Bone Research

REVIEW ARTICLE

www.nature.com/boneres

q

Check for
updates

Cell communication and relevant signaling pathways in
osteogenesis—angiogenesis coupling

Shuging Li", Xinjia Cai?, Jiahe Guo', Xiaolu Li', Wen Li", Yan Liu@?™ and Mengchun Qi'™

Osteogenesis is the process of bone formation mediated by the osteoblasts, participating in various bone-related physiological
processes including bone development, bone homeostasis and fracture healing. It exhibits temporal and spatial interconnectivity
with angiogenesis, constructed by multiple forms of cell communication occurring between bone and vascular endothelial cells.
Molecular regulation among different cell types is crucial for coordinating osteogenesis and angiogenesis to facilitate bone
remodeling, fracture healing, and other bone-related processes. The transmission of signaling molecules and the activation of their
corresponding signal pathways are indispensable for various forms of cell communication. This communication acts as a “bridge” in
coupling osteogenesis to angiogenesis. This article reviews the modes and processes of cell communication in osteogenesis-
angiogenesis coupling over the past decade, mainly focusing on interactions among bone-related cells and vascular endothelial
cells to provide insights into the mechanism of cell communication of osteogenesis-angiogenesis coupling in different bone-related
contexts. Moreover, clinical relevance and applications are also introduced in this review.
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INTRODUCTION
Osteogenesis, a fundamental biological process, is essential for
bone development, remodeling, homeostasis, and fracture heal-
ing. Angiogenesis, the formation of new blood vessels from pre-
existing ones, plays a pivotal role in this process. Bone, as a highly
vascularized tissue, relies on angiogenesis for the transportation of
essential nutrients, oxygen, and osteogenic/osteoclastic lineage
cells to bone-forming sites.” In turn, bone-related cells and
signaling molecules tightly regulate angiogenesis.* The interplay
between osteogenesis and angiogenesis is intricately coupled,
occurring in a synchronized temporal and spatial manner,
underscoring their interdependence.'™

Both bone and blood vessels function as endocrine organs,
secreting an array of signaling molecules to regulate one
another. The coupling of osteogenesis and angiogenesis
involves intricate interactions between bone-related cells and
vascular endothelial cells (ECs). In the bone microenvironment,
cells such as osteoblasts (OBs), osteoclasts (OCs), mesenchymal
stem cells (MSCs), macrophages, and immune cells secrete
cytokines and growth factors that modulate EC proliferation and
differentiation, subsequently influencing angiogenesis.?> Simi-
larly, ECs release osteogenic cytokines, termed angiocrine
factors, which regulate bone formation and remodeling.? This
bidirectional communication forms a complex signaling network
that mediates osteogenesis-angiogenesis coupling.

Central to this process is signal transmission between bone and
vascular cells, facilitated by diverse modes of cell communication.
These include direct interactions such as gap junctions and tight
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junctions, as well as indirect mechanisms like paracrine, endocrine,
and extracellular vesicle-mediated signaling.?* Other regulatory
mechanisms, such as microRNA (miRNA) and epigenetic modifica-
tions, also play significant roles.? The biological outcomes of these
communications are largely governed by intracellular signaling
pathways activated in target cells, linking signal transmission to
specific biological responses.

This review explores the modes of cell communication and key
signaling pathways involved in osteogenesis-angiogenesis cou-
pling. It delves into their roles in bone development, homeostasis,
fracture healing, and bone-related diseases. Furthermore, poten-
tial clinical applications based on these mechanisms are discussed,
highlighting their relevance to bone tissue engineering and the
treatment of bone-related diseases. By synthesizing recent
advances, this review provides a comprehensive understanding
of cell communication in osteogenesis-angiogenesis coupling,
offering new insights into the manipulation of bone formation,
regeneration, and disease treatment.

CELL COMMUNICATION MODES AND KEY SIGNALING
PATHWAYS IN OSTEOGENESIS-ANGIOGENESIS COUPLING

Cell communication mechanisms

Cell communication primarily encompasses two fundamental
processes: signal conduction and signal transduction.® Signal
conduction refers to the production of signaling molecules by
donor cells and their transmission to recipient cells. In the context
of osteogenesis-angiogenesis coupling, various cell types—such
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Fig. 1

Schematic diagram of different cell communication modes. Among these modes, intracrine and autocrine involve signal transmission

within the same cell (self-communication), whereas the other modes facilitate communication between different cells (cell-to-cell
communication), either directly or indirectly. Direct cell-cell communication (juxtacrine) occurs through physical contact between two cells,
either via ligand-receptor interactions on cell membranes or through intercellular structures like gap junctions and membrane nanotubes,
which allow the exchange of diffusible signaling molecules. Meanwhile, indirect cell-cell communication involves the transmission of
signaling molecules (ligands) over a certain distance from donor cells to recipient cells. For instance, paracrine signaling affects nearby cells
over short distances through diffusion, while endocrine signaling uses blood circulation to transport hormones over long distances to their
target cells. Synaptic/neurotransmitter communication involves the release of neurotransmitter from synaptic vesicles (SVs) into synapses, and
vesicular-cell communication employs extracellular vehicles (EVs) to deliver signaling molecules to target cells

as bone-related cells, immune cells, and vascular cells—participate
in this process. The intricate interactions and extensive signaling
among these cells significantly amplify the complexity of cell
communication. Additionally, intercellular signal transmission
relies on distinct communication modes, which not only
determine the recipient cells but also influence their subsequent
biological responses.

As an essential step following signal generation in donor cells,
intercellular signal transmission establishes a communication
bridge between donor and recipient cells. Signal molecules
secreted by donor cells reach recipient cells through various
mechanisms, including diffusion, blood circulation, direct contact,
and intercellular junctions (e.g., gap junction channel (GJC) and
other tubular structures).® Based on the mode of signal transmis-
sion, cell communication can be classified into several types,
including intracrine, autocrine, paracrine, juxtacrine, endocrine,
vesicular-cell communication, and synaptic/neurotransmitter com-
munication (Fig. 1).

Following signal conduction, signal transduction occurs. This
process involves the interaction between ligands and their
receptors, facilitating the transfer of extracellular signals into
recipient cells. Intracellular signal transduction then takes place,
involving the amplification of these signals through specific
signaling pathways. Ultimately, these processes trigger the
biological responses of recipient cells, shaping the outcomes of
osteogenesis-angiogenesis coupling. Abnormalities in the compo-
nents of signaling pathways can disrupt intracellular signal
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transduction, preventing the signals from eliciting appropriate
intracellular effects even after reaching the target cells. Such
disruptions can lead to the development of diseases.” Therefore,
signaling pathways are critical to ensuring proper intracellular
transduction within recipient cells.

Both the communication modes for signal conduction among
various cell types and the signaling pathways responsible for
signal transduction within recipient cells are integral to cell
communication in osteogenesis-angiogenesis coupling. A com-
prehensive understanding of these mechanisms is essential for
elucidating their roles in bone formation and vascularization.

Major cell communication modes in osteogenesis-angiogenesis
coupling

Endocrine signaling typically facilitates long-distance communica-
tion, exerting widespread effects and connecting different organs
throughout the body2 However, in osteogenesis-angiogenesis
coupling, cell communication predominantly occurs within
localized areas due to the natural proximity between bone-
forming cells and ECs. While endocrine-transmitted signal
molecules are partially involved, their role in osteogenesis-
angiogenesis coupling is relatively limited. Despite the recognition
of bone and blood vessels as endocrine organs,’ endocrine
signaling plays only a minor role in this localized communication
process. Similarly, synaptic/neurotransmitter communication is
primarily associated with systemic regulation, particularly the
neurovascular coupling that integrates nerve signals with vascular
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responses, rather than facilitating direct signal exchange between
bone-forming cells and ECs.>'° In contrast, the primary modes of
communication in osteogenesis-angiogenesis coupling are para-
crine, juxtacrine, autocrine, and extracellular vesicle (EV)-mediated
communication. These modes work in concert to orchestrate the
intricate interactions between cells, forming a harmonious
“symphony” that directs the coupling of osteogenesis and
angiogenesis.

Paracrine. Paracrine communication is one of the most common
modes in osteogenesis-angiogenesis coupling. In this mode, both
bone-related cells and ECs secrete signaling molecules to the
extracellular environment to affect both osteogenesis and
angiogenesis. ECs produce a range of vascular-derived factors,
including bone morphogenetic protein (BMP)-2/4/7, insulin-like
growth factor (IGF), and parathyroid hormone, which regulate the
biological activity of bone-related cells, including OBs, OCs, and
bone marrow-derived mesenchymal stem cells (BMSCs).> Con-
versely, factors secreted by OBs, OCs, and BMSCs, such as vascular
endothelial growth factor (VEGF) A and platelet-derived growth
factor (PDGF)-BB,*'" act on ECs to influence their migration,
proliferation, and angiogenic capabilities.

This reciprocal exchange of signals establishes a complex
intercellular communication network that bridges osteogenesis
and angiogenesis. Beyond bone-related cells and ECs, other cells
in the bone microenvironment, such as macrophages and
immune cells, also actively contribute to the coupling of
osteogenesis and angiogenesis through paracrine signaling.

Juxtacrine. Juxtacrine communication involves direct cell-to-cell
contact, requiring physical proximity between donor and recipient
cells. It occurs through two primary mechanisms: gap junctions
and direct membrane contact.'*"?

Gap junctions allow signaling molecules to pass directly
between adjacent cells through intercellular channels without
exposure to the extracellular environment. These channels, often
formed by connexin proteins like connexin 43 (Cx43/Gjal),
facilitate cytoplasmic signal exchange, playing a pivotal role in
osteogenesis-angiogenesis coupling. Cx43 is widely expressed in
bone-related cells (e.g., OBs, osteocytes, chondrocytes, and OCs)
and vascular cells, where it regulates critical cellular functions.'*"”
For instance, osteocytes embedded in the bone matrix use GJCs to
transmit biochemical signals, such as hormones and mechanical
stimuli, to OBs and OCs, modulating their activity.'® In ECs, GJCs
affect vascular permeability and angiogenic potential."> Similarly,
P channels formed by pannexins, such as pannexin-3 in OBs and
pannexin-1 in ECs, contribute to osteogenesis and angiogenesis
through processes like Ca®* signaling and ATP release, respec-
tively.'>?° Despite these findings, the precise mechanisms by
which gap junctions coordinate osteogenesis-angiogenesis cou-
pling remain underexplored.

