplifies this inflammatory-
metabolic network: Leptin derived from obesity or periarticular
fat depots promotes synovial inflammation, cartilage catabo-
lism, and pain, whereas adiponectin exerts context-dependent
effects, including associations with radiographic progression
and bone erosion in RA [124-126].

Neuroimmune dysregulation provides an additional mech-
anistic layer. In OA, osteoclast-derived netrin-1 and NGF-
dependent nociceptive pathways promote aberrant sensory
innervation and pain sensitization [127,128]. Conversely, vagal
cholinergic activation suppresses proinflammatory cytokine
production and alleviates arthritis-like phenotypes in preclinical
models [129]. Finally, the gut—joint axis links microbial metabo-
lites to joint inflammation and degeneration. Gut dysbiosis has
been implicated in RA-associated immune activation, whereas
modulation of microbial BA metabolism and glucagon-like pep-
tide-1 secretion has emerged as a potential therapeutic route
in OA [130]. Distinct OA clinical subtypes also exhibit specific
microbial-metabolic signatures, exemplified by altered trypto-
phan metabolism in erosive hand osteoarthritis [131].

IVDD

The pathophysiology of IVDD is increasingly recognized as a
multiorgan metabolic issue rather than isolated mechanical
wear (Fig. 5). Evidence showed that adipose-driven inflamma-
tion is a major contributor, and obesity and metabolic traits
strongly associate with disc pathology and back pain [132].
Specifically, leptin promotes matrix degradation and inflam-
mation within the disc [133], whereas adiponectin may para-
doxically offer protection by lowering proinflammatory
cytokines in degenerated nucleus pulposus cells [134]. Beyond
metabolic factors, the nervous system is directly implicated in
IVDD-associated pain. Both the annulus fibrosus and nucleus
pulposus cells express neurotrophins (NGF and brain-derived
neurotrophic factor), which enhance pathological innervation

Intervertebral disc degeneration
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Fig. 5. Organ-bone axes in regulating intervertebral disc degeneration (IVDD)
pathogenesis. Adipose tissue and gut are reported with essential regulatory functions
in IVDD pathogenesis, including extracellular matrix (ECM) degradation, nucleus
pulposus (NP) cell apoptosis, and inflammation.
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and hyperalgesia within the degenerating disc [135]. Amplifying
this local pain network, chronic PGE2 elevation—such as in
porous vertebral endplates—enhances sensory innervation
and drives pain. Notably, low-dose cyclooxygenase-2 inhibi-
tion lowers PGE2 to restore proper brain-bone interoception,
successfully reducing endplate porosity and spinal pain without
impairing bone remodeling [136]. Furthermore, emerging evi-
dence links microbiome shifts to IVDD, suggesting that modi-
tying gut microbiota balance might offer novel systemic avenues
to treat spinal degeneration [137].

Clinical and Research Implications

Recent advances in multiorgan biology have opened new
opportunities to diagnose, monitor, and therapeutically modu-
late organ-bone interactions. Circulating biomarkers and next-
generation imaging now allow real-time assessment of how
liver, kidney, gut, adipose tissue, muscle, and immune dys-
regulation influence skeletal health. At the same time, integra-
tive strategies combining systemic biomarkers, organ-directed
therapies, lifestyle interventions, and computational prediction
are shifting clinical practice from isolated bone-centered man-
agement toward a multiorgan precision framework, improving
risk stratification and therapeutic decision-making.

Translational and therapeutics insights

Based on the bidirectional communications between bone and
other organs, treatments that target other organs can help to
promote bone health, which may address root causes linked to
bone diseases (Table 2). For example, several liver-related drugs
and treatments are reported with beneficial effects in bone con-
ditions. Bisphosphonates such as alendronate reduce bone loss
and lower fracture rates after transplantation [138]. Statins were
initially used to lower blood lipids; research confirms that
statins increase BMP-2 expression in bone cells, leading to bet-
ter bone formation. Moreover, vitamin D deficiency is nearly
universal in liver disease, and switching to bone-safer antivirals
such as tenofovir alafenamide improves spinal bone density in
chronic hepatitis B [139].

Besides using drugs or treatments alone, combining lifestyle
and pharmacological strategies provides the greatest benefit for
bone health (Table 2). Regular resistance and weight-bearing
exercise builds muscle and supports bone formation, while aero-
bic activity paired with adequate calcium intake and vitamin D
lowers fracture risk and slows age-related bone loss [140]. Long-
term aerobic training with omega-3 fatty acids helps reduce
inflammation and has been shown to slow postmenopausal bone
loss [141]. In patients losing weight, adding glucagon-like
peptide-1 therapy to an exercise program helps preserve bone
mass [142]. Lifestyle measures that protect cardiovascular and
kidney health—including control of blood pressure and blood
glucose—also benefit the skeleton, since diabetes and kidney
disease impair bone through mineral dysregulation and oxida-
tive stress [143,144]. Together, these approaches highlight that
integrating targeted medications with structured exercise and
optimal nutrition offers a stronger defense against OP and related
skeletal disorders than any single intervention.

Bone organoids and other organ models now simulate
human bone structure and function, allowing researchers to
test drugs, explore organ interactions, and plan individualized
therapies before clinical use [145]. Organ-on-a-chip can simu-
late personalized drug responses, reduce side effects, and
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improve efficacy [146]. Multiomics analyses—integrating gut
metagenomic and metabolomic data—reveal connections between
the microbiota and bone metabolism, identifying amino acid
metabolism pathways and specific microbial taxa as potential
targets for intervention [147]. Artificial intelligence integrates
these datasets to identify high-risk patients and recommend
tailored prevention or treatment strategies [148]. Genetic
characterization of Wnt pathway components—particularly the
osteocyte-derived Wnt inhibitor sclerostin—demonstrates that
molecular and genotype-based stratification can predict indi-
vidual therapeutic responses and guide precision selection of
bone-anabolic interventions [149,150]. Together, these advances
show how genetic screening, organ modeling, and engineered
bone tissue can integrate organ signals with skeletal biology to
improve outcomes.

In addition to circulating factors, imaging advances reveal
organ-specific impacts in physical and pathological conditions
(Table 3). Dual-energy x-ray absorptiometry (DXA) measures
areal BMD but lacks sensitivity for microstructural deterioration.
High-resolution peripheral quantitative computed tomography
assesses cortical and trabecular architecture, linking kidney dys-
function to porosity [151]. Magnetic resonance imaging detects
marrow fat infiltration from adipose dysregulation [152]. Beyond
structural imaging, functional and emerging modalities further
support organ-bone assessment. Positron emission tomography/
computed tomography quantifies synovial inflammatory burden
in RA [153]. Opportunistic computed tomography identifies
vertebral fractures and estimates BMD from routine clinical
scans, enabling early detection of OP without additional radia-
tion burden [154]; quantitative ultrasound predicts fracture risk
independently of DXA, and musculoskeletal ultrasound assesses
sarcopenia [155,156]. Artificial intelligence-integrated platforms
combining DXA, high-resolution peripheral quantitative com-
puted tomography, and magnetic resonance imaging enable
holistic risk prediction across organ axes, advancing precision
diagnosis of skeletal diseases [148].

Current progress and future directions

The growing body of literature highlights how organs influence
skeletal health. However, despite major progress, critical knowl-
edge gaps limit the translation of these findings into clinical
practice and slow the development of effective, organ-targeted
therapies for skeletal diseases. Key challenges fall into 3 areas:
defining mechanistic underpinnings with sufficient cellular and
molecular resolution; stratifying disease heterogeneity into
biologically meaningful subtypes; and addressing longitudinal
data deficiencies to capture the evolution of multiorgan net-
works. To provide a clearer translational overview, we have
summarized representative organ-bone-axis-based interven-
tions across OP, OA, and RA (Table 4). For each modality, we
indicate the clinical stage—from preclinical studies to approved
therapies—and highlight key translational challenges.

Mechanistic underpinnings

Although several signaling axes have been identified—for
example, FGF23 from the kidney, leptin from adipose tissue,
and sympathetic innervation from the nervous system—the
full spectrum of molecular mediators is far from clear. Recent
studies have shown that osteokines participate in a 2-way dia-
logue between bone and other organs, but causal relation-
ships are less well defined [157,158]. The roles of extracellular
vesicles, microRNAs, and metabolic intermediates remain
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Table 2. Therapeutic strategies acting on other organs to improve bone health

Target Organ/System Intervention and representative agents Bone-protective mechanism Key evidence (Ref.)
Liver—bone axis * Bisphosphonates (e.g., alendronate)  Reduce posttransplant bone loss and [138]
fracture risk
« Sirtuin activators (“liver support™) Lower hepatic lipid toxicity, enhance [177]
osteoblast activity
« Sirtuins in bone cells Promote bone growth and remodeling [178]
balance
« Vitamin D and calcium Offset malabsorption, improve [179]
supplementation mineralization
* Antiviral therapy for hepatitis Restores liver function and improves [139]
BMD
« Statins Increase BMP-2 expression, stimulate [180]
osteogenesis
Gut-bone axis « Probiotics (e.g., Lactobacillus spp.) Boost SCFA production, reduce [55]
inflammation, enhance calcium
absorption
* Prebiotic fibers Support microbiota composition and [181]
calcium uptake
« Fecal microbiota transplantation Reshape gut microbiota, prevent [114]
(FMT) OVX-induced bone loss, potential benefit
in RA
Endocrine-bone axis « Estrogen replacement Prevent postmenopausal bone loss, [109,110]
reduce fractures
« Teriparatide (PTH analog) Stimulate bone formation in severe [111]
osteoporosis
* Denosumab (RANKL inhibitor) Block osteoclast-mediated bone [182]
resorption, including in cancer therapy
Immune modulation * Anti-TNF agents Decrease inflammation and bone erosion [183]
in arthritis
Neural negulation * p-blockers Counteract sympathetic overactivity and [184]
stress-related bone loss
Muscle—bone crosstalk * Myostatin inhibitors Increase muscle mass and indirectly [185]
enhance bone strength
Lifestyle and nutritional/ * Resistance/weight-bearing exercise  Stimulate mechanotransduction, [186]
pharmacological strategies improve BMD
* Aerobic exercise + vitamin D and Reduce fracture risk, slow age-related [50,140]
calcium bone loss
* Aerobic training + o-3 fatty acids Lower inflammation, slow postmeno- [141]
pausal bone loss
« Exercise + bisphosphonate therapy ~ Greater BMD gain than drug alone [187]
* GLP-1 agonists + exercise during Preserve bone mass [142]
weight loss
« Adequate dietary protein Support collagen matrix and bone [188]
mineralization
» Magnesium intake Associated with higher BMD in men and [189]
women
« Kidney disease management Restore Ca’* and mineral balance, [144]