Direct membrane contact, this form of juxtacrine signaling relies
on the interaction between membrane-bound ligands on donor
cells and their receptors on recipient cells, activating intracellular
signaling pathways. For example, the NOTCH signaling pathway,
mediated by such direct interactions, influences both osteogenesis
and angiogenesis.2' Similarly, WNT signaling, such as wnt1 derived
from BMSCs, has been shown to trigger intracellular effects
through membrane contact.?? These interactions integrate classical
signaling pathways to coordinate bone and vascular processes.

Adherens and tight junctions provide structural stability for cell-
cell interactions, facilitating membrane protein-mediated commu-
nication.2>?* Beyond structural support, adherens junction pro-
teins can activate intracellular pathways, contributing to signaling
in osteogenesis and angiogenesis coupling.>>*® While their
specific roles remain to be fully elucidated, these junctions likely
play a supportive role in maintaining effective juxtacrine commu-
nication between cells.

Bone Research (2025)13:45

Cell communication in osteogenesis-angiogenesis coupling
S Lietal

Autocrine.  Autocrine communication refers to a self-regulatory
mechanism where signaling molecules produced by a cell act on
the same cell, activating intracellular signaling pathways and
eliciting specific biological effects. This mode of communication
plays a significant role in osteogenesis-angiogenesis coupling.

For instance, VEGF, primarily known for its paracrine role, is
secreted by OBs and other bone-related cells to interact with
receptors on adjacent ECs, regulating their differentiation and
angiogenesis. Meanwhile, vascular endothelial growth factor
receptor 2 (VEGFR2) is also expressed on osteogenic lineage cells
that produce VEGF.?” This suggests that OB-derived VEGF not only
influences ECs through paracrine mechanisms but also regulates
the differentiation and activity of OBs themselves via autocrine
signaling.?®%°

EVs and vesicular signaling. EVs are vital mediators of cell-cell
communication, carrying signaling molecules such as proteins,
genes, mMiRNAs, and other bioactive materials to regulate
biological processes, including osteogenesis and angiogenesis.
Exosomes, the most studied EVs, are nanoscale vesicles
(30-50 nm) with a bilayer lipid membrane originating from
multivesicular endosomes. In the bone microenvironment, exo-
somes are secreted by OBs,>*3" 0Cs,>? ECs,** macrophages, and
other immunocytes.>*3> They play diverse roles in osteogenesis-
angiogenesis coupling. Vascular endothelial cell-derived exo-
somes (EC-exos) regulate the differentiation of OBs and osteoclast
precursors, inhibit bone marrow macrophage differentiation, and
prevent excessive bone resorption, thereby reducing osteoporo-
sis.*® Endothelial progenitor cell-derived exosomes, enriched in
long-non-coding-RNA (IncRNA)-MALAT1, these exosomes bind to
miRNA124 to promote osteoclast precursor differentiation and
recruitment, enhancing bone repair through controlled resorp-
tion.3” M2 macrophage- and BMSC-derived exosomes transmit
signaling molecules to target cells, influencing proliferation,
migration, and differentiation, thus impacting osteogenesis-
angiogenesis coupling.>**®

Migrasomes, recently discovered EVs larger than exosomes
(500-3 000 nm), are produced by migrating monocytes along
retraction fibers. As these fibers break, migrasomes are released
into the extracellular environment and absorbed by surrounding
cells. Unlike exosomes, migrasomes are rich in angiogenesis-
related factors such as VEGFA and C-X-C motif chemokine ligand
(CXCL) 12, potentially promoting angiogenesis.>**° Although their
roles in osteogenesis-angiogenesis coupling remain unclear, they
are likely involved in this crosstalk. In addition to exosomes and
migrasomes, other EVs may contribute to vesicular signaling in
osteogenesis-angiogenesis coupling, highlighting the complexity
and potential of EV-mediated communication in bone biology.

Extracellular matrix (ECM)- and integrins-mediated signaling: In
addition to the aforementioned cell communication modes, the
ECM plays a pivotal role in osteogenesis-angiogenesis coupling by
storing signaling molecules like transforming growth factor B
(TGF-B), which are released during bone resorption or remodel-
ing.*"*? These ECM-derived signals interact with specific trans-
membrane receptors on target cells, primarily integrins, to activate
intracellular signaling pathways.

Integrins are Ca®" or Mg”>*-dependent cell adhesion molecules
formed by a and B subunits heterodimers. Acting as transmem-
brane proteins, they mediate ECM-cell communication. For
instance, the absence of bone morphogenetic protein receptor 2
in ECs promotes integrin 31 expression, enhancing cell adhesion
and facilitating TGF- activation from its latent fibrillin-bound
depots.** However, further studies are needed to fully elucidate
the interactions between integrins and ECM-derived signals

Beyond biochemical signaling, integrins also sense mechanical
stimuli and ECM physical properties like stiffness, triggering
conformational changes that regulate cellular activities. For
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Table 1. Expression and function of integrins in osteogenic and
angiogenic cells
Cell type Integrin Influence mediated by integrin Ref.
OBs 5P Cell adhesion 318
BMSCs asp, osteogenic differentiation, 318
adhesion
ECs aPs angiogenesis, adhesion 49319
B4 immigration 0
OCs and OC B3 differentiation a4
precursors
Neutrophil B2 assistant the influence of hd
recruitment made by TRPC6
channel

example, integrin $3 in OCs and their precursors responds to
mechanical stimuli, influencing OC growth and differentiation,
ultimately determining their fate.** Integrins also mediate cell-cell
communication by participating in various mechanisms, such as
adherens junctions, gap junctions, and vesicular transport. For
example, integrins interact with VE-cadherin, which maintains
vascular integrity and limits EC proliferation. This interaction
influences cell migration and involves protein tyrosine phospha-
tase 1B.*> Furthermore, Integrins interact with gap junction
proteins to regulate cell adhesion and intercellular communica-
tion.***” Studies have shown that Integrins are involved in the
endocytosis of EVs, including exosomes, facilitating signal
exchange between cells.*® Additionally, integrins play a role in
intracellular signal transduction. For example, integrin avps
participates in the signal transduction of VEGFR2 signaling,
affecting migration and angiogenic ability of ECs.*

This review summarized the expression and function of
different integrins in different cells involved in osteogenesis and
angiogenesis, as shown in Table 1.

Key signaling pathways in osteogenesis-angiogenesis coupling
Signaling molecules are transmitted to target cells through various
modes of cell communication. Once these molecules are
recognized by the target cells and bind to their specific receptors,
they initiate a cascade of intracellular events through signal
transduction. This process activates specific intracellular signaling
pathways, inducing a range of biological responses, such as cell
proliferation, survival, differentiation, and apoptosis. These cellular
processes collectively regulate the coupling between osteogenesis
and angiogenesis.

Crucial signaling pathways mediated by paracrine
VEGF pathway: The VEGF signaling pathway is crucial in
osteogenesis-angiogenesis coupling. VEGF binds to its receptor
VEGFR via paracrine signaling, activating several downstream
pathways, including the phosphoinositide 3-kinase (PI3K)/protein
kinase B (Akt), protein kinase C /mitogen-activated protein kinase
(MAPK), and p38/MAPK pathways. These pathways collectively
regulate migration, survival, proliferation, and angiogenesis of ECs.
For example, VEGF promotes ECs migration, survival, prolifera-
tion, and angiogenesis through the PI3K/Akt signaling pathway,
with the p110-alpha subtype of PI3K playing a critical role in this
process.>>%>' VEGF-activated phospholipase C-y, an upstream
regulator of MAPK signaling, initiates this pathway to drive EC
proliferation,®? while phospholipase C-B2 regulates vascular
permeability.>* The MAPK pathway also contributes to EC filopodia
formation, a key step in vascular sprouting.®* Additionally, Cdc42
is a crucial mediator of VEGF signaling, activating the p38/MAPK
pathway to promote EC migration.>® Knockout of Cdc42 results in
abnormal vascular structures, reduced sprouting, and lethality in
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mice.>® VEGF further regulates angiogenesis and vascular perme-
ability through endothelial nitric oxide synthase, a downstream
effector controlled by phospholipase C-y and PI3K/Akt signal-
ing.””® Focal adhesion kinase is also modulated by VEGF
signaling, further supporting angiogenesis.>

VEGF signaling interacts with other pathways to regulate
angiogenesis. For instance, the angiopoietin1/Tie2 signaling path-
way collaborates with VEGFR to maintain vascular integrity,®
while VEGFB prevents excessive angiogenesis by inhibiting
fibroblast growth factor 2 (FGF2)/fibroblast growth factor receptor
1 (FGFR1) signaling.5" VEGF also facilitates osteogenesis-
angiogenesis coupling. During alveolar ossification, VEGFA co-
localizes with osteogenic factors such as runt-related transcription
factor 2 (Runx2) and Osterix (Osx), thereby regulating OBs
differentiation.>%® VEGFA stimulates ECs to upregulate BMP-2
expression, enhancing osteogenesis.®* Additionally, the VEGFC
and VEGFD influence the formation of OCs, further contributing to
osteogenesis-angiogenesis coupling.®®

Hypoxia-inducible factor (HIF)-1a pathway: Hypoxia affects
angiogenesis and osteogenesis via HIFs, particularly HIF-1a. Under
normoxic conditions, prolyl hydroxylases continuously hydroxylate
HIF-1a, marking it for ubiquitination by the E3 ligase von Hippel-
Lindau protein, followed by proteasomal degradation.’® However,
during hypoxia, However, during hypoxia, the activity of prolyl
hydroxylases is inhibited due to limited molecular oxygen
availability, leading to the stabilization and accumulation of HIF-
10, which is subsequently translocated into the nucleus. Once in
the nucleus, HIF-1a forms a heterodimer with HIF-1f and binds to
hypoxia response elements on the promoters of target genes,
including VEGF. This induces the transcription of VEGF and other
genes. Elevated VEGF then binds to its receptors on ECs,
stimulating angiogenesis. HIF-1a-regulated VEGF expression forms
a crucial signaling axis that facilitates communication among OBs,
OCs, and ECs, thereby coupling osteogenesis and angiogenesis.

In OBs, hypoxia or other external stimuli increase HIF-1a
expression, promoting the production and secretion of VEGFA,
which enhances angiogenesis in ECs through a paracrine
mechanism.®”®® Conversely, the loss of HIF-1a in OBs reduces
angiogenesis in long bones.®® Both HIF-1a and VEGFA play pivotal
roles in bone formation.%%° Furthermore, high HIF-1a expression
in type H ECs promotes angiogenesis in type H capillaries, which,
in turn, further enhances osteogenesis.”

Bone morphogenetic proteins (BMPs) and related pathways:
BMPs, a subfamily of the TGF-B superfamily, are purified from
demineralized bone matrix and play important roles in regulating
OB activities.”' BMPs exhibit a strong capacity to induce bone
formation.”>” TGF-B, of which 80%-90% is represented by TGF-
B1, is stored in the bone matrix in a latent state.”* During
osteoclast-driven bone resorption, both BMPs and TGF-f1 are
released and activated, subsequently fulfilling their roles in bone
formation and remodeling.”®

As members of the TGF-§ superfamily, BMPs, and TGF-$ share
similar classical signaling pathways, including TGF-3/BMP ligands,
type | and type Il receptors, and downstream effectors such as
small mother against decapentaplegic (Smad) proteins. The core
signal cascade of these pathways is highly conserved, with
differences primarily in ligand and receptor specificity.”® In classical
signaling, TGF-f3 activates Smad2/3, while BMPs activate Smad1/5/
8/9 upon receptor binding. Smad4, a co-mediating Smad, connects
both pathways by binding to activated receptor-Smads and
translocates into the nucleus to regulate downstream gene
expression. Smadé6/7, as inhibitory Smads, suppress receptor-
Smad activation in both pathways.”” In addition to the classical
pathway, TGF-B/BMP signaling interacts with various other path-
ways, including the Wnt, PI3K/Akt, NOTCH, and MAPK pathways,
further diversifying its regulatory mechanisms.”””® Both TGF-B1
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and BMPs influence the activities of OBs and OCs, thus regulating
osteogenesis.”® 8" Importantly, TGF-B/BMP signaling pathways also
mediate osteogenesis through angiogenesis, contributing to
osteogenesis-angiogenesis coupling. This intricate interplay high-
lights the role of TGF-3/BMP pathways in bridging bone formation
and vascular development8*8*

Wnt/B-catenin pathway: The Wnt signaling pathways are cate-
gorized into two types: canonical (Wnt/B-catenin) and noncano-
nical (non-B-catenin-dependent). Among them, the Wnt/B-catenin
pathway plays a pivotal role in osteogenesis-angiogenesis
coupling. Activation of this pathway requires the binding of
paracrine Wnt proteins to Frizzled receptors and low-density
lipoprotein-related receptor 5/6 co-receptors, forming a complex.
This activates the cytoplasmic protein Disheveled, which inhibits
glycogen synthase kinase-33 from degrading [-catenin. The
stabilized B-catenin accumulates in the cytoplasm and translo-
cates to the nucleus, where it interacts with T cell factor/lymphoid
enhancer factor to activate the expression of downstream target
genes®’

The Wnt/B-catenin signaling pathway directly regulates bone
formation through promoting BMSCs differentiation into OBs and
modulating OBs function.®® For instance, Wnt16 activates the
canonical Wnt pathway in OBs, inducing the expression of
osteoprotegerin (OPG), which inhibits OCs formation and reduces
bone resorption?”#®  Additionally, Wnt/B-catenin signaling
enhances angiogenesis in ECs and endothelial progenitor cells
(EPCs), which, in turn, stimulates BMSCs osteogenic differentiation
and accelerates bone formation,®*®" thereby establishing a
coupling between osteogenesis and angiogenesis.

Beyond the canonical pathway, some Wnt proteins also regulate
osteogenesis via noncanonical Wnt signaling pathways. For
example, osteoblast-derived Wnt4 activates Wnt signaling in OCs
and their precursors independently of 3-catenin. It suppresses OCs
formation and bone resorption by inhibiting nuclear factor-kappa
B (NF-kB) activation mediated by TGF kinase 1.2 Wnt5a, binding
to the receptor protein tyrosine kinase-like orphan receptor 2
expressed on OCs, promotes OCs formation through the Wnt/c-
Jun N-terminal kinase pathway.”® Wnt16 inhibits receptor activator
of nuclear factor-kB ligand (RANKL)-induced NF-kB activation,
thereby suppressing OCs formation.>* Wnt10 promotes OBs
formation and affects bone mass, further underscoring its role in
osteogenesis.”>*°

While noncanonical Wnt signaling pathways have been shown
to regulate bone cells, the specific mechanisms by which they
influence osteogenesis-angiogenesis coupling require further
investigation. This highlights the need for additional studies to
elucidate the roles of different Wnt ligands in this complex
process.

Fibroblast growth factor (FGF) signaling pathway: The FGF
signaling pathway is a critical regulator of various physiological
processes, including osteogenesis and angiogenesis.”’ The FGF
family comprises more than 20 proteins, which activate down-
stream signaling by binding to tyrosine kinase receptors, known as
FGF receptors. These ligands mediate signaling through different
modes of communication: six FGFs function via intracrine,
autocrine, or paracrine modes, while the FGF15/19 subfamily, also
known as hormone-like FGFs, operates via endocrine signaling.”®
Paracrine FGFs bind their receptors with the assistance of heparin
or heparan sulfate, while endocrine FGFs require Klotho proteins
as cofactors. Despite the diversity of communication modes, most
FGF ligands play vital roles in osteogenesis-angiogenesis coupling.
For instance, FGF9 is critical for both angiogenesis and osteogen-
esis during long bone repair. Its pro-angiogenic effects are
mediated, at least in part, by the regulation of VEGFA.?° FGF18,
however, promotes osteogenesis but not angiogenesis, as injury-
induced angiogenesis remains unimpaired in FGF~ mice.' This
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suggests that individual FGFs may exhibit specific and indepen-
dent roles. FGF2 interacts with FGFR1 through paracrine signaling
and works in conjunction with prostaglandin E2 to initiate
angiogenesis.'’"'%  Other FGF ligands may also regulate
osteogenesis-angiogenesis coupling. FGF11 interacts with HIF-1a
proteins via intracrine signaling. It stabilizes HIF-1a by inhibiting
proteasomal degradation, thereby enhancing hypoxia responses
and promoting angiogenesis.'®*'%* Additionally, hypoxia-induced
FGF11 stimulates OC-mediated bone resorption, and its expres-
sion is dependent on HIF-1a."% Recently, FGF23 is also discovered
to promote the osteogenic differentiation of BMSCs through
endocrine mode.'®® Overall, FGF signaling pathways are essential
for coordinating osteogenesis and angiogenesis, with distinct
FGFs exhibiting specific roles in these processes.

PDGF/platelet-derived growth factor receptor B (PDGFRpB) path-
way: PDGFs consist of several subunits (A-D) that form homo-
dimers or heterodimers, such as PDGF-AA, PDGF-BB, PDGF-DD,
and PDGF-AB, through disulfide bonds. PDGFs bind to two
receptors, PDGFRa and PDGFRB. Among these, PDGF-BB and
PDGF-DD exhibit high affinity for PDGFRB, a type lll receptor
tyrosine kinase expressed on ECs, osteogenic lineage cells, and
osteoclast precursors. PDGF binding to PDGFRB occurs in a
paracrine manner and activates downstream signaling pathways,
influencing vascular invasion and bone formation. For instance,
the PDGF-BB/PDGFRp signaling pathway activates downstream
Akt and extracellular regulated protein kinases (ERK1/2), promot-
ing the proliferation and osteogenic differentiation of BMSCs.'"”
This pathway also regulates angiogenesis, which further enhances
bone formation.'® Interestingly, the effects of PDGF-BB/PDGFRB
signaling on osteogenesis appear to be time-dependent. Wang
et al. found that inhibition of PDGFR( during the late stage of
osteogenic induction enhanced the osteogenic differentiation of
BMSCs, with both ERK1/2 and Smads involved in this process.'%
The early stage of osteogenesis is primarily associated with cell
proliferation and angiogenesis, while the late stage focuses on
osteoblast differentiation and mineralization. Consequently, the
PDGF-BB/PDGFRP pathway regulates osteogenesis-angiogenesis
coupling in a time-dependent manner.

In recent years, the discovery of type H and type E vessels has
revealed their significant roles in osteogenesis-angiogenesis
coupling.""®""" Type H vessels, in particular, are closely linked to
bone homeostasis and osteogenesis. ECs of type H vessels
promote osteogenesis and play critical roles in maintaining bone
health."""™""> The PDGF/PDGFRB pathway has been found to
participate in this process. Osteoclast precursors can induce the
formation of type H vessels by secreting PDGF-BB in a paracrine
manner.''® Additionally, various bone-related factors can inhibit
the differentiation of osteoclast precursors into OCs, thereby
increasing PDGF-BB levels, which in turn upregulate type H vessel
formation.”"”""® Since type H vessels are strongly associated with
osteogenesis, they provide a critical link between osteogenesis
and angiogenesis, serving as an essential medium for intercellular
communication among osteoclast precursors, type H vessel ECs,
and other osteogenic cells. Moreover, ECs of type E vessels can
transform into those of type H or type L vessels."'" The discovery
of these vascular subtypes offers new insights into intercellular
communication in osteogenesis-angiogenesis coupling, emphasiz-
ing the complexity and versatility of this process.

Other paracrine cytokines and pathways: In addition to the
aforementioned paracrine signaling pathways, several other signal-
ing molecules and related pathways also involved in osteogenesis-
angiogenesis coupling through paracrine mechanisms.