(Continued)
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Table 2. (Continued)

Target Organ/System Intervention and representative agents Bone-protective mechanism Key evidence (Ref.)
Precision and regenerative « Genetic screening of Wnt pathway Identify candidates for sclerostin [150,169]
medicine (LRP5/6 variants) inhibition (e.g., romosozumab)
» Bone organoids / engineered tissue  Preclinical drug testing and patient- [145]
specific grafting
« Organ-on-a-chip Simulate individual drug responses, [146]
reduce side effects
* Multiomics integration (genomics, Reveal gut—bone metabolic links, guide [147190]
proteomics, metabolomics) interventions
« Artificial intelligence Integrate datasets to predict risk and [148]

tailor therapy

SCFA, short-chain fatty acid; TNF, tumor necrosis factor; BMD, bone mineral density; GLP-1, glucagon-like peptide-1, PTH, parathyroid hormone; OVX, ovari-
ectomy; LRP5/6, low-density lipoprotein receptor-related protein 5/6; RANKL, receptor activator of nuclear factor B ligand

Table 3. Imaging advances in organ—bone crosstalk

Modality Key applications Organ-specific insights Limitations/Advances References
Dual-energy x-ray absorpti- Measures areal BMD at Detects gross density loss ~ Misses microstructure; [191]
ometry (DXA) radius/spine/hip; standard  from endocrine/adipose supplemented by fracture
for osteoporosis diagnosis.  dysregulation. risk tools.
High-resolution peripheral Assesses volumetric BMD, Links kidney dysfunctionto  Peripheral sites only; Al [151,192]
quantitative computed cortical/trabecular cortical porosity; evaluates  integration for porosity
tomography (HR-pQCT) architecture at radius/tibia.  muscle—bone interfaces. modeling.
Magnetic resonance Visualizes bone marrow Reveals adipose-driven High cost; emerging [152]
imaging (MRI) composition; quantifiesfat ~ marrow adiposity in protocols for quantitative
infiltration. obesity/diabetes. fat mapping.
Positron emission tomogra- ~ Detects synovial metabolic ~ Highlights immune- Radiation exposure; useful [153]
phy/computed tomography  activity and quantifies mediated pathology. for staging inflammatory
(PET/CT) inflammatory burden in RA diseases.
joints.
Opportunistic CT Detects vertebral fractures;  Supports early detection of  Radiation exposure; BMD [154]
estimates BMD from routine  osteoporosis-related calibration not standardized
CT scans. vertebral fragility from
incidental CT imaging.
Ultrasound (QUS /7 MSUS) QUS predicts fracture risk Noninvasive assessment of ~ Operator-dependent; QUS [155,156]
independently of DXA; sarcopenia-osteoporosis heel site differs from DXA
MSUS quantifies muscle overlap. skeletal sites
thickness and echo intensity
for sarcopenia.
Al-integrated multimodal Predictive modeling from Holistic risk prediction Data integration challenges; [148]

imaging

combined DXA/HR-pQCT/
MRI data.

across organ axes; refines
diagnosis in complex cases.

improves precision
medicine.

RA, rheumatoid arthritis; BMD, bone mineral density; Al, artificial intelligence; QUS, quantitative ultrasound; MSUS, musculoskeletal ultrasound

underexplored. For instance, the liver secretome includes a
wide range of cytokines and metabolic regulators, but only a
handful have been studied in relation to bone remodeling. Recent
advances in single-cell RNA sequencing, spatial transcriptomics,
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and proteomics show that organ-bone communication is often
mediated by discrete cell subsets [159,160]. However, most
studies are still limited to the analysis of single organ or tissue,
and spatial transcriptomic, metabolomic, or proteomic analyses

1
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Table 4. Organ-bone-targeted therapies: Current clinical stage and limitations

Therapeutic target / Major challenges /
Diseases axis Sample size  Current clinical stage limitations Clinical trial
Osteopenia / early Gut-bone axis (oral 249 Randomized, double-blind, Modest effect size; NCT02722980
postmenopausal Lactobacillus placebo-controlled clinical heterogeneous [193]
bone loss probiotic trial (phase N/A) microbiome response;
supplementation) mechanism unclear;
limited long-term data.
Postmenopausal Gut-bone axis (oral 170 Phase not specified; Outcome limited to NCT06375668
bone loss / Lactobacillus randomized, double-blind, BMD; probiotic strain
osteopenia plantarum + placebo-controlled trial; variability; unclear
L. paracasei) no published results durability
Age-related bone loss  Gut-bone axis (oral 220 Randomized, double-blind, Long duration NCT06389539
synbiotic SBD111: placebo-controlled clinical (18 months); medical
probiotic + food trial(ongoing; no food category—not drug;
prebiotic) published results) no results yet; BMD end
point only
Metabolic knee OA+  Gut-joint axis (oral 54 Randomized, placebo- No results; long NCT04172688
obesity prebiotic:oligofructose- controlled clinical trial; no  duration; OA pain
enriched inulin) published results subjective variability;
mechanistic end points
exploratory
OA Gut—joint axis(oral 40 Interventional (phase Very small sample; unclear  NCT03985709
probiotic) N/A); no published results  completion; no efficacy
data; exploratory only
OA Gut-joint axis(oral 50 Randomized controlled Unclear completion; no NCT03968770
(pain-predominant)  probiotic) trial; no published results  efficacy data;
exploratory
RA (MTX-refractory)  Gut-joint axis (fecal 30 Phase 2 randomized, Small sample; single NCT03944096
microbiota double-blind, parallel- center; donor variability;
transplantation) group trial uncertain long-term
efficacy/safety
RA (refractory) Neuro—immune axis 18 Randomized neuromodu- ~ Small cohort; invasive; NCT01552941
(active implantable lation device trial (phase  limited long-term data [194]
vagus nerve N/A)
stimulation device
RA Neuro—immune axis 14 Two-stage pilot study Small cohort; invasive; NCT03437473
(multidrug-refrac- (miniaturized vagus (randomized, limited power for [195]
tory) nerve stimulation sham-controlled) efficacy; limited
device) long-term data
RA (csDMARD-inade-  Neuro—immune axis 113 Randomized, double-blind, No efficacy; short NCT04306744
quate responders; (auricular vagus sham-controlled clinical follow-up; limited [196]
biologic-naive) nerve stimulation) trial stimulation strength
RA (biologic/ Neuro—-immune axis 60 (Stage 1) Randomized, double-blind,  Implant required; NCT04539964
tsDMARD-inadequate (implantable sham-controlled pivotal trial ~ perioperative risks [197]
responders) cervical vagus nerve (hoarseness/vocal cord
stimulation) paresis); short follow-up;
efficacy not assessed in
Stagel
RA (biologic/ Neuro—immune axis 242 (full Pivotal randomized, Implant required; NCT04539964
tsDMARD-inadequate (vagus nerve-tar- pivotal trial)  double-blind, sham- modest benefit; [198]
responders) geted neuromodula- controlled trial perioperative risks;

tion system)

limited long-term data

OA, osteoarthritis; RA, rheumatoid arthritis; BMD, bone mineral density; csDMARD, conventional synthetic disease-modifying antirheumatic drug; tsDMARD,
targeted synthetic disease-modifying antirheumatic drug; N/A, not applicable; MTX, methotrexate
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that explicitly interrogate how remote organs remodel the bone
microenvironment are still rare. A priority for the next decade
is to define these specialized subpopulations across organs
and to map, at single-cell resolution, the ligand-receptor and
vesicle-mediated circuits by which they influence bone cells.
Most studies consider each organ in isolation, but bone health
is shaped by the integration of multiple organ inputs. For exam-
ple, CKD alters vitamin D metabolism (renal effect), induces
systemic inflammation (immune effect), and disrupts cardio-
vascular homeostasis, all of which converge on bone fragility.
How these organ-derived inputs interact remains poorly under-
stood. One testable hypothesis is that specific combinations of
organ stressors (for example, hepatic lipotoxicity plus gut dys-
biosis, or CKD plus heightened sympathetic tone) generate
emergent transcriptional states in osteoclast and osteoblast
precursors that cannot be predicted from single-organ pertur-
bations alone. Another is that neural inputs from sympathetic
and sensory fibers regulate bone in a circuit-specific and spa-
tially restricted manner, rather than uniformly across the skel-
eton. Although evidence supports roles for sympathetic and
sensory nerves in bone metabolism, the precise mechanisms
remain debated. Some studies show that sympathetic activation
promotes bone loss, while others suggest context-dependent
effects. Similarly, parasympathetic influences and neuropep-
tides such as SP, CGRP, and neuropeptide Y have been linked
to bone remodeling, but their integration with immune and
endocrine pathways is unclear [12,161]. Addressing these ques-
tions will require cross-organ perturbation models combined
with computational approaches that construct dynamic organ—
bone network models integrating multiomics and spatial infor-
mation. A deeper understanding of neural circuits, neuroimmune
crosstalk, and neurotrophic factor signaling in skeletal biology
is required, which may ultimately inform therapeutic strategies
targeting the emerging brain-bone axis [162].

Disease heterogeneity

Bone diseases exhibit marked heterogeneity in clinical presenta-
tion and pathology but share partially overlapping mechanisms.
OP and arthritis (OA and RA) are distinct entities, yet all involve
the skeleton and multiple organ systems. Nevertheless, common
threads exist: Obesity increases the risk of both OP and OA; liver
dysfunction can aggravate RA; renal impairment accelerates bone
loss and mineral disorders in all 3 conditions. Epidemiological
data indicate that RA patients have approximately double the
prevalence of OP compared with the general population, and
RA is associated with higher fracture risk driven by chronic
inflammation, in contrast to OA where localized cartilage dam-
age and subchondral bone changes dominate [163]. However,
cross-disease analyses integrating shared organ—bone signatures
remain limited.

An important conceptual advance will be to move from
purely phenotype-based diagnoses toward organ-axis-based
subtypes that can guide individualized treatment strategies. For
OP, for example, one can envisage “liver-dominant’, “gut-immune’,
and “neurometabolic” subtypes, defined by characteristic pat-
terns of hepatokines and IGF-1 [23]. microbiome-derived
metabolites and Th17 polarization [55,60], respectively. Patients
with liver-dominant signatures may preferentially benefit from
anabolic agents combined with optimization of hepatic func-
tion [164]; those with gut-immune signatures may be candi-
dates for targeted microbiome modulation or IL-17/IL-22 pathway
blockade [114]; individuals with neurometabolic signatures
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might respond better to disease-specific neural interventions:
p-Adrenergic blockade could serve as an effective adjunct to
standard OP therapies [165], whereas targeted neuromodula-
tion (e.g., vagus nerve stimulation) holds distinct promise for
alleviating inflammation and pain in osteoarthritis [129,166].
A central hypothesis is that such organ-axis molecular signa-
tures will predict fracture risk and therapeutic response more
accurately than bone density or joint imaging alone. Preclinical
models and early-phase trials should therefore be designed to
enrich for these subtypes, rather than treating OP or arthritis
as monolithic entities.

In addition to patient heterogeneity, experimental models
require refinement. Current animal models of bone disease
often rely on ovariectomy, glucocorticoids, or inflammatory
stimuli to mimic OP or arthritis, but they capture only limited
aspects of human pathology and typically perturb a single
organ axis at a time. Most OA, OP, and RA animal models rarely
integrate concomitant gut dysbiosis, adipose inflammation, or
neural dysregulation. These limitations likely contribute to the
high failure rate of drug candidates that perform well in animal
studies but fail in clinical trials [167]. Given that bone research
still relies heavily on animal models for mechanistic insight,
careful selection and, where possible, combination of models
that incorporate multiorgan perturbations will be crucial, par-
ticularly for OA drug development [168].

Longitudinal data deficiency

Most current studies provide cross-sectional snapshots of
organ-bone interactions without longitudinal follow-up. This
obscures the temporal sequence by which organ dysfunction
precedes, coincides with, or follows skeletal deterioration. For
liver disease, we do not know if bone loss hits early or late. In
kidney disease, when do mineral changes cause weak bones?
Gut changes during menopause and bone effects lack timelines
too. Long-term longitudinal studies with repeated multiorgan
assessments are therefore required. Bone-derived signals exert
systemic effects across spatial and temporal scales, but we still
lack the data of long-term investigation. For example, bone-
derived factors affect metabolism and blood flow with long-
term effects [158]. Thus, we need standard long-term groups
to find causes, markers, and patient types.

A key future direction is therefore to develop dynamic,
multiorgan cohorts that integrate imaging, function tests, and
multiomics data across tissues. One testable hypothesis is that
defined temporal patterns of organ dysfunction, such as liver
inflammation, adipose insulin resistance, and sympathetic acti-
vation, generate recognizable trajectories of bone loss that can
be predicted from an integrated organ-bone network model.
Another is that modulating a single organ axis (for example,
the gut microbiome) in stratified patients will propagate mea-
surable changes through the network, normalizing both organ
function and skeletal end points. Designing clinical trials that
target specific organ axes stratify patients by organ-dominant
subtype and incorporate repeated multiorgan measurements
will be essential to validate these models and to translate inter-
organ communication biology into genuinely individualized
skeletal therapies.

Conclusion

Recent studies underscore the pivotal role of interorgan com-
munication in bone homeostasis. Organs such as muscle, liver,
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brain, and adipose tissue influence skeletal health through
secreted factors, extracellular vesicles, and signaling pathways.
Bone diseases are systemic problems. Despite advances in the
understanding of organ-bone interactions, key gaps remain.
Mechanistic studies need finer resolution at the cellular and
molecular levels, including neural and cross-organ communi-
cations. Disease heterogeneity highlights the importance of
patient stratification and standardized models. Finally, longi-
tudinal and multiomics approaches are needed to capture the
dynamic nature of organ-bone communication. Addressing
these challenges will require collaboration across endocrinol-
ogy, rheumatology, immunology, metabolism, neuroscience,
and computational biology. Only through such integration can
the field move from descriptive associations toward mechanis-
tic understanding and effective therapies.

Acknowledgments

The authors acknowledge the assistance of Core Research
Facilities of SUSTech.

Funding: This work was supported by the Shenzhen Medical
Research Funds (B2504003, E250200210, and B2402033), the
National Natural Science Foundation of China Grants (82302748,
82430078, 82261160395, and 82230081), the Noncommunicable
Chronic Diseases-National Science and Technology Major Project
(2025ZD0550400), the Shenzhen Fundamental Research Program
(JCYJ20220818100617036), the Guangdong Provincial Science
and Technology Innovation Council Grant (2017B030301018),
and the Major Projects of Nanshan Health Committee (NSZD2-
023009, NSZD2023039, and NSZD2024012).

Author contributions: G.X., D.G., and L.Q. contributed to
conceptualization, investigation, and writing—original draft;
G.X. contributed to writing—review and editing; L.Q. contrib-
uted to visualization.

Competing interests: The authors declare that they have no
competing interests.

Al tool usage declaration: The authors used ChatGPT 4.0 for
grammar and spelling check to improve the readability in the
writing process.

Data Availability

Data availability is not applicable to this article as no new data
were created or analyzed in this study.

References

1. ZhuZ,YaP, WuY,WuY, WuY, Tan Z, Ling J, Ma ],
Zhang ], Zhu W, et al. Sex specific global burden of
osteoporosis in 204 countries and territories, from 1990 to
2030: An age-period-cohort modeling study. ] Nutr Health
Aging. 2023;27(9):767-774.

2. GBD 2021 Osteoarthritis Collaborators. Global, regional,
and national burden of osteoarthritis, 1990-2020 and
projections to 2050: A systematic analysis for the Global
Burden of Disease Study 2021. Lancet Rheumatol.
2023;5(9):e508-e522.

3. GBD 2021 Rheumatoid Arthritis Collaborators. Global,
regional, and national burden of rheumatoid arthritis, 1990-
2020, and projections to 2050: A systematic analysis of the
Global Burden of Disease Study 2021. Lancet Rheumatol.
2023;5(10):e594-€610.

Gan et al. 2026 | https://doi.org/10.34133/research.1319

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

GBD 2021 Low Back Pain Collaborators. Global, regional,
and national burden of low back pain, 1990-2020, its
attributable risk factors, and projections to 2050: A systematic
analysis of the Global Burden of Disease Study 2021. Lancet
Rheumatol. 2023;5(6):e316-e329.

Gao H, Peng X, Li N, Gou L, Xu T, Wang Y, Qin ], Liang H,
Ma P, Li S, et al. Emerging role of liver-bone axis in
osteoporosis. ] Orthop Translat. 2024;48:217-231.
Cannata-Andia JB, Martin-Carro B, Martin-Virgala J,
Rodriguez-Carrio J, Bande-Fernandez JJ, Alonso-Montes C,
Carrillo-Lopez N. Chronic kidney disease-mineral and bone
disorders: Pathogenesis and management. Calcif Tissue Int.
2021;108(4):410-422.

Deepika F, Bathina S, Armamento-Villareal R. Novel
adipokines and their role in bone metabolism: A narrative
review. Biomedicine. 2023;11(2):Article 644.

You Y, Xiang T, Yang C, Xiao S, Tang Y, Luo G, Ling Z, Luo F,
Chen Y. Interactions between the gut microbiota and immune
cell dynamics: Novel insights into the gut-bone axis. Gut
Microbes. 2025;17(1):Article 2545417.

Wei ], Liu Q, Yuen HY, Lam AC, Jiang Y, Yang Y, Liu Y,

Zhao X, Xiao L. Gut-bone axis perturbation: Mechanisms
and interventions via gut microbiota as a primary driver of
osteoporosis. ] Orthop Translat. 2025;50:373-387.

Kim SM, Ryu V, Miyashita S, Korkmaz E, Lizneva D, Gera S,
Latif R, Davies TF, Igbal J, Yuen T, et al. Thyrotropin,
hyperthyroidism, and bone mass. J Clin Endocrinol Metab.
2021;106(12):e4809-e4821.

Hu K, Olsen BR. The roles of vascular endothelial growth
factor in bone repair and regeneration. Bone. 2016;91:30-38.
Shi H, Chen M. The brain-bone axis: Unraveling the complex
interplay between the central nervous system and skeletal
metabolism. Eur ] Med Res. 2024;29(1):317.

Dong Y, Yuan H, Ma G, Cao H. Bone-muscle crosstalk under
physiological and pathological conditions. Cell Mol Life Sci.
2024;81(1):310.