IGF signaling pathway comprises IGF ligands (IGF-1 and IGF-2),
IGF receptors (receptor of IGF-1 and IGF2, and insulin receptor), and
IGF binding proteins. These components regulate cell growth,
differentiation, and metabolism, and play a significant role in
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osteogenesis-angiogenesis coupling, particularly IGF-1.""° IGF-1
binds to its corresponding receptor, activating it through self-
phosphorylation of its tyrosine kinase domain, which triggers
downstream pathways such as MAPK and PI3K/Akt. Loss of IGF1
receptor results in impaired endochondral bone formation in OBs.'*°

The Hedgehog signaling pathway is a highly conserved
intracellular signaling cascade involved in embryonic develop-
ment, self-renewal, angiogenesis, and other functions. This path-
way includes sonic hedgehog (SHH), Indian hedgehog, desert
hedgehog, transmembrane receptors (patched and smoothened),
and intranuclear factors like Glioma-associated oncogene homo-
log proteins, Fused, and suppressor of Fused. In classical SHH
signaling, SHH binds to the patched receptor on recipient cells,
releasing smoothened inhibition. This dissociation causes the
suppressor fused to release Glioma-associated oncogene homolog
proteins, which promotes the expression of target genes and
induces intracellular effects.'”' The Hedgehog pathway supports
osteogenesis-angiogenesis coupling by promoting OB osteogen-
esis and EC angiogenesis in vitro,'”** and enhancing bone
formation via angiogenesis regulation.'* In vivo, inhibition of
Hedgehog signaling suppresses bone formation and vasculariza-
tion in stress fracture healing models.'**

The Hippo/Yes-associated protein (YAP), another highly con-
served pathway, regulates both osteogenesis and angiogenesis.
YAP promotes MSC osteogenic differentiation while suppressing
adipogenesis.'*®> Additionally, Hippo/YAP signaling pathway acti-
vates Cdc42, enhancing tip cell migration and filopodia formation,
thereby regulating new vessel sprouting.'”® Recent studies
suggest that alpha calcitonin gene-related peptide acts as an
upstream molecule that modulates Hippo/YAP signaling, promot-
ing osteogenesis and angiogenesis.'’

SPRINGER NATURE

Slit guidance ligand (SLIT) 3, a secreted ECM protein, plays a
crucial role in osteogenesis-angiogenesis coupling by interacting
with ROBO receptors. Highly expressed in OBs, SLIT3 directly
induces the formation of type H vessels.'?® Loss of SLIT3 results in
reduced type H vessel formation, leading to low bone mass and
impaired fracture healing in mice.'*®

These pathways, along with other paracrine signaling mole-
cules, are central to the cell communication involved in
osteogenesis-angiogenesis coupling (Fig. 2). Further exploration
of these pathways will deepen our understanding of cell
communication and its applications in bone regeneration and
vascularization.

Crucial juxtacrine signaling pathways

Notch pathway: Unlike most signaling pathways that operate via
paracrine mechanisms, the Notch pathway relies on direct cell-cell
contact. Both Notch receptors and their ligands, such as Delta-like
ligand 4 (Dll4), are single-pass transmembrane proteins, enabling
this unique mode of juxtacrine signaling.

The Notch pathway significantly impacts osteogenic cells,
vascular cells, OCs, and the processes of osteogenesis and
angiogenesis.>' Ramasamy et al.''® reported that DIl4-Notch
signaling in bone ECs plays a unique role in promoting
angiogenesis during osteogenesis, particularly through its involve-
ment in type H vessels. This contrasts with the inhibitory effects of
Dll4-Notch signaling on angiogenesis in other tissues. Specifically,
Notch signaling in bone ECs upregulates VEGFR2, stimulating ECs
proliferation and angiogenesis in postnatal long bones.

The DIl4-Notch pathway links vascular effects with direct
influences on chondrocytes and OB lineage cells. On one hand,
Notch signaling in ECs, activated through direct contact between

Bone Research (2025)13:45



adjacent ECs, triggers VEGF signaling, which guides the differ-
entiation of tip and stalk ECs. These vascular responses
subsequently influence osteogenesis. On the other hand, Notch
signaling in ECs facilitates the secretion of osteogenic factors,
such as Noggin (a BMP antagonist), into the bone microenviron-
ment. These factors target osteoprogenitor cells (OPCs), OBs, and
chondrocytes, thereby promoting bone formation through
paracrine mechanisms.”*® This links the vascular system with
OPCs, OBs, and chondrocytes,''® demonstrating the significant
role of NOTCH pathways in the osteogenesis and angiogenesis
coupling through direct cell-cell contact communication mode.

Eph/Ephrin pathway: In addition to the Notch pathway, the Eph/
Ephrin pathway is another key signaling mechanism facilitating
direct cell-cell communication, distinguished by its bidirectional
signaling capability. Both Eph receptors and their ligands, Ephrins,
belong to the Eph protein family. Eph receptors are transmem-
brane proteins composed of an extracellular ligand-binding
domain, a transmembrane domain, and an intracellular domain.
Ephrins are divided into two subunits: EphrinA and EphrinB.
EphrinA is anchored to the cell membrane via a glycosylpho-
sphatidylinositol anchor, whereas EphrinB is a transmembrane
protein with extracellular, transmembrane, and cytoplasmic
domains.”®' Previous studies have demonstrated the bidirectional
signaling role of EphB4/EphrinB2 in mediating cell communica-
tion between OBs and osteoclast precursor cells.'**'33 Beyond its
role in bone cell communication, the Eph/Ephrin pathway also
plays a significant role in angiogenesis. In vitro experiments have
shown that the inhibition of the EphA2/EphrinA1 pathway
suppresses the angiogenic ability of human umbilical vein
endothelial cells (HUVECs), highlighting its importance in vascular
development.'?*

CELL COMMUNICATION OF OSTEOGENESIS-ANGIOGENESIS
COUPLING DURING NORMAL BONE DEVELOPMENT AND
MAINTENANCE

Osteogenesis-angiogenesis coupling during normal bone
development and maintenance

Bone development is a critical aspect of human growth, with
osteogenesis-angiogenesis coupling playing a pivotal role in this
process. Bone formation occurs through two primary mechanisms:
intramembranous ossification and endochondral ossification.
During these processes, OBs and chondrocytes secrete VEGFA
and other signaling molecules to influence ECs, thereby regulating
angiogenesis.??%'3> The angiogenic activity of ECs is further
linked to the establishment of primary and secondary ossification
centers in the epiphysis.'>%'3’

Bone development also involves the transformation of hetero-
geneous blood vessel subtypes. Type E (embryo-type) vessels are
strongly associated with Osx™ OBs compared to type H vessels,
and both are temporally and spatially confined during developing
bone. Type E vessels dominate osteogenesis during embryonic
and early postnatal periods of long bone development. However,
genetic lineage tracing shows that type E vessels transition to type
H vessels and subsequently to type L vessels during bone
development.""" Type L vessels are essential for transporting
hematopoietic cells, contributing to the formation of vascular
niches required for myelopoiesis.'*#'*° These vascular transfor-
mations highlight the dynamic coupling of osteogenesis and
angiogenesis, which plays a crucial role in the progression from
bone growth to bone maintenance.

Bone maintenance (or homeostasis) is another essential process
involving two key events: bone formation and bone resorption.'*'
The balance between these processes largely depends on the
interactions between OBs and OCs, mediated by paracrine
signaling molecules and exosomes (Fig. 3). Osteogenesis-
angiogenesis coupling also contributes to this balance. For
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example, ECs and bone cells (such as OBs and hypertrophic
chondrocytes) produce angiocrine and pro-angiogenic factors,
including VEGF, to activate signaling pathways that regulate bone
remodeling.'*?

The SLIT/ROBO pathway, a key regulator of type H vessel
formation, not only promotes bone formation but also suppresses
bone resorption, demonstrating its dual role in maintaining bone
homeostasis.'*® Type H vessels are particularly significant in this
process, as their density is closely linked to Osx™ OPCs. This
coupling is influenced by occlusal force through the mechan-
osensory PIEZO1/Ca®t/HIF-1a/SLIT3 axis, which highlights the
mechanical regulation of bone homeostasis.'**'*>

Overall, the osteogenesis-angiogenesis coupling underpins the
intricate coordination required for both bone development and
long-term bone maintenance, emphasizing its critical role in
skeletal health.

Cell communication during normal bone development and
maintenance
OB-EC communication
Signaling molecules in paracrine mode: Paracrine signaling is the
predominant communication mode between OBs and ECs in
osteogenesis-angiogenesis coupling due to the close proximity of
these cells and the diversity of signaling molecules involved. Key
pathways include the HIF-1a/VEGF axis, PDGF/PDGFRpB, and
mechanistic target of rapamycin complex (mTORC) 1/CXCL9,
along with other signaling molecules such as BMP2, IGF-1, and
basic FGF (Fig. 4a).

HIF-1a/VEGF axis

HIF-1a/VEGF axis plays a pivotal role in regulating OB-EC
communication during osteogenesis and angiogenesis cou-
pling."*®*” VEGF, secreted by OBs and other bone-related cells,
is regulated by HIF-1a expression, which increases under hypoxic
conditions or external stimuli such as salidroside, ultrasound, and
shock waves.®®® Hypoxia-induced HIF-1a enhances VEGFA
secretion in OBs, promoting angiogenesis in ECs via paracrine
signaling. In osteoporotic conditions, reduced HIF-1a, VEGFA,
BMP2, and Osx expression leads to impaired type H vessel
formation and diminished bone regeneration. Interestingly, HIF-
1a/VEGF exhibits age-dependent effects: while it promotes VEGF
expression and angiogenesis in young BMSCs, it inhibits VEGF
expression in aged BMSCs.*®">" These findings suggest that the
HIF-1a/VEGF axis has a complex, age-dependent role in OB-EC
crosstalk, warranting further research.

PDGF/PDGFR pathway

The PDGF/PDGFRp is another important paracrine pathway
influencing both vascularization'®” and bone formation,'>* brid-
ging OB-EC communication. EC-derived PDGF-BB enhances the
osteogenic effects of VEGF,'** upregulates VEGF expression via
cAMP and protein kinase C pathways,''>'>* and directly facilitates
OB formation by interacting with perivascular cells that differ-
entiate into osteogenic progenitors such as OPCs and OBs.'>'%>
Furthermore, PDGF-BB secretion by OBs and OCs promotes
angiogenesis, highlighting its dual role in osteogenesis and
angiogenesis coupling.'"'®

mTORC1/CXCL9 pathway

OBs can also secrete inhibitory signals such as CXCL9, which
negatively regulates EC angiogenesis by binding to VEGFA and
preventing its interaction with VEGFR on ECs.'®® CXCL9 secretion
is regulated by mTORC1, a serine/threonine kinase complex that
modulates osteoblast precursor differentiation via pathways like
signal transducer and activator of transcription 3/p63/Jagged/
Notch.*”'*® While mTORC1 activity in OB precursors inhibits
angiogenesis, mTORC1 in ECs influences angiogenesis through
elongation, budding, and integration processes, often interacting
with the HIF-1a/VEGF axis."**'®° Additionally, mTORC2, distinct
from mTORC1, promotes angiogenesis through CXCL12/C-X-C

chemokine receptor 4 signaling in ECs.'®"'6?
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BMP2 and other signals

BMP2 is crucial for bone fracture repair, functioning through-
out the whole process of bone healing. Hypoxia and VEGF can
upregulate BMP2 expression in ECs, which in turn stimulates OB
formation at fracture sites.°*#>53 BMP2 synergizes with VEGF
and TGF-f to promote osteogenic differentiation through the
classical bone morphogenetic protein receptor-Smad signaling
pathway.®*

EC-derived endothelin-1 (ET-1) and IGF-1 also regulate OB
activity. ET-1, commonly associated with angiogenesis, influences

SPRINGERNATURE
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OBs by modulating Toll-like receptor signaling and cytokine
expression such as interlcukin (IL)-18."%*"%* IGF-1, a component of
bone matrix IGF-1, secreted by various bone-related cells,
promotes MSC migration and OB differentiation,'®'®® high-
lighting its pro-osteogenic role.