Zheng J, Wheeler E, Pietzner M, Andlauer TFM, Yau MS,
Hartley AE, Brumpton BM, Rasheed H, Kemp JP, Frysz M,
et al. Lowering of circulating sclerostin may increase risk of
atherosclerosis and its risk factors: Evidence from a genome-
wide association meta-analysis followed by Mendelian
randomization. Arthritis Rheumatol. 2023;75(10):1781-1792.
Mao H, Li L, Fan Q, Angelini A, Saha PK, Coarfa C,
Rajapakshe K, Perera D, Cheng J, Wu H, et al. Endothelium-
specific depletion of LRP1 improves glucose homeostasis
through inducing osteocalcin. Nat Commun. 2021;12(1):5296.
Yang Y, Gu M, Wang W, Li S, Lu ], Sun Q, Hu M, Zhong L.
Circulating Bone morphogenetic protein 9 (BMP9) as a new
biomarker for noninvasive stratification of nonalcoholic
fatty liver disease and metabolic syndrome. Clin Exp Med.
2024;24(1):55.

He T, Zhou B, Sun G, Yan Q, Lin S, Ma G, Yao Q, Wu X,
Zhong Y, Gan D, et al. The bone-liver interaction modulates
immune and hematopoietic function through Pinch-Cxcl12-
MbI2 pathway. Cell Death Differ. 2024;31(1):90-105.

Figurek A, Rroji M, Spasovski G. FGF23 in chronic

kidney disease: Bridging the heart and anemia. Cells.
2023;12(4):Article 609.

Reid IR, Baldock PA, Cornish J. Effects of leptin on the
skeleton. Endocr Rev. 2018;39(6):938-959.

Lucas S, Omata Y, Hofmann J, Béttcher M, Iljazovic A,
Sarter K, Albrecht O, Schulz O, Krishnacoumar B,

14


https://doi.org/10.34133/research.1319

Research

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Kronke G, et al. Short-chain fatty acids regulate systemic
bone mass and protect from pathological bone loss. Nat
Commun. 2018;9(1):55.

Schett G. Effects of inflammatory and anti-inflammatory
cytokines on the bone. Eur J Clin Investig. 2011;41(12):
1361-1366.

Elkhwanky MS, Kummu O, Piltonen T'T, Laru J,
Morin-Papunen L, Mutikainen M, Tavi P, Hakkola J. Obesity
represses CYP2R1, the vitamin D 25-hydroxylase, in the liver
and extrahepatic tissues. JBMR Plus. 2020;4(11):Article 10397.
Gomez JM. The role of insulin-like growth factor I
components in the regulation of vitamin D. Curr Pharm
Biotechnol. 2006;7(2):125-132.

Karsenty G, Khosla S. The crosstalk between bone remodeling
and energy metabolism: A translational perspective. Cell
Metab. 2022;34(6):805-817.

China SP, Sanyal S, Chattopadhyay N. Adiponectin signaling
and its role in bone metabolism. Cytokine. 2018;112:
116-131.

Gao H, Zhong Y, Lin §, Yan Q, Zou X, Xiao G. Bone marrow
adipoq* cell population controls bone mass via sclerostin in
mice. Signal Transduct Target Ther. 2023;8(1):265.

Gao H, Guo Y, Yan Q, Yang W, Li R, Lin §, Bai X, Liu C,
Chen D, Cao H, et al. Lipoatrophy and metabolic disturbance
in mice with adipose-specific deletion of kindlin-2. JCT
Insight. 2019;4(13):Article e128405.

Tang W, Ding Z, Gao H, Yan Q, Liu ], Han Y, Hou X, Liu Z,
Chen L, Yang D, et al. Targeting Kindlin-2 in adipocytes
increases bone mass through inhibiting FAS/PPARy/FABP4
signaling in mice. Acta Pharm Sin B. 2023;13(11):
4535-4552.

Zhang X, Tian L, Majumdar A, Scheller EL. Function and
regulation of bone marrow adipose tissue in health and
disease: State of the field and clinical considerations. Compr
Physiol. 2024;14(3):5521-5579.

Lademann F, Rijntjes E, Kohrle J, Tsourdi E, Hofbauer LC,
Rauner M. Hyperthyroidism-driven bone loss depends on
BMP receptor Bmprla expression in osteoblasts. Commun
Biol. 2024;7(1):548.

Li X, Liang T, Dai B, Chang L, Zhang Y, Hu S, Guo J, Xu S,
Zheng L, Yao H, et al. Excess glucocorticoids inhibit murine
bone turnover via modulating the immunometabolism of the
skeletal microenvironment. J Clin Invest. 2024;134(10):
Article e166795.

Wang Q, Qin H, Deng ], Xu H, Liu S, Weng J, Zeng H.
Research progress in calcitonin gene-related peptide and
bone repair. Biomolecules. 2023;13(5):Article 838.
Niedermair T, Schirner S, Seebroker R, Straub RH, Grissel S.
Substance P modulates bone remodeling properties of murine
osteoblasts and osteoclasts. Sci Rep. 2018;8(1):9199.
Tokumoto M, Nakasa T, Shirakawa Y, Nekomoto A, Ikuta Y,
Ishikawa M, Miyaki S, Adachi N. The role of substance

P on maintaining ligament homeostasis by inhibiting
endochondral ossification during osteoarthritis progression.
Connect Tissue Res. 2023;64(1):82-92.

Hu Y, Chen X, Wang S, Jing Y, Su J. Subchondral bone
microenvironment in osteoarthritis and pain. Bone Res.
2021;9(1):20.

Ma'Y, Nyman JS, Tao H, Moss HH, Yang X, Elefteriou F. f2-
Adrenergic receptor signaling in osteoblasts contributes to
the catabolic effect of glucocorticoids on bone. Endocrinology.
2011;152(4):1412-1422.

Gan et al. 2026 | https://doi.org/10.34133/research.1319

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Liu PS, Chen YY, Feng CK, Lin YH, Yu TC. Muscarinic
acetylcholine receptors present in human osteoblast and bone
tissue. Eur ] Pharmacol. 2011;650(1):34-40.

ShiY, Oury E, Yadav VK, Wess J, Liu XS, Guo XE, Murshed M,
Karsenty G. Signaling through the M, muscarinic receptor
favors bone mass accrual by decreasing sympathetic activity.
Cell Metab. 2010;11(3):231-238.

Gadomski S, Fielding C, Garcia-Garcia A, Korn C, Kapeni C,
Ashraf S, Villadiego ], Del Toro R, Domingues O, Skepper JN,
etal. A cholinergic neuroskeletal interface promotes bone
formation during postnatal growth and exercise. Cell Stem
Cell. 2022;29(4):528-544.€9.

Tsigos C, Kyrou I, Kassi E, Chrousos GP. Stress: Endocrine
physiology and pathophysiology. In: Feingold KR, Adler RA,
Ahmed SE, Anawalt B, Blackman MR, Boyce A, Chrousos G,
Corpas E, de Herder WW, Dhatariya K, Dungan K,
Hamilton E, Hofland J, Jan de Beur S, Kalra S, Kaltsas G,
Kapoor N, Kim M, Koch C, Kopp P, Korbonits M, Kovacs CS,
Kuohung W, Laferrére B, Levy M, McGee EA, McLachlan R,
Muzumdar R, Purnell ], Rey R, Sahay R, Shah AS, Sperling MA,
Stratakis CA, Trence DL, Wilson DP, editors. Endotext. South
Dartmouth (MA): MDText.com, Inc.; 2000.

Chen M, Fu W, Xu H, Liu CJ. Pathogenic mechanisms of
glucocorticoid-induced osteoporosis. Cytokine Growth Factor
Rev. 2023;70:54-66.

Tao R, Mi B, Hu Y, Lin S, Xiong Y, Lu X, Panayi AC, Li G,
Liu G. Hallmarks of peripheral nerve function in bone
regeneration. Bone Res. 2023;11(1):6.

Zhang Z, Hu P, Wang Z, Qiu X, Chen Y. BDNF promoted
osteoblast migration and fracture healing by up-regulating
integrin 1 via TrkB-mediated ERK1/2 and AKT signalling.
J Cell Mol Med. 2020;24(18):10792-10802.

Chen H, Hu B, Lv X, Zhu S, Zhen G, Wan M, Jain A, Gao B,
Chai Y, Yang M, et al. Prostaglandin E2 mediates sensory
nerve regulation of bone homeostasis. Nat Commun.
2019;10(1):181.

Tuckermann J, Adams RH. The endothelium-bone axis in
development, homeostasis and bone and joint disease. Nat
Rev Rheumatol. 2021;17(10):608-620.

Courties A, Gualillo O, Berenbaum F, Sellam J. Metabolic
stress-induced joint inflammation and osteoarthritis.
Osteoarthr Cartil. 2015;23(11):1955-1965.

Qin L, Liu W, Cao H, Xiao G. Molecular mechanosensors in
osteocytes. Bone Res. 2020;8(1):23.

Wang L, You X, Zhang L, Zhang C, Zou W. Mechanical
regulation of bone remodeling. Bone Res. 2022;10(1):16.
Bowden Davies KA, Pickles S, Sprung VS, Kemp GJ, Alam U,
Moore DR, Tahrani AA, Cuthbertson DJ. Reduced

physical activity in young and older adults: Metabolic and
musculoskeletal implications. Ther Adv Endocrinol Metab.
2019;10:Article 2042018819888824.

Ng CA, Gandham A, Mesinovic J, Owen PJ, Ebeling PR,
Scott D. Effects of moderate- to high-impact exercise training
on bone structure across the lifespan: A systematic review
and meta-analysis of randomized controlled trials. ] Bone
Miner Res. 2023;38(11):1612-1634.

Kirk B, Feehan J, Lombardi G, Duque G. Muscle, bone, and
fat crosstalk: The biological role of myokines, osteokines, and
adipokines. Curr Osteoporos Rep. 2020;18(4):388-400.

Sun B, Wu H, Lu ], Zhang R, Shen X, Gu Y, Shi C, Zhang Y,
Yuan W. Irisin reduces bone fracture by facilitating
osteogenesis and antagonizing TGF-p/Smad signaling in a

15


https://doi.org/10.34133/research.1319
http://MDText.com

Research

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

growing mouse model of osteogenesis imperfecta. ] Orthop
Translat. 2023;38:175-189.

Adhikary S, Choudhary D, Tripathi AK, Karvande A,
Ahmad N, Kothari P, Trivedi R. FGF-2 targets sclerostin

in bone and myostatin in skeletal muscle to mitigate the
deleterious effects of glucocorticoid on musculoskeletal
degradation. Life Sci. 2019;229:261-276.

Bunn RC, Adatorwovor R, Smith RR, Ray PD, Fields SE,
Keeble AR, Fry CS, Uppuganti S, Nyman JS, Fowlkes JL, et al.
Pharmacologic inhibition of myostatin with a myostatin
antibody improves the skeletal muscle and bone phenotype
of male insulin-deficient diabetic mice. JBMR Plus.
2023;7(11):Article e10833.

Lyu Z, Hu Y, Guo Y, Liu D. Modulation of bone remodeling
by the gut microbiota: A new therapy for osteoporosis. Bone
Res. 2023;11(1):31.

Mann ER, Lam YK, Uhlig HH. Short-chain fatty acids:
Linking diet, the microbiome and immunity. Nat Rev
Immunol. 2024;24(8):577-595.

Xiang T, Yang C, Xie L, Xiao S, Tang Y, Huang G, et al.
Aberrant tryptophan metabolism manipulates osteochondral
homeostasis. Research. 2025;8:0728.

Yu K, Vyavahare S, Alhamad D, Bensreti H, Ruan L,
Tuladhar A, Dai C, Shaver JC, Tripathi A, Ding K, et al.
Inhibition of AhR improves cortical bone and skeletal muscle
function via preservation of neuromuscular junctions. JCI
Insight. 2025;10(16):Article €192047.

Ding P, Tan Q, Wei Z, Chen Q, Wang C, Qi L, Wen L,

Zhang C, Yao C. Toll-like receptor 9 deficiency induces
osteoclastic bone loss via gut microbiota-associated systemic
chronic inflammation. Bone Res. 2022;10(1):42.

Yu M, Malik Tyagi A, LiJY, Adams ], Denning TL,
Weitzmann MN, Jones RM, Pacifici R. PTH induces bone loss
via microbial-dependent expansion of intestinal TNF* T cells
and Th17 cells. Nat Commun. 2020;11(1):468.

Lin X, Xiao HM, Liu HM, Lv WQ, Greenbaum J, Gong R,
Zhang Q, Chen YC, Peng C, Xu XJ, et al. Gut microbiota
impacts bone via Bacteroides vulgatus-valeric acid-related
pathways. Nat Commun. 2023;14(1):6853.

Hansen MS, See K, Christensen LL, Fernandez-Guerra P,
Hansen NW, Wyatt RA, Martin C, Hardy RS, Andersen TL,
Olesen JB, et al. GIP reduces osteoclast activity and improves
osteoblast survival in primary human bone cells. Eur |
Endocrinol. 2023;188(1):144-157.

Zou Y, Liu C, Wang Z, Li G, Xiao J. Neural and immune
roles in osteoarthritis pain: Mechanisms and intervention
strategies. ] Orthop Translat. 2024;48:123-132.

Kwon M, Kim T, Park EH, Song S, Ok H, Yoo H, Nam D,
Kim J. Substance P-neurokinin 1 receptor signal involves the
development of osteoarthritis-induced chronic pain in rats.

J Neuropathol Exp Neurol. 2025;84(10):879-891.

Hildebrandt A, Dietrich T, Weber ], Giinderoth MM, Zhou S,
Fleckenstein FN, Jiang S, Winkler T, Duda GN, Tsitsilonis S,
et al. The dual pro-inflammatory and bone-protective role

of calcitonin gene-related peptide alpha in age-related
osteoarthritis. Arthritis Res Ther. 2023;25(1):244.

Zhao L, Lai Y, Jiao H, Huang J. Nerve growth factor receptor
limits inflammation to promote remodeling and repair of
osteoarthritic joints. Nat Commun. 2024;15(1):3225.
Hochberg MC, Carrino JA, Schnitzer T], Guermazi A,

Walsh DA, White A, Nakajo S, Fountaine RJ, Hickman A,
Pixton G, et al. Long-term safety and efficacy of subcutaneous

Gan et al. 2026 | https://doi.org/10.34133/research.1319

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

tanezumab versus nonsteroidal antiinflammatory drugs

for hip or knee osteoarthritis: A randomized trial. Arthritis
Rheumatol. 2021;73(7):1167-1177.

Fu W, Vasylyev D, Bi Y, Zhang M, Sun G, Khleborodova A,
Huang G, Zhao L, Zhou R, Li Y, et al. Na, 1.7 as a chondrocyte
regulator and therapeutic target for osteoarthritis. Nature.
2024;625(7995):557-565.

Yao Q, Wu X, Tao C, Gong W, Chen M, Qu M, Zhong Y,

He T, Chen S, Xiao G. Osteoarthritis: Pathogenic signaling
pathways and therapeutic targets. Signal Transduct Target
Ther. 2023;8(1):56.

Yavropoulou MP, Filippa MG, Vlachogiannis NI, Fragoulis GE,
Laskari K, Mantzou A, Panopoulos S, Fanouriakis A,
Bournia VK, Evangelatos G, et al. Diurnal production of
cortisol and prediction of treatment response in rheumatoid
arthritis: A 6-month, real-life prospective cohort study. RMD
Open. 2024;10(1):Article e003575.

Song C, Wang J, Kim B, Lu C, Zhang Z, Liu H, Kang H, Sun Y,
Guan H, Fang Z, et al. Insights into the role of circadian
rhythms in bone metabolism: A promising intervention
target? Biomed Res Int. 2018;2018(1):Article 9156478.
Androulakis IP. Circadian rhythms and the HPA axis: A
systems view. WIREs Mech Dis. 2021;13(4):Article e1518.

Liu Q, Zhang Y. Biological clock perspective in rheumatoid
arthritis. Inflammation. 2025;48(3):1028-1041.

Ng JS, Chin KY. Potential mechanisms linking psychological
stress to bone health. Int ] Med Sci. 2021;18(3):604-614.
Alten R. Chronotherapy with modified-release prednisone in
patients with rheumatoid arthritis. Expert Rev Clin Immunol.
2012;8(2):123-133.

Alotiby A. Immunology of stress: A review article. J Clin Med.
2024;13(21):Article 6394.

Eiers AK, Vettorazzi S, Tuckermann JP. Journey through
discovery of 75 years glucocorticoids: Evolution of our
knowledge of glucocorticoid receptor mechanisms in
rheumatic diseases. Ann Rheum Dis. 2024;83(12):
1603-1613.

Macfarlane E, Seibel MJ, Zhou H. Arthritis and the role of
endogenous glucocorticoids. Bone Res. 2020;8(1):33.

Shimba A, Cui G, Abe S, Hirota K, Miyauchi E, Takami D,
Tani-Ichi S, Kato R, Tajima M, Kanahashi T, et al. Stress-
induced glucocorticoids enhance acute inflammation

by promoting the differentiation of Th17 cells. Cell Rep.
2025;44(8):Article 116093.

Takeda S, Elefteriou E, Levasseur R, Liu X, Zhao L, Parker KL,
Armstrong D, Ducy P, Karsenty G. Leptin regulates bone
formation via the sympathetic nervous system. Cell.
2002;111(3):305-317.

Baek K, Bloomfield SA. B-Adrenergic blockade and leptin
replacement effectively mitigate disuse bone loss. ] Bone
Miner Res. 2009;24(5):792-799.

Yadav VK, Oury E Suda N, Liu Z-W, Gao X-B, Confavreux C,
Klemenhagen KC, Tanaka KF, Gingrich JA, Guo XE, et al.
Leptin regulation of bone mass, appetite and energy
expenditure relies on its ability to inhibit serotonin synthesis
in the brainstem. Cell. 2009;138(5):976.

Engin AB. Mechanism of obesity-related lipotoxicity and
clinical perspective. Adv Exp Med Biol. 2024;1460:131-166.
He LH, Liu M, He Y, Xiao E, Zhao L, Zhang T, Yang HQ,
Zhang Y. TRPV1 deletion impaired fracture healing and
inhibited osteoclast and osteoblast differentiation. Sci Rep.
2017;7:Article 42385.

16


https://doi.org/10.34133/research.1319

Research

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Mallia I, Fioravanti A, Guiducci S. Infrapatellar fat

pad in knee osteoarthritis: A comprehensive review of
pathophysiology and targeted therapeutic strategies. Int ] Mol
Sci. 2025;26(21):Article 10408.

Klein-Wieringa IR, Kloppenburg M, Bastiaansen-Jenniskens YM,
Yusuf E, Kwekkeboom JC, El-Bannoudi H, Nelissen RG,
Zuurmond A, Stojanovic-Susulic V, Van Osch GJ, et al. The
infrapatellar fat pad of patients with osteoarthritis has an
inflammatory phenotype. Ann Rheum Dis. 2011;70(5):
851-857.

Lorton D, Lubahn C, Bellinger DL. Potential use of drugs
that target neural-immune pathways in the treatment of
rheumatoid arthritis and other autoimmune diseases. Curr
Drug Targets Inflamm Allergy. 2003;2(1):1-30.

Straub RH, Lowin T, Klatt S, Wolff C, Rauch L. Increased
density of sympathetic nerve fibers in metabolically activated
fat tissue surrounding human synovium and mouse lymph
nodes in arthritis. Arthritis Rheum. 2011;63(11):3234-3242.
Elefteriou F, Ahn JD, Takeda S, Starbuck M, Yang X, Liu X,
Kondo H, Richards WG, Bannon TW, Noda M, et al. Leptin
regulation of bone resorption by the sympathetic nervous
system and CART. Nature. 2005;434(7032):514-520.