Other angiocrine factors

Additional EC-derived signals, such as those from FGF and
Hedgehog pathways, also contribute to OB-EC communication.
For example, EC-derived FGF2 and FGF11 promote osteogenesis
and angiogenesis, while Hedgehog signaling regulates bone
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formation and vascularization.**'*”"? However, the underlying
mechanisms of these pathways require further exploration.

In summary, paracrine signaling between OBs and ECs involves
diverse pathways and molecules that play complementary roles in
osteogenesis and angiogenesis coupling, with key factors like HIF-
1a/VEGF, PDGF-BB, mTORC1/CXCL9, BMP2, ET-1, and IGF-1 leading
the coordination. Further investigation is necessary to clarify the
complex interactions of these pathways in bone regeneration and
maintenance.

EVs-mediated indirect OB-EC communication: Exosome-based
vesicle is also a vital indirect OB-EC communication mode and
serve a bridge for material exchange between the two cells.
Current researches mainly focus on the regulatory effects of
exosomes-derived miRNAs on OBs and ECs. A previous study
showed that miRNA let-7f-5p from mineralizing OB-derived
exosomes promotes angiogenesis of ECs through the dual
specificity phosphatase 1/ERK1/2 signaling pathway.'®” Aging
OBs also express certain specific miRNAs that regulate the
activities of ECs, among which miR-214-3p targets the gene
L1CAM to promote aging and apoptosis of ECs, and inhibit their
proliferation and migration.'®® Conversely, exosomes originating
from ECs can also act as messengers delivering miRNA to regulate
OBs. It has been demonstrated that miR-92b-3p, carried by
microvascular ECs-derived exosomes, inhibits MC3T3-E1 cells
differentiation into mature OBs by targeting ETS-like transcription
factor 4.'%° Additionally, ECs-derived exosomes can reverse
glucocorticoid-induced suppression of bone formation by inhibit-
ing osteoblast ferroptosis.'”°
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Besides miRNAs, exosomes also transport functional proteins to
participate in OBs-ECs communication. Mature OBs-derived
exosomes carry the matrix metallopeptidase 2 which acts on
ECs after internalization and thus promotes angiogenesis through
the VEGF/ERK1/2 signaling pathway.'”! The exosomes, enhanced
with VEGF through plasmid transfection (i.e, VEGF-EC-exos),
transport VEGF to MSCs and promote their differentiation into
OBs by activating the MAPK/ERK pathway.'”? Due to the specific
characteristic, exosomes can be used as the carriers of signaling
molecules (functional proteins and miRNAs) and thus applied in
bone tissue engineering. Mi et al. designed a multifunctional
hydrogel for exosome/drug delivery by incorporating artificially
produced EC-exos containing miR-26a-5p to regulate the
differentiation of OBs/OCs, thereby promoting bone fracture
repair.'”?

Furthermore, studies indicate that EVs can transmit Notch
signaling to affect the process of angiogenesis and the
morphology of blood vessels. DIl4 carried by exosomes can bind
to Notch receptors on EVs to activate the Notch pathway, and
other EVs can also transmit Notch receptors.'’* Moreover, there is
a report that exosome-mediated Notch ligands can induce the
retraction of capillary sprouts.'”® All these studies indicate that the
Notch pathway can also function through EVs, affecting the
process of angiogenesis and the morphology of blood vessels. It is
hypothesized that in the coupling of osteogenesis and angiogen-
esis, some Notch ligands might activate the Notch pathway in this
manner to transmit signals to more distant cells. However, no
study has yet confirmed the definite influence of Notch pathway
on OBs-ECs communication through EVs.

SPRINGER NATURE
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Potential role of gap junction in direct OB-EC communication: In
addition to OBs-ECs communication mediated by direct contact
between membrane-bound ligands and receptors, gap junction
may be another potential direct communication mode between
OBs and ECs. Currently researches mainly focus on GJCs between
ECs and BMSCs, OPCs (See Fig. 4b in Ref. ?), rather than OBs. GJCs
composed of Cx43 exist between human bone marrow stromal
cells and HUVECs."" Inhibiting the synthesis of Cx43 can reduce
the influence of co-cultured HUVECs on the differentiation of
human bone marrow stromal cells into OBs, and this inhibitory
effect can be further disseminated among cells through signaling
molecules permeating the GJCs.

Regarding the substances transmitted through GJCs, the
signaling molecules affecting osteogenesis-angiogenesis coupling
through other communication mode, may also be transmitted via
gap junctions or adhesion junctions.'”® Fan et al.'”” found that
miRNA-200b could be transferred through GJCs between BMSCs
and HUVEGs. TGF-B promotes the transfer of miR-200b from
BMSCs to HUVECs, leading to decrease of miRNA-200b expression
and increase of VEGFA expression in BMSCs. VEGFA can exert pro-
osteogenic effects through autocrine mechanism, while miRNA-
200b transmitted into HUVECs through gap junctions down-
regulates the expression of angiogenic factors, inhibiting HUVEC
migration and the formation of vessel-like structures. This
indicates that miRNAs can act as “messengers” delivered through
GJCs to participate in intercellular communication. With the aid of
laser confocal microscopy, Grellier et al.'”® found that mitochon-
dria can be transferred from BMSCs to rat lung microvascular ECs
through Cx43-composed GJCs. Based on above researches, it can
be speculated that signaling substances, such as miRNAs and
mitochondria, might also be transferred through gap junctions
between OBs and ECs, generating a more complex communica-
tion mode. However, there is still lack of related researches
currently.

Ligand-receptor mediated direct-contact communication: Inter-
action between membrane-bound ligands and receptors is the
main direct contact mode for cell communication and is crucial for
cell proliferation, growth, and metabolism. Among the signaling
pathways involved in this mode, the Notch signaling pathway
plays a significant role in OBs-ECs communication. In 2014,
Ramasamy et al.''® discovered that the DIl4-Notch signaling
pathway promotes angiogenesis in the skeletal vascular system, a
finding that is contrary to the inhibitory effects observed in other
areas of angiogenesis research. Additionally, they found that
endothelial cell-specific activation of the Notch pathway in bone
can facilitate the proliferation of H-type ECs and the secretion of
pro-osteogenic factors like Noggin, which acts on OBs to enhance
osteogenic activity."'>'® The Notch signaling pathway is pivotal
in regulating the biological activities of OBs. OBs can express
various Notch ligands and receptors, thereby activating the Notch
pathway through direct binding of Notch ligands and receptors on
the cell membranes. This direct cell-cell communication regulates
osteogenesis-angiogenesis coupling (See Fig. 4c in ref. '3%). This
mode has been demonstrated in co-culture models of osteogenic
lineage cells and ECs.'”® Various factors, such as G-protein-coupled
receptor kinase 2-interacting protein 1'’° and miRNAs,'® can
regulate intercellular communication between osteogenic lineage
cells and ECs by influencing the Notch pathway, thus affecting
physiological processes like angiogenesis, osteogenesis, and bone
healing.

ECM-derived factors in OB-EC communication: Besides above
soluble and membrane-binding signaling molecules, ECM-derived
molecules such as TGF-B1 also play a role in OBs-ECs commu-
nication. TGF-B1 is abundantly embedded in bone matrix and is
released during bone resorption and remodeling. TGF-31 can
regulate VEGF secretion in OBs through various signaling
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pathways, including p38/MAPK, stress-activated protein kinase/c-
Jun N-terminal kinase, p44/p42 MAPK, and Smad2/3, thereby
affecting endothelial cell angiogenesis. Other signals, such as
wnt3a, may also affect this process and promote TGF-B1-induced
VEGFA secretion in OBs via the canonical Wnt signaling path-
way. '8 Additionally, TGF-B1 acts on ECs and decreases
expression of the membrane-bound Notch signaling pathway
receptor Notch1 and VEGFR2 involved in angiogenesis.*? The
Notch pathway plays a crucial role in distributing characteristics of
tip cells and stalk cells in ECs during angiogenesis.'®*'83 The
exogenous TGF-B1-induced reduction in Notchl expression
disrupts the allocation towards tip cell characteristics on the
matrix gel, while the shedding of VEGFR2 affects the reception of
VEGF signals by ECs, ultimately inhibiting angiogenesis. Hence,
factors in the bone matrix, represented by TGF-31, can influence
osteogenesis-angiogenesis coupling through regulating of OBs-
ECs communication (Fig. 4c).

OC-EC communication. In addition to OBs, OCs also play a crucial
role in bone biology and actively interact with ECs to regulate
osteogenesis-angiogenesis coupling. Various modes of signaling
transmission, including paracrine signaling and EVs, facilitate OC-
EC communication, activating key pathways that influence both
osteogenesis and angiogenesis (Fig. 5a).