Xu J, Wang J, Chen X, Li Y, Mi J, Qin L. The effects of
calcitonin gene-related peptide on bone homeostasis and
regeneration. Curr Osteoporos Rep. 2020;18(6):621-632.
Becker CB. Sclerostin inhibition for osteoporosis—a new
approach. N Engl ] Med. 2014;370(5):476-477.

Akune T, Ohba S, Kamekura S, Yamaguchi M, Chung U],
Kubota N, Terauchi Y, Harada Y, Azuma Y, Nakamura K,

et al. PPAR v insufficiency enhances osteogenesis through
osteoblast formation from bone marrow progenitors. J Clin
Invest. 2004;113(6):846-855.

Kang J, Gopakumar H, Puli SR. Prevalence of osteoporosis
in cirrhosis: A systematic review and meta-analysis. Cureus.
2023;15(1):Article €33721.

Su YH, Chien KL, Yang SH, Chia WT, Chen JH, Chen YC.
Nonalcoholic fatty liver disease is associated with decreased
bone mineral density in adults: A systematic review and
meta-analysis. ] Bone Miner Res. 2023;38(8):1092-1103.
Lloret MJ, Fusaro M, Jergensen HS, Haarhaus M, Gifre L,
Alfieri CM, Mass6 E, D’Marco L, Evenepoel P, Bover J.
Evaluating osteoporosis in chronic kidney disease: Both bone
quantity and quality matter. ] Clin Med. 2024;13(4):

Article 1010.

Bergwitz C, Jiippner H. Regulation of phosphate
homeostasis by PTH, vitamin D, and FGF23. Annu Rev Med.
2010;61(1):91-104.

Ho BB, Bergwitz C. FGF23 signalling and physiology. ] Mol
Endocrinol. 2021;66(2):R23-R32.

Stubbs J, Liu S, Quarles LD. Role of fibroblast growth factor
23 in phosphate homeostasis and pathogenesis of disordered
mineral metabolism in chronic kidney disease. Semin Dial.
2007;20(4):302-308.

Hsu CY, Chen LR, Chen KH. Osteoporosis in patients with
chronic kidney diseases: A systemic review. Int ] Mol Sci.
2020;21(18):Article 6846.

Goldsmith D], Massy ZA, Brandenburg V. The uses

and abuses of Vitamin D compounds in chronic kidney
disease-mineral bone disease (CKD-MBD). Semin Nephrol.
2014;34(6):660-668.

Reiss AB, Miyawaki N, Moon J, Kasselman L], Voloshyna I,
D’Avino R Jr, De Leon J. CKD, arterial calcification,

Gan et al. 2026 | https://doi.org/10.34133/research.1319

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

atherosclerosis and bone health: Inter-relationships and
controversies. Atherosclerosis. 2018;278:49-59.

Gembillo G, Sessa C, Morale W, Zanoli L, Catalano A,
Silipigni S, Soraci L, Corsonello A, Princiotto M, Lomonte C,
et al. Fracture risk in chronic kidney disease: Addressing an
overlooked complication. Metabolites. 2025;15(7): Article 460.
Reid IR, Bolland M]J, Grey A. Effects of vitamin D
supplements on bone mineral density: A systematic review
and meta-analysis. Lancet. 2014;383(9912):146-155.
Zoulakis M, Johansson L, Litsne H, Axelsson K, Lorentzon M.
Type 2 diabetes and fracture risk in older women. JAMA
Netw Open. 2024;7(8):Article €2425106.

Yamamoto M, Sugimoto T. Advanced glycation end
products, diabetes, and bone strength. Curr Osteoporos Rep.
2016;14(6):320-326.

Hong AR, Kang HC. Evaluation and management of bone
health in patients with thyroid diseases: A position statement
of the Korean thyroid association. Endocrinol Metab.
2023;38(2):175-189.

Kobza AO, Herman D, Papaioannou A, Lau AN, Adachi JD.
Understanding and managing corticosteroid-induced
osteoporosis. Open Access Rheumatol. 2021;13:177-190.
Henneicke H, Gasparini SJ, Brennan-Speranza TC, Zhou H,
Seibel MJ. Glucocorticoids and bone: Local effects

and systemic implications. Trends Endocrinol Metab.
2014;25(4):197-211.

Gosset A, Pouilles JM, Trémollieres F. Menopausal hormone
therapy for the management of osteoporosis. Best Pract Res
Clin Endocrinol Metab. 2021;35(6):Article 101551.

Rozenberg S, Al-Daghri N, Aubertin-Leheudre M, Brandi ML,
Cano A, Collins P, Cooper C, Genazzani AR, Hillard T,
Kanis JA, et al. Is there a role for menopausal hormone
therapy in the management of postmenopausal osteoporosis?
Osteoporos Int. 2020;31(12):2271-2286.

Saag KG, Shane E, Boonen S, Marin F, Donley DW,

Taylor KA, Dalsky GP, Marcus R. Teriparatide or alendronate
in glucocorticoid-induced osteoporosis. N Engl ] Med.
2007;357(20):2028-2039.

Dhabhar B. Cancer treatment-induced bone loss: Role of
denosumab in non-metastatic breast cancer. Breast Cancer.
2022;14:163-173.

Kondapalli AV, Walker MD. Celiac disease and bone. Arch
Endocrinol Metab. 2022;66(5):756-764.

Zhang YW, Cao MM, Li Y], Lu PP, Dai GC, Zhang M,

Wang H, Rui YF. Fecal microbiota transplantation ameliorates
bone loss in mice with ovariectomy-induced osteoporosis via
modulating gut microbiota and metabolic function. J Orthop
Translat. 2022;37:46-60.

Huang M, Huang M, Liu L, Yang F, He C, Sun YC, Jiao Y-R,
Tang X, Hou ], Chen K-X, et al. Gut microbiota modulates
obesity-associated skeletal deterioration through
macrophage aging and grancalcin secretion. Adv Sci.
2025;12(28):Article e2502634.

Gandham A, Gregori G, Johansson L, Johansson H,

Harvey NC, Vandenput L, McCloskey E, Kanis JA, Litsne H,
Axelsson K, et al. Sarcopenia definitions and their association
with fracture risk in older Swedish women. ] Bone Miner Res.
2024;39(4):453-461.

Nguyen BTT, Lin AP, Yang WW, Cheng SJ, Kuo YJ, Nguyen TT,
Chen YP. Impacts of osteosarcopenia on musculoskeletal
health, risks of falls and fractures, and activities of daily
living among population aged 50 and above: An age- and

17


https://doi.org/10.34133/research.1319

Research

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

sex-matched cross-sectional analysis. Aging Clin Exp Res.
2024;37(1):8.

Leslie WD, Schousboe JT, Morin SN, Martineau P, Lix LM,
Johansson H, McCloskey EV, Harvey NC, Kanis JA. Loss

in DX A-estimated total body lean mass but not fat mass
predicts incident major osteoporotic fracture and hip fracture
independently from FRAX: A registry-based cohort study.
Arch Osteoporos. 2020;15(1):96.

LuY, Zhang J, Li H, Li T. Association of non-alcoholic fatty
liver disease with self-reported osteoarthritis among the US
adults. Arthritis Res Ther. 2024;26(1):40.

Caliogna L, Berni M, Torriani C, Mancuso ME,

Di Minno MN, Brancato AM, Jannelli E, Mosconi M,

Pasta G. Pathogenesis of osteoarthritis, rheumatoid arthritis,
and hemophilic arthropathy: The role of angiogenesis.
Haemophilia. 2024;30(6):1256-1264.

Sandoo A, Veldhuijzen van Zanten JJ, Metsios GS, Carroll D,
Kitas GD. Vascular function and morphology in

rheumatoid arthritis: A systematic review. Rheumatology.
2011;50(11):2125-2139.

Chen Q, Chen Z, Li F, Zha H, He W, Jiang F, Wei ], Xu ], Li R,
Cai L, et al. Discovery of highly potent and selective VEGFR2
kinase inhibitors for the treatment of rheumatoid arthritis.
Eur ] Med Chem. 2023;257: Article 115456.

Zhao F, He Y, Zhao Z, He ], Huang H, Ai K, Liu L, Cai X.
The Notch signaling-regulated angiogenesis in rheumatoid
arthritis: Pathogenic mechanisms and therapeutic potentials.
Front Immunol. 2023;14:Article 1272133.

Ait Eldjoudi D, Cordero Barreal A, Gonzalez-Rodriguez M,
Ruiz-Fernandez C, Farrag Y, Farrag M, Lago F, Capuozzo M,
Gonzalez-Gay MA, Mera Varela A, et al. Leptin in
osteoarthritis and rheumatoid arthritis: Player or bystander?
Int ] Mol Sci. 2022;23(5):Article 2859.

Zapata-Linares N, Eymard E Berenbaum F, Houard X. Role
of adipose tissues in osteoarthritis. Curr Opin Rheumatol.
2021;33(1):84-93.

Toussirot E. The influence of adipokines on radiographic
damage in inflammatory rheumatic diseases. Biomedicine.
2023;11(2):Article 536.

Schnitzer T7J, Easton R, Pang S, Levinson D], Pixton G,
Viktrup L, Davignon I, Brown MT, West CR, Verburg KM.
Effect of tanezumab on joint pain, physical function, and
patient global assessment of osteoarthritis among patients
with osteoarthritis of the hip or knee: A randomized clinical
trial. JAMA. 2019;322(1):37-48.

Zhu S, Zhu J, Zhen G, Hu Y, An S, Li Y, Zheng Q, Chen Z,
Yang Y, Wan M, et al. Subchondral bone osteoclasts induce
sensory innervation and osteoarthritis pain. J Clin Invest.
2019;129(3):1076-1093.

Courties A, Sellam J, Berenbaum F. Role of the autonomic
nervous system in osteoarthritis. Best Pract Res Clin
Rheumatol. 2017;31(5):661-675.

Yang Y, Hao C, Jiao T, Yang Z, Li H, Zhang Y, Zhang W,
Doherty M, Sun C, Yang T, et al. Osteoarthritis treatment
via the GLP-1-mediated gut-joint axis targets intestinal FXR
signaling. Science. 2025;388(6742):eadt0548.

Xie D, Wang Y, Li ], Yang T, Zhang Y, Zhang W, Doherty M,
Zhu'Y, Yang Z, Wang Y, et al. Correlation between

gut dysbiosis, metabolite alterations and erosive hand
osteoarthritis—An observational study within the community-
based Xiangya Osteoarthritis (XO) cohort. Osteoarthr Cartil.
2025;33(10):1246-1257.

Gan et al. 2026 | https://doi.org/10.34133/research.1319

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Cannata F, Vadala G, Ambrosio L, Fallucca S, Napoli N,
Papalia R, Pozzilli P, Denaro V. Intervertebral disc
degeneration: A focus on obesity and type 2 diabetes.
Diabetes Metab Res Rev. 2020;36(1):Article e3224.

Segar AH, Fairbank JCT, Urban J. Leptin and the intervertebral
disc: A biochemical link exists between obesity, intervertebral
disc degeneration and low back pain-an in vitro study in a
bovine model. Eur Spine J. 2019;28(2):214-223.

Yuan B, Huang L, Yan M, Zhang S, Zhang Y, Jin B, Ma Y,

Luo Z. Adiponectin downregulates TNF-a expression in
degenerated intervertebral discs. Spine. 2018;43(7):E381-E389.
Purmessur D, Freemont AJ, Hoyland JA. Expression and
regulation of neurotrophins in the nondegenerate and
degenerate human intervertebral disc. Arthritis Res Ther.
2008;10(4):R99.

Xue P, Wang S, Lyu X, Wan M, Li X, Ma L, Ford NC, Li Y,
Guan Y, Ding W, et al. PGE2/EP4 skeleton interoception
activity reduces vertebral endplate porosity and spinal pain
with low-dose celecoxib. Bone Res. 2021;9(1):36.

Xiao J, Zhou X, Xia T, Zhang W, Xing X, Zhang Y, Xiong L.
Exploring the role of gut microbiota in intervertebral

disc degeneration: Insights from bidirectional Mendelian
randomization analysis. Eur Spine J. 2025;34(6):2092-2105.
Bodingbauer M, Wekerle T, Pakrah B, Roschger P, Peck-
Radosavljevic M, Silberhumer G, Grampp S, Rockenschaub §,
Berlakovich G, Steininger R, et al. Prophylactic
bisphosphonate treatment prevents bone fractures after liver
transplantation. Am J Transplant. 2007;7(7):1763-1769.
Ogawa E, Jun DW, Toyoda H, Hsu YC, Yoon EL, Ahn SB,
Yeh ML, Do S, Trinh HN, Takahashi H, et al. Increased spine
bone density in patients with chronic hepatitis B switched to
tenofovir alafenamide: A prospective, multinational study.
Aliment Pharmacol Ther. 2024;59(2):239-248.

Weaver CM, Alexander DD, Boushey CJ, Dawson-Hughes B,
Lappe JM, LeBoff MS, Liu S, Looker AC, Wallace TC,

Wang DD. Calcium plus vitamin D supplementation and risk
of fractures: An updated meta-analysis from the National
Osteoporosis Foundation. Osteoporos Int. 2016;27(1):367-376.
Tartibian B, Hajizadeh Maleki B, Kanaley J, Sadeghi K.
Long-term aerobic exercise and omega-3 supplementation
modulate osteoporosis through inflammatory mechanisms in
post-menopausal women: A randomized, repeated measures
study. Nutr Metab. 2011;8:71.

Jensen SBK, Serensen V, Sandsdal RM, Lehmann EW,
Lundgren JR, Juhl CR, Janus C, Ternhamar T, Stallknecht BM,
Holst JJ, et al. Bone health after exercise alone, GLP-1
receptor agonist treatment, or combination treatment: A
secondary analysis of a randomized clinical trial. JAMA Netw
Open. 2024;7(6):Article €2416775.

Napoli N, Chandran M, Pierroz DD, Abrahamsen B,
Schwartz AV, Ferrari SL. Mechanisms of diabetes mellitus-
induced bone fragility. Nat Rev Endocrinol. 2017;13(4):
208-219.

Nickolas TL, Leonard MB, Shane E. Chronic kidney

disease and bone fracture: A growing concern. Kidney Int.
2008;74(6):721-731.

Lou X, Zhou Q, Dong Z, Bai L, Su J, Yue H. Innovative
strategies for bone organoid: Synergistic application and
exploration of advanced technologies. ] Orthop Translat.
2025;54:180-198.

Mansoorifar A, Gordon R, Bergan R, Bertassoni LE. Bone-
on-a-chip: Microfluidic technologies and microphysiologic

18


https://doi.org/10.34133/research.1319

Research

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

models of bone tissue. Adv Funct Mater. 2021;31(6):

Article 2006796.

Ling CW, Miao Z, Xiao ML, Zhou H, Jiang Z, Fu Y, Xiong E,
Zuo LS, Liu YP, Wu YY, et al. The association of gut
microbiota with osteoporosis is mediated by amino acid
metabolism: Multiomics in a large cohort. J Clin Endocrinol
Metab. 2021;106(10):e3852-e3864.

Ou J, Zhang J, Alswadeh M, Zhu Z, Tang J, Sang H, Lu K.
Advancing osteoarthritis research: The role of Al in clinical,
imaging and omics fields. Bone Res. 2025;13(1):48.

Xiaohui T, Wang L, Yang X, Jiang H, Zhang N, Zhang H, Li D,
Li X, Zhang Y, Wang S, et al. Sclerostin inhibition in rare
bone diseases: Molecular understanding and therapeutic
perspectives. ] Orthop Translat. 2024;47:39-49.

Hu L, Chen W, Qian A, Li YP. Wnt/p-catenin signaling
components and mechanisms in bone formation,
homeostasis, and disease. Bone Res. 2024;12(1):39.

Tsuji K, Kitamura M, Chiba K, Muta K, Yokota K, Okazaki N,
Osaki M, Mukae H, Nishino T. Comparison of bone
microstructures via high-resolution peripheral quantitative
computed tomography in patients with different stages of
chronic kidney disease before and after starting hemodialysis.
Ren Fail. 2022;44(1):381-391.

Badr S, Cotten A, Lombardo D, Ruschke S, Karampinos DC,
Ramdane N, Genin M, Paccou J. Bone marrow adiposity
alterations in postmenopausal women with type 2 diabetes
are site-specific. ] Endocr Soc. 2024;8(11):Article bvael61.
Graham RN, Panagiotidis E. [18F]FDG PET/CT in
rheumatoid arthritis. Q J Nucl Med Mol Imaging.
2022;66(3):234-244.

Pickhardt PJ, Pooler BD, Lauder T, del Rio AM, Bruce RJ,
Binkley N. Opportunistic screening for osteoporosis using
abdominal computed tomography scans obtained for other
indications. Ann Intern Med. 2013;158(8):588-595.
Moayyeri A, Adams JE, Adler RA, Krieg MA, Hans D,
Compston J, Lewiecki EM. Quantitative ultrasound of the
heel and fracture risk assessment: An updated meta-analysis.
Osteoporos Int. 2012;23(1):143-153.

Nijholt W, Scafoglieri A, Jager-Wittenaar H, Hobbelen JSM,
van der Schans CP. The reliability and validity of ultrasound
to quantify muscles in older adults: A systematic review. J
Cachexia Sarcopenia Muscle. 2017;8(5):702-712.

Zaidi M, Kim SM, Mathew M, Korkmaz E Sultana F,
Miyashita S, Gumerova AA, Frolinger T, Moldavski O,
Barak O, et al. Bone circuitry and interorgan skeletal
crosstalk. eLife. 2023;12:Article e83142.

He T, Qin L, Chen S, Huo S, Li ], Zhang F, Yi W, Mei Y,

Xiao G. Bone-derived factors mediate crosstalk between
skeletal and extra-skeletal organs. Bone Res. 2025;13(1):49.
Lin W, Li Y, Qiu C, Zou B, Gong Y, Zhang X, Tian D,
Sherman W, Sanchez F, Wu D, et al. Mapping the spatial atlas
of the human bone tissue integrating spatial and single-cell
transcriptomics. Nucleic Acids Res. 2025;53(2):

Article gkael298.

Bandyopadhyay S, Dufty MP, Ahn KJ, Sussman JH, Pang M,
Smith D, Duncan G, Zhang I, Huang J, Lin Y, et al. Mapping
the cellular biogeography of human bone marrow niches
using single-cell transcriptomics and proteomic imaging. Cell.
2024;187(12):3120-3140.€29.

Maryanovich M, Takeishi S, Frenette PS. Neural regulation
of bone and bone marrow. Cold Spring Harb Perspect Med.
2018;8(9):Article 2031344,

Gan et al. 2026 | https://doi.org/10.34133/research.1319

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

Yu]J, Ji L, Liu Y, Wang X, Wang J, Liu C. Bone-brain
interaction: Mechanisms and potential intervention strategies
of biomaterials. Bone Res. 2025;13(1):38.

Moshayedi S, Tasorian B, Almasi-Hashiani A. The prevalence
of osteoporosis in rheumatoid arthritis patient: A systematic
review and meta-analysis. Sci Rep. 2022;12(1):15844.

Ma G, Cheng S, Han Y, Tang W, Pang W, Chen L, Ding Z,
Cao H. The p53-miR17 family-Rankl axis bridges liver-bone
communication. Mol Ther. 2025;33(2):631-648.

Yang S, Nguyen ND, Eisman JA, Nguyen TV. Association
between beta-blockers and fracture risk: A Bayesian meta-
analysis. Bone. 2012;51(5):969-974.