Paracrine signals in OC-EC communication: Paracrine signals
between OCs and ECs involves key molecules such as HIFs, VEGF,
and PDGF-BB. Hypoxia triggers the differentiation of human
peripheral blood mononuclear cells into OCs, a process closely
linked to HIF signaling in osteoclast precursors. Early studies
suggested that this differentiation under hypoxia is driven by HIF-
1a-mediated signaling. However, recent research distinguishes the
roles of HIF-1a and HIF-2a: HIF-1a is primarily associated with
osteoclast bone resorption, whereas HIF-2a predominantly pro-
motes the differentiation of human CD14* monocytes into
OCS.184_186

VEGF also affects OCs, as VEGFC and VEGFD can bind to
receptors on OCs membranes, enhancing RANKL-induced
monocytes-to-OCs  differentiation.®® VEGFA, the most potent
angiogenic member of the VEGF family, also regulates the OCs
formation.'® It has been shown that hypoxia and RANKL
upregulate HIF-1a in mature OCs via the NF-kB pathway, which
in turn enhances VEGFA secretion.'®® This VEGFA secretion
promotes angiogenesis in ECs and stimulates them to secrete
osteogenic factors such as BMP-2. Additionally, VEGFA induces ECs
to express semaphorin 3A (Sema-3A) in a dose-dependent
manner.'®® Sema-3A inhibits osteoclast formation, promotes
osteoblast differentiation, and can induce apoptosis in osteoclast
precursors such as RAW264.7."9%"" Through these actions, the
HIF-10/VEGF axis emerges as a central pathway linking OC-EC
communication.

Type H vessels, reported by Kusumbe and Ramasamy''® in
2014, are a specialized vascular subtype found at the end of the
growth plate and in subperiosteal regions. These vessels commu-
nicate with osteogenic cells to form an osteo-angiogenic coupling
vital for bone formation and remodeling."'? Osteoclast precursors
secrete PDGF-BB, which promotes the formation of Type H vessels
and aggregation of EPCs.''® Studies have shown that inhibiting
PDGF-BB (e.g., using Zoledronate) reduces EPC angiogenic
function and osteoblast differentiation.’®? Furthermore, proteins
such as G protein-coupled receptor kinase 2 interacting protein-1
regulate PDGF-BB secretion from osteoclast precursors, thereby
controlling Type H vessel formation.'”®> Thus, PDGF-BB is
indispensable for OC-EC communication and the osteogenesis-
angiogenesis coupling (Fig. 5b).

Exosomes-derived miRNA in OC-EC communication: The role of
EVs-mediated signal transmission between OCs and ECs is
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increasingly recognized, with miRNAs as key cargo molecules.
Recently, Wang et al.'®* found that the expression of miR-146a in
exosomes from mechanically compressed OCs is downregulated.
Adiponectin is a target of miR-146a, and the downregulation of
miR-146a in OC-exos leads to an increase in adiponectin
expression in HUVECs, thereby promoting angiogenesis. This
suggests that modulating the cargo delivery of OC-exos through
specific mechanical stimuli or osteo-angiogenic signals can
influence angiogenesis and bone remodeling.

Exosomes from OCs not only affect ECs but also regulate OCs
and their precursors. Song et al.>® found that EC-exos are more
effective on bone targeting and osteoclast function inhibition
compared to exosomes from OCs or BMSCs. EC-exos carrying miR-
155 can be internalized by bone marrow macrophages (BMMs),
delivering miR-155 to alter BMM morphology and inhibit their
differentiation into OCs. This miR-155-mediated communication
between ECs and BMMs inhibits osteoclast formation, as confirmed
by exosomal miRNA sequencing. Blocking miR-155 expression in
BMM:s reverses the inhibitory effect of EC-exos on osteoclastogen-
esis. Furthermore, exosomes from other angiogenesis-related cells
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also regulate OCs. Exosomes derived from EPCs promote osteoclast
formation through IncRNA-MALAT1, while pericyte-derived exo-
somes inhibit monocyte-to-osteoclast differentiation by suppres-
sing the tumor necrosis factor associated factor 3-mediated NF-«kB
signaling pathway.'®> Currently, EC-exos are being explored as
vehicles for delivering signaling molecules or drugs, such as
miRNAs, to regulate osteoclast and osteoblast activity in bone
fracture repair.'”®

Direct contact: the potential role in OC-EC conversation: The
Eph/Ephrin pathway is crucial for angiogenesis and serves as a
bidirectional signaling pathway that mediates cell communication
through direct contact. Its effects on ECs depend on the specific
subunits involved—EphrinA or EphrinB. EphrinA1/EphA2 regulates
EC migration, influencing both speed and direction. Overexpres-
sion of EphrinA1 reduces EC proliferation, whereas gene silencing
enhances proliferative activity.'”® EphrinB2 influences endothelial
cell budding and migration by interacting with VEGFR3 and its
downstream signaling pathways, affecting vasculature forma-
tion.'”” Additionally, recent research indicates that EphrinB2/
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Fig. 6 An integrated signaling cascade in OB-OC-EC cross-communication and osteogenesis-angiogenesis coupling

EphA4 activates ECs, increasing monocyte adhesion.'®® Given that
monocytes can differentiate into OCs and serve as osteoclast
precursors, this suggests that the Eph/Ephrin pathway may
facilitate direct OC-EC communication, contributing to the
coupling of osteogenesis and angiogenesis. Although most
research on Eph/Ephrin regulation of angiogenesis has focused
on tumor biology, its role in osteogenesis-angiogenesis coupling
remains to be fully elucidated.

An integrated  signaling  cascade in  OB-OC-EC  cross-
communication. Osteogenesis and its coupling with angiogenesis
are complex processes necessitating involvement of various bone-
related cells in bone microenvironment. The signaling exchange
among these cells usually presents a multiple-directional crosstalk
mode rather than a dual-way interaction as mentioned above, thus
forming a sophisticated network cross-communication. To illustrate
the crosstalks among OBs, OCs, and ECs, an integrated and
multiple-directional signaling cascade is proposed here (Fig. 6). In
this cascade, RANKL from OBs is delivered to OCs either in a
paracrine manner, through exosomes, or via direct cell-cell contact.
RANKL then binds with membrane receptor RANK on the surface of
OCs and their precursors and activates downstream signal
cascades through NF-kB, which eventually induce an increase of
HIF-1a expression.'®® Cytoplasm HIF-1a enters the nucleus and
binds with HIF-1B. The formed heterodimer acts on target gene-
VEGF and upregulates its expression. VEGF from OCs is released
into bone microenvironment and acts on ECs to induce
angiogenesis. In addition, OBs can secrete VEGF directly to
regulate angiogenesis of ECs.°”® In response to VEGF stimulation,
ECs also secrete pro-osteogenic factors such as BMP-2,%* ET-1,
IGF-1,"°> and Sema-3A,'® which can reversely act on OBs and OCs
and regulate their differentiation and function 4166190199200
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As the competitor of RANKL, soluble OPG from OBs can bind
with membrane-bound RANKL, soluble RANKL and vesicular
RANKL to prevent the activation of corresponding signaling
pathway and thus inhibit differentiation and function of
0Cs. 27202 additionally, OCs can engage with OBs through
vesicular RANK, which interacts with membrane-bound RANKL
on the OBs surface and regulates osteoblast differentiation via the
RANK Reverse pathway.?’*?°* The activity of mature OCs and
resorption of bone tissue result in the release of TGF-B1,”°
BMPs’?7® and IGF-1°%?% from bone matrix, all of which
participate in regulating the activities of these three types of cells.

This multiple-direction signaling cascade only partially eluci-
dates the cross-communication among OBs, OCs and ECs, as
numerous signal pathways and cell communication modes are
involved in this process, rather than the cascade proposed above
only. In a recent study, a tri-culture model was established to
evaluate the dynamic interplay among OBs, OCs, and ECs.>*” This
model induced different intracellular effects compared to bi- and
mono-cell cultures, which may provide a more effective way to
simulate osteogenesis-angiogenesis coupling in vivo. Therefore, it
is essential to integrate different signal pathways and cell
communication modes as a whole to construct an integrated
cross-communication network among OBs, OCs, and ECs to
highlight the mechanism of osteogenesis and its coupling with
angiogenesis.

Immune- and other bone-related cells in cell communication of
osteogenesis-angiogenesis coupling

Macrophages: Macrophages represent a crucial element of the
immune system, displaying remarkable adaptability in their
response to diverse microenvironments and stimuli. Macrophages
facilitate bone formation by influencing both OBs and OCs,
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supporting OC function and promoting bone anabolism.2%72'° Mo
macrophages differentiate into two main types: the M1 and M2,
each with distinct functional attributes. M1 macrophages are
distinguished by the secretion of pro-inflammatory cytokines,
including tumor necrosis factor-a (TNF-a) and interleukin (IL)-1,
which facilitate the activation of the RANKL/RANK signaling
pathway, thereby promoting OC-mediated bone resorption.
Furthermore, M1 macrophages express inducible nitric oxide
synthase, leading to ROS production,?®® which further amplifies
inflammatory response. In contrast, M2 macrophages secrete anti-
inflammatory factors, such as IL-10 and IL-4, thus promoting
osteogenesis and inhibiting osteoclastogenesis. They also produce
TGF-B, which plays a pivotal role in osteogenesis of MSCs.2%®

Macrophages, particularly the M2 subtype, are integral to bone
angiogenesis. They secrete large amounts of PDGF-BB, a critical
mediator that orchestrates effective angiogenesis by recruiting
pericytes and MSCs. These recruited cells initiate vascular
sprouting and help stabilize new blood vessels. Moreover,
activation of the HIF-1a signaling pathway can induce a TNF-
a—positive phenotype in macrophages, potentially enhancing the
angiogenic functions of cell lines such as RAW264.7.2°® During
angiogenesis, macrophages form bridges between ECs and
promote new vessel branch formation. They secrete VEGF and
other cytokines that stimulate endothelial regeneration and
contribute to side branch growth, especially under hypoxic
conditions. Additionally, perivascular macrophages in small
vessels help regulate osmotic responses.®'’

Neutrophils:  Neutrophils, another crucial component of the
immune system, also participate in the communication processes
that couple osteogenesis and angiogenesis. In the early stages of
rheumatoid arthritis, neutrophils migrate into the joint cavity,
instigating an inflammatory response. They exhibit an increased
capacity to form neutrophil extracellular traps, which are
implicated in activating synovial fibroblasts and modulating
immune responses.”'? Neutrophils communicate with target cells
by transferring cytosolic lipids and proteins via microvesicles. This
intercellular communication activates genes that regulate chon-
drocyte anabolism, promoting ECM accumulation and enhancing
cartilage protection.?’? In acute inflammation triggered by
bacterial lipopolysaccharide, neutrophils enhance their glycolytic
activity, leading to increased production and release of lactate.
Lactate mobilizes inflammatory bone marrow neutrophils by
acting on the GPR81 receptor expressed by ECs, which locally
increases vascular permeability. Furthermore, it promotes rapid
neutrophil mobilization from the bone marrow by elevating levels
of neutrophil-attracting chemokines (CXCL1 and CXCL2) and
increasing the release of granulocyte colony-stimulating factor.?'?
Single-cell RNA sequencing of periodontal lesions in mice has
revealed that neutrophils interact with OBs during periodontitis-
induced bone loss. Periodontal lesions exhibit significant neu-
trophil infiltration, and these neutrophils communicate with OBs
through cytokine secretion. Notably, neutrophil-derived oncosta-
tin M effectively induces RANKL expression in primary OBs.
Conversely, deletion of the oncostatin M receptor in OBs markedly
ameliorates periodontitis-induced bone loss.>'* These findings
underscore that neutrophils regulate osteogenesis by signaling
with OBs, chondrocytes, and ECs. This crosstalk reveals a novel
mechanism underlying the coupling of osteogenesis and angio-
genesis, highlighting the multifaceted roles of immune cells in
bone biology.

BMSCs: BMSCs constitute a heterogeneous population compris-
ing distinct subgroups with unique molecular and functional
properties. Notably, BMSCs derived from the metaphysis
(mpMSCs) and the diaphysis (dpMSCs) exhibit intrinsic differences.
The proliferation, colony-forming capacity, and multipotency of
BMSCs both in vivo and in vitro are predominantly associated with
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PDGFRa*B* Hey1* mpMSCs rather than dpMSCs or reticular cells.
The fate of BMSCs is regulated by PDGFRP signaling and the
transcription factor Jun-B. Overexpression of PDGF-BB increases
the number of Osx* OPCs, inhibits the formation of perilipin*
adipocytes, and promotes the development of type H vessels and
arterioles in the bone vasculature.?’> During human MSC
osteogenesis, the secretion of DJ-1 (i.e., parkinsonism-associated
deglycase 7) is significantly enhanced. Released DJ-1 can stimulate
vascularization in the endothelium via activation of
FGFR1 signaling.?'® Direct application of DJ-1 to the culture
medium is sufficient to stimulate human MSC differentiation into
OBs, mediated by FGFR1 activation and VEGF secretion.®'®
Additionally, BMSC-derived exosomes accelerate the proliferation
and migration of ECs and OBs, promote angiogenesis and
osteogenesis, and thus facilitate fracture healing. As intercellular
communicators, these exosomes activate the HIF-1a/VEGF and
BMP-2/Smad1/Runx2 signaling pathways, enhancing osteogenesis
and fracture repair.>'” EPCs have been demonstrated to enhance
the osteogenic differentiation of BMSCs and facilitate ectopic
bone formation. The combined use of EPC-BMSC in irradiated
bone defects provides sources of the MSC-osteoblast lineage and
the vascular lineage, thereby enhancing bone healing in the tibia
of irradiated rats.?'®

Recent research indicates that EC glycolysis regulates bone
vascularization and mitigates osteoporosis through H3K18la
lactylation in BMSCs. Lactate secreted by ECs mediates paracrine
crosstalk between ECs and BMSCs. Clinical data suggest that
elevated lactate levels correlate with increased bone mineral
density, and that raising blood lactate levels through exercise may
help prevent osteoporosis.®'®

Perivascular cells/pericytes: Skeletal capillaries can be classified
into two distinct types based on their morphology, molecular
markers, and functions: type H and type L. ECs of type H vessels
support local vascular growth and provide crucial microenviron-
mental signals to perivascular osteogenic progenitor cells. The
proliferation of type H ECs is positively regulated by endothelial
Notch and HIF-1a signaling pathways. The abundance of D31y
Emcn™ ECs serves as an important indicator of skeletal vascular
growth and osteogenic capacity. A reduction in type H
vasculature, along with a decrease in osteogenic progenitor cells,
may explain bone loss associated with aging and suggests
potential therapeutic strategies to improve osteogenic capacity
in older adults.""®

Notch activity in ECs promotes Noggin expression in osteogenic
progenitor cells, facilitating osteoblast differentiation. Noggin also
aids in chondrocyte maturation and hypertrophy. VEGF secreted
by osteogenic progenitors and chondrocytes promotes skeletal
angiogenesis, while SLIT3 produced by mature OBs and PDGF-BB
from pre-OBs enhance the expression of type H ECs.'** Under
normal conditions, PDGFRB* perivascular cells are found surround-
ing type H blood vessels and actively participate in osteogenesis.
In pathological states, a reduction in HIF-10/PDGF-BB/PDGFRf3
signaling between ECs and perivascular cells leads to the
detachment of PDGFRp* cells from type H vessels. This separation
disrupts endothelial-perivascular cell coupling, contributing to
vascular injury, bone loss, and fat accumulation as these cells
transition to a lipogenic phenotype.??°

Pericytes exhibit MSC-like properties, including pluripotency,
self-renewal, immunomodulation, and a multifaceted role in tissue
repair. Characterized by the expression of specific surface markers
such as PDGFR and CD146 (and being negative for CD34 and
CD45), pericytes secrete high levels of various growth and
differentiation factors through paracrine effects, thus accelerating
tissue repair both in vitro and post-transplantation.??' Pericytes
play key roles in neointimal formation and sprouting angiogenesis
via signaling molecules such as PDGFR-B, TGF-B, VEGF and
angiopoietin-1. They are critical for the formation and sprouting
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of new blood vessels. TGF-B1 is essential for maintaining
endothelial cell-pericyte interactions, as it is closely associated
with the contractility that fixes pericytes to the surface of ECs. In
the absence of TGF-f1, pericyte loss can lead to uncontrolled
endothelial proliferation and excessive angiogenesis at injury
sites.222,223

Ang1 stimulates ECs to release factors that recruit pericytes,
including TGF-B1 and PDGF-B. Endothelial cell-derived PDGF-B
promotes the migration and proliferation of pericytes expressing
PDGFR-B. Moreover, the differentiation of mesenchymal cells into
pericytes when co-cultured with ECs is associated with increased
VEGF production by mesenchymal cells, potentially mediated by
TGF-B. This VEGF expression by differentiated pericytes supports
endothelial cell survival and microvessel stability.?**

CELL COMMUNICATION OF OSTEOGENESIS-ANGIOGENESIS
COUPLING IN FRACTURE HEALING AND REGENERATION
Key phases of fracture healing and osteogenesis—angiogenesis
coupling
Bone regeneration consists of a well-orchestrated series of
biological events, including the intercellular cell communication
of various cells and intracellular signal transduction of plentiful
signaling pathways, while the fracture healing is the most
canonical form of bone regeneration in the clinical setting.??*
Osteogenesis of fracture healing is realized through either
intramembranous bone formation or endochondral bone forma-
tion. In intramembranous bone formation, MSCs directly differ-
entiate into OBs, which then mineralize the ECM to the eventual
osteogenesis. It mainly occurs in the development of flat bones
such as maxilla and mandible, and in rigidly fixed fractures with
minimal fracture gaps and in fractures within the bone
metaphysis. While during the endochondral bone formation,
MSCs priorly differentiate into chondrocytes, and the chondro-
cytes build a novel cartilage matrix layer and latterly converted
into woven bone undergoing further ossification. Endochondral
bone formation mainly occurs in the development of long bones,
and in fractures located in the diaphysis with less mechanical
stability and large fracture gaps achieve bone repair through this
Way'zzs-zzs

Regardless of the type of bone formation, fracturing healing is a
complex process involving early inflammatory response, angio-
genesis, osteogenic differentiation and ossification, and the
osteogenesis-angiogenesis coupling plays an indispensable role
in this process.?*” During the early inflammatory response period,
hematoma formation at the fracture site creates a relatively
hypoxic environment that upgrades the expression of HIF-1q,
which in turn influences its downstream signaling molecules such
as VEGF to promote subsequent angiogenesis and osteogenesis in
the next healing period.*° BMPs-secreting MSCs is recruited to
the early hematoma, preparing for subsequent differentiation into
chondrogenic or osteogenic linages.?®*' Immune system is also
actively involved in this period and macrophages polarized to M1
phenotype to clean up debris in the fracture site. In the next
angiogenic period, angiogenesis is the key to cartilage or soft
callus formation. ECs invade into fracture sites, constructing
vascular network through angiogenesis to achieve the vascular-
ization of injury sites, and this is accompanied by the invasion and
recruitment of OPCs.''® OPCs differentiate into chondrocytes for
endochondral bone formation to form soft callus or directly
differentiate into OBs to perform intramembranous bone forma-
tion, constructing hard callus. In this period, macrophages switch
from M1 to M2 phenotype with anti-inflammatory characteriza-
tion, promoting tissue healing and reducing inflalmmatory bone
resorption.”>> Adequate vascularization ensures enough supple-
ment of oxygen and nutrients for the subsequent osteogenic
differentiation and ossification, and ECs also secret signaling
factors during the fracture healing process to interact with MSCs,
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OBs, and macrophages. Therefore, the osteogenesis-angiogenesis
coupling is a significant feature in fracture healing, and it is
characterized by complex cell-cell communication among bone-
related cells, ECs, and immune cells, especially macrophages.

Crosstalk between macrophages, ECs, and bone-forming cells
during fracture repair

The intercellular communication among OBs, OCs, ECs, macro-
phages and other related cells in osteogenesis-angiogenesis
coupling, are well introduced in sections “OB-EC communication”,
“OC-EC communication”, “An integrated signaling cascade in OB-
OC-EC cross-communication” and “Immune- and other bone-
related cells in cell communication of osteogenesis angiogenesis
coupling”. Most of these events are applicable in fracture healing
and therefore they will not be discussed more. The following will
focus on communication of macrophages with ECs and MSCs,
which shows specificity and is critical for osteo-angiogenesis
coupling in fracture healing.