Wu PY, Caceres Al, Chen J, Sokoloff ], Huang M, Baht GS,
Nackley AG, Jordt SE, Terrando N. Vagus nerve stimulation
rescues persistent pain following orthopedic surgery in adult
mice. Pain. 2024;165(8):e80-€92.

Stein M, Elefteriou F, Busse B, Fiedler IA, Kwon RY, Farrell E,
Ahmad M, Ignatius A, Grover L, Geris L, et al. Why animal
experiments are still indispensable in bone research: A
statement by the European calcified tissue society. ] Bone
Miner Res. 2023;38(8):1045-1061.

Zaki S, Blaker CL, Little CB. OA foundations - experimental
models of osteoarthritis. Osteoarthr Cartil. 2022;30(3):
357-380.

Cosman E Crittenden DB, Adachi JD, Binkley N, Czerwinski E,
Ferrari S, Hofbauer LC, Lau E, Lewiecki EM, Miyauchi A, et al.
Romosozumab treatment in postmenopausal women with
osteoporosis. N Engl ] Med. 2016;375(16):1532-1543.
Courbon G, David V. Lipocalin-2: A novel link between the
injured kidney and the bone. Curr Opin Nephrol Hypertens.
2022;31(4):312-319.

Zhao Y, Peng X, Wang Q, Zhang Z, Wang L, Xu Y, Yang H,
Bai ], Geng D. Crosstalk between the neuroendocrine system
and bone homeostasis. Endocr Rev. 2024;45(1):95-124.
Zanatta LC, Boguszewski CL, Borba VZ, Kulak CA.
Osteocalcin, energy and glucose metabolism. Arq Bras
Endocrinol Metabol. 2014;58(5):444-451.

Yan ], Herzog JW, Tsang K, Brennan CA, Bower MA,

Garrett WS, Sartor BR, Aliprantis AO, Charles JE Gut
microbiota induce IGF-1 and promote bone formation and
growth. Proc Natl Acad Sci USA. 2016;113(47):E7554-E7563.
Gregori G, Pivodic A, Magnusson P, Johansson L,
Hjertonsson U, Brittemark E, Lorentzon M.
Limosilactobacillus reuteri 6475 and prevention of early
postmenopausal bone loss: A randomized clinical trial. JAMA
Netw Open. 2024;7(6):Article €2415455.

Shen X, Chen Y, Zhang ], Yang M, Huang L, Luo J, Xu L. The
association between circulating irisin levels and osteoporosis in
women: A systematic review and meta-analysis of observational
studies. Front Endocrinol. 2024;15:Article 1388717.

Chen TL, Chang KH, Su KY. Effects of biological/targeted
therapies on bone mineral density in inflammatory arthritis.
Int ] Mol Sci. 2022;23(8):4111.

Avilkina V, Chauveau C, Mhenni OG. Sirtuin function

and metabolism: Role in pancreas, liver, and adipose tissue
and their crosstalk impacting bone homeostasis. Bone.
2022;154:Article 116232.

Li Q, Cheng JC, Jiang Q, Lee WY. Role of sirtuins in bone
biology: Potential implications for novel therapeutic strategies
for osteoporosis. Aging Cell. 2021;20(2):Article e13301.
Grover I, Singh N, Gunjan D, Benjamin J, Ramakrishnan L,
Pandey RM, Sati HC, Saraya A. Vitamin D status & bone

19


https://doi.org/10.34133/research.1319

Research

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

health in patients with liver cirrhosis. Indian ] Med Res.
2023;158(3):284-291.

Edwards CJ, Spector TD. Statins as modulators of bone
formation. Arthritis Res. 2002;4(3):151-153.

Whisner CM, Weaver CM. Prebiotics and bone. Adv Exp Med
Biol. 2017;1033:201-224.

Gnant M, Frantal S, Pfeiler G, Steger GG, Egle D, Greil R,
Fitzal F, Wette V, Balic M, Haslbauer E et al. Long-term
outcomes of adjuvant denosumab in breast cancer. NEJM
Evid. 2022;1(12):Article EVID0a2200162.

Manara M, Sinigaglia L. Bone and TNF in rheumatoid
arthritis: Clinical implications. RMD Open. 2015;1(Suppl 1):
Article e000065.

Hofbauer LC, Henneicke H. p-Blockers and bone health.

J Clin Invest. 2018;128(11):4745-4747.

Sheng R, Cao M, Song M, Wang M, Zhang Y, Shi L, Xie T,
Li Y, Wang ], Rui Y. Muscle-bone crosstalk via endocrine
signals and potential targets for osteosarcopenia-related
fracture. J Orthop Translat. 2023;43:36-46.

Weaver CM, Gordon CM, Janz KF, Kalkwarf HJ, Lappe JM,
Lewis R, O’Karma M, Wallace TC, Zemel B. The National
Osteoporosis Foundation’s position statement on peak bone
mass development and lifestyle factors: A systematic review
and implementation recommendations. Osteoporos Int.
2016;27(4):1281-1386.

Hurley B, Armstrong TJ. Bisphosphonates vs exercise for
the prevention and treatment of osteoporosis. ] Nurse Pract.
2012;8(3):217-224.

Shams-White MM, Chung M, Du M, Fu Z, Insogna KL,
Karlsen MC, MS LB, Shapses SA, Sackey J, Wallace TC, et al.
Dietary protein and bone health: A systematic review and
meta-analysis from the National Osteoporosis Foundation.
Am ] Clin Nutr. 2017;105(6):1528-1543.

Rosanoff A, Weaver CM, Rude RK. Suboptimal magnesium
status in the United States: Are the health consequences
underestimated? Nutr Rev. 2012;70(3):153-164.
Palacios-Gonzalez B, Ramirez-Salazar EG, Rivera-Paredez B,
Quiterio M, Flores YN, Macias-Kauffer L, Moran-Ramos S,
Denova-Gutiérrez E, Ibarra-Gonzalez I, Vela-Amieva M,

et al. A multi-omic analysis for low bone mineral density

in postmenopausal women suggests a RELATIONSHIP
between diet, metabolites, and microbiota. Microorganisms.
2020;8(11):1630.

Gan et al. 2026 | https://doi.org/10.34133/research.1319

191.

192.

193.

194.

195.

196.

197.

198.

Messina C, Fusco S, Gazzotti S, Albano D, Bonaccorsi G,
Guglielmi G, Bazzocchi A. DXA beyond bone mineral
density and the REMS technique: New insights for current
radiologists practice. Radiol Med. 2024;129(8):1224-1240.
van den Bergh JP, Szulc P, Cheung AM, Bouxsein M,
Engelke K, Chapurlat R. The clinical application of high-
resolution peripheral computed tomography (HR-pQCT) in
adults: State of the art and future directions. Osteoporos Int.
2021;32(8):1465-1485.

Jansson PA, Curiac D, Lazou Ahrén I, Hansson F,
Martinsson Niskanen T, Sjogren K, Ohlsson C. Probiotic
treatment using a mix of three lactobacillus strains for lumbar
spine bone loss in postmenopausal women: A randomised,
double-blind, placebo-controlled, multicentre trial. Lancet
Rheumatol. 2019;1(3):e154-e162.

Koopman FA, Chavan SS, Miljko S, Grazio S, Sokolovic S,
Schuurman PR, Mehta AD, Levine YA, Faltys M, Zitnik R,
et al. Vagus nerve stimulation inhibits cytokine production
and attenuates disease severity in rheumatoid arthritis. Proc
Natl Acad Sci USA. 2016;113(29):8284-8289.

Genovese MC, Gaylis NB, Sikes D, Kivitz A, Lewis Horowitz D,
Peterfy C, Glass EV, Levine YA, Chernoft D. Safety and
efficacy of neurostimulation with a miniaturised vagus nerve
stimulation device in patients with multidrug-refractory
rheumatoid arthritis: A two-stage multicentre, randomised
pilot study. Lancet Rheumatol. 2020;2(9):e527-€538.

Baker MC, Kavanagh S, Cohen S, Matsumoto AK, Dikranian A,
Tesser J, Kivitz A, Alataris K, Genovese MC. A randomized,
double-blind, sham-controlled, clinical trial of auricular vagus
nerve stimulation for the treatment of active rheumatoid
arthritis. Arthritis Rheumatol. 2023;75(12):2107-2115.
Peterson D, Van Poppel M, Boling W, Santos P, Schwalb J,
Eisenberg H, Mehta A, Spader H, Botros J, Vrionis FD,

et al. Clinical safety and feasibility of a novel implantable
neuroimmune modulation device for the treatment of
rheumatoid arthritis: Initial results from the randomized,
double-blind, sham-controlled RESET-RA study. Bioelectron
Med. 2024;10(1):8.

Tesser JRP, Crowley AR, Box EJ, June JP, Wickersham PB,
Valenzuela GJ, Gaylis NB, Lam GKW, Pacheco LA, Ridley DJ,
et al. Vagus nerve-mediated neuroimmune modulation for
rheumatoid arthritis: A pivotal randomized controlled trial.
Nat Med. 2026;32(1):369-378.

20


https://doi.org/10.34133/research.1319

	Interorgan Communications in Skeletal Pathophysiology: From Molecular Pathways to Multidisciplinary Therapies
	Introduction
	Principles of Organ–Bone Crosstalk Mediators
	Endocrine and metabolic mediators (liver, kidney, adipose, gastrointestinal, and endocrine)
	Neural mediators (central nervous system and peripheral nervous system)
	Immune and inflammatory mediators
	Mechanical signals (muscle)

	Multiorgan Axes in Skeletal Homeostasis
	Gut–bone–immune axis
	Neuro–immune–bone axis
	HPA axis
	Adipo–neuro–bone axis

	Pathophysiological Integration in Skeletal Diseases
	OP
	OA and RA
	IVDD

	Clinical and Research Implications
	Translational and therapeutics insights
	Current progress and future directions
	Mechanistic underpinnings
	Disease heterogeneity
	Longitudinal data deficiency


	Conclusion
	Acknowledgments
	Data Availability
	References