Cell communication of macrophages with ECs. Cell communica-
tion does exist between the macrophages and ECs. A recent study
has shown that macrophages are crucial for maintaining the
sinusoidal and arterial-like populations of primary mouse bone
marrow ECs in vitro, thereby protecting the native transcriptomic
profiles and functional heterogeneity of the ECs.*** Co-culture of
macrophages with human outgrowth ECs and human primary OBs
produces more vascular tubes compared with OBs-ECs bi-culture
system. And both the concentration of VEGF in supernatants and
secretion of inflammatory factors such as IL-6, IL-8, TNF-a from the
macrophages are increased in this tri-culture system.?** This
indicates that macrophages communicate actively with ECs
through paracrine or other modes to regulate vessel formation
and thus influence the osteogenesis-angiogenesis coupling. In
addition, fracture healing is a dynamic process from inflammation
to tissue regeneration, during this process macrophages also
experience the phenotype transition from pro-inflammatory M1 to
anti-inflammatory M2. Therefore, the influence of macrophages
and their communication with ECs are closely associated with
their phenotype which may be determined by fracture healing
process.

The paracrine pro-angiogenic factors actively participate in
macrophages-ECs communication. Upregulation of activating
transcription factor 4 expression in alveolar bone-derived macro-
phages leads to increasement of VEGFA, and knockout of this
transcription factor induces the decrease of M1 markers and
VEGFA expression in these macrophages, and eliminates the gap
of angiogenic capability of these macrophages with those from
long bone*> On one hand, macrophages could regulate
angiogenesis through pro-angiogenic factors such as VEGFA,
and macrophage polarization may affect this effect. On the other
hand, the ECs-derived pro-angiogenic factors also play a role in
regulating macrophages and their polarization. Implantation of
VEGF-containing vascular grafts can promote the switching of
infiltrating monocytes into M2 macrophages, while in the heparin-
containing grafts monocytes are inclined to convert into M1.%%°

The angiogenesis-associated signaling pathways also involves in
macrophages-ECs communication. M1 macrophages could pro-
mote ECs migration through secreting molecules such as VEGF
and TNF-a.*” While M2 macrophages promote angiogenesis
directly.*® Moreover, it is discovered that M2 macrophages
promote the angiogenesis, vascular permeability of ECs through
the HIF-1a/VEGFA signaling pathway.”*° A recent study has shown
that M2 macrophages promote ECs angiogenesis in retinal
neovascularization through CXCL12/VEGF signaling axis.>*® Other
molecules or signaling pathways may also regulate macrophages
polarization and their communication with ECs in bone fracture
healing, but the underling mechanisms need to be further
elucidated.
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Exosomes also mediate macrophages-ECs communication and
regulate bone regeneration. The EC-exos released under the
stimulation of inflammatory cytokines can activate macrophages
through the MAPK/NF-kB signaling pathway.**' They also regulate
macrophages polarization through the containing miRNAs and
INcRNAs to regulate bone regeneration.?***** In contrast,
macrophages-derived exosomes could also regulate ECs. Exo-
somes secreted by M2 macrophages promote angiogenesis both
in vivo and in vitro, and the pro-angiogenic effect on HUVECs is
associated with miRNA-5106.>**

Additionally, the classification of M1 and M2 macrophages is
primarily based on their roles in regulating inflammation rather
than their capacity to promote tissue regeneration. While M2
macrophages are generally regarded as more conductive to tissue
regeneration, this effect is largely attributed to their anti-
inflammatory properties rather than a direct regnerative function.
Recently, a new subpopulation of activated macrophages is
identified as CD301b macrophages, although there is some
overlap with M2 macrophages that highly express CD206. The
CD301b population is more specific to the regenerative micro-
environment and can induce bone formation.*** It also actively
participates in osteogenesis-angiogenesis coupling and VEGF is a
key factor to regulate CD301b macrophages-ECs communica-
tion.2*2%” Although the underling mechanisms remains to be
further explored, it is certain that CD301b macrophage population
plays an important role in fracture healing due to its pro-
regenerative characterization.

Macrophage-MSC communication. In the process of fracture
healing, macrophages complete the transformation from pro-
inflammatory M1 to anti-inflammatory M2. M1 macrophages are
dominant in the early inflammatory healing stage, while M2
macrophages secret growth factors to support osteogenic
differentiation of MSCs thereafter, thus promoting the bone
formation. Meanwhile, studies demonstrate that M1 macrophages
and the inactivated MO macrophages also communicate with
MSCs.>*?

Champagne et al. have proved that the inactivated J774a.1
murine macrophage cell line can increase the alkaline phospha-
tase activity in human MSCs, and this effect is mediated by the
BMP2, indicating that the interaction of MO macrophages with
MSCs may participate in the fracture healing.?*®

The role of M1 macrophages on the regulation of MSCs and
fracture healing is controversial. Study has shown that the M0, M1
and M2 macrophages all enhance ECM mineralization when co-
cultured with mouse MSCs, and the M1 macrophages manifest the
most significant effect. This process is highly associated with
cyclooxygenase-2/prostaglandin E2 signaling pathway.?** The M1
macrophages may secrete signaling factors that recruit MSCs into
the bone fracture sites, and MSCs undergo osteogenic differentia-
tion and eventual ossification with the influence of M2 macro-
phages. Cell communication between M1 macropahges and MSCs
is also supported by a study in which the BMSC-derived exosomes
inhibit polarization and secretion of pro-inflammatory factors of
M1 cells, thus promoting rotator cuff tendon-bone healing.?*° But
there are also studies indicating that M1 macrophages inhibit
bone formation in fracture healing through cell-cell communica-
tion with MSCs. For instance, M1-derived exosomes transfer miR-
222 to induce the apoptosis of MSCs.>>' The M1 macrophages-
triggered inflammatory response is the premise of the normal
healing of bone. However, prolonged inflammation is detrimental
to the fracture healing due to excessive bone resorption. 228252253
The controversial effects of M1 macrophages on MSCs reflect their
dual action on fracture healing which is determined mainly by
different healing stages of bone fracture.

There is indeed communication between M2 macrophages and
MSCs. In a three-dimensional co-culture model of macrophages
and human MSCs, the MSCs inhibit M1 macrophage and promote

Bone Research (2025)13:45

Cell communication in osteogenesis-angiogenesis coupling
S Lietal

M2 polarization, and the MSCs co-cultured with both macro-
phages exhibit stronger osteogenic differentiation ability com-
pared to cultured alone.?** In the tibial mono-cortical bone defect,
the macrophage scavenger receptor 1 activates the PI3K/Akt
signaling pathway to promote osteogenic differentiation of BMSC
and the M2 polarization.'*’

M2 macrophages and MSCs can communicate with each other
through paracrine mode. Murine bone marrow polarized M2
macrophages could promote osteogenesis of murine bone
marrow MSCs in an indirect transwell co-culture system, and the
expression of TGF-f3, VEGF, and IGF-1 are all significantly increased
in M2 macrophages. Consequently, it is reasonable to speculate
that the growth factors upregulated in M2 macrophages play a
role in the bone formation. However, the molecules participating
in cell communication between M2 macrophages and the MSCs in
a paractine mode remains unclear.?>> Recently, a novel study
reveals that the IL-10 may be a candidate of mediator in the
paracrine communication between M2 macrophages and MSCs, in
which the nanohydroxyapatite particle-treated M2 macrophages
promote the osteogenesis of MSCs in an IL-10 dose-dependent
manner.”*® Moreover, the exosomes may also participate in
communication between M2 macrophages and MSCs. Mechanical
force-induced macrophage exosomes could promote BMSCs
osteogenesis through the ubiquitin carboxyl-terminal hydrolase
isozyme L3, which targets the Smad1.>*” While the miRNA of
MSCs-derived exosomes could switch the macrophage polariza-
tion from M1 to M2 in the spinal cord injury.”*® The specific
mechanism of exosome-mediated cell communication between
M2 macrophages and MSCs during fracture healing remains to be
further illustrated.

Cell communication between bone and vessels in calvarial fracture
Unlike long bones, recent studies suggest that osteogenesis and
angiogenesis in calvarial fracture healing may not follow the
tightly coupled dynamics observed in other skeletal regions.
Using advanced longitudinal intravital multiphoton microscopy,
Bixel et al. revealed that the collective invasion of OPCs in
calvarial fractures is not simultaneously accompanied by early
angiogenic sprouting. In their findings, endothelial Notch and
VEGF signaling only influenced vascular regeneration without
significantly affecting ossification by OBs, arguing for a potential
decoupling of osteogenesis and angiogenesis in calvarial fracture
healing.?*’

In long bones, such as femurs, the invasion of OPCs typically
follows closely behind the sprouting blood vessels into the
avascular callus, with OPCs and blood vessels comigrating and
forming collagen bundles that intersect with vascular protrusions
in a finger-like arrangement. However, in calvarial fractures, OPCs
and OBs initially form a multicellular sheet on the bone surface
and begin their collective invasion only after sufficient vascular-
ization of the lesion area is achieved. Although the timing of OPC
and vascular invasion differs between these bone types, the
osteogenesis-angiogenesis coupling is not solely defined by
simultaneous events.2%%%¢!

Despite the apparent temporal separation, cell communication
between bone and vascular cells persists during calvarial fracture
healing. Molecules secreted by ECs and OBs influence each other
when OBs arrive at the vascular network. Similar to long bone
fractures, Osxt OBs and newly formed bone matrix remain
proximal to microvessels, enabling paracrine interactions between
OBs and ECs.?®? In addition, various signaling pathways mediate
the regulation of fracture healing through osteogenesis-
angiogenesis coupling. For instance, YAP, a key component of
the Hippo signaling pathway, promotes osteogenic commitment
of MSCs while also regulating type H vessel formation. However,
YAP suppresses HIF-1a expression in bone ECs, potentially
impairing fracture healing.”®® Although endothelial Notch and
VEGF signaling appear to have limited impact on ossification in
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calvarial fractures, other pathways may mediate OB-EC commu-
nication and influence the process indirectly.

CELL COMMUNICATION OF OSTEOGENESIS-ANGIOGENESIS
COUPLING IN OTHER BONE-RELATED DISEASES
Osteoporosis
Osteoporosis results from an imbalance between bone resorption
and bone formation, leading to reduced bone mass, compromised
bone quality, and impaired vascular formation. Studies have
shown that the reactive oxygen species-mediated HIF-1a/p53 axis
plays a bidirectional regulatory role in the osteogenesis-
angiogenesis crosstalk in long bones.?** Guan et al. demonstrated
that targeting the activation of the Ca®>" channel protein Piezo1 in
a mouse osteoporotic bone defect model enhanced the nuclear
accumulation of YAP and p-catenin, facilitating osteogenesis-
angiogenesis coupling during the early stages of bone healing
and accelerating bone reconstruction.?®®

BMSCs are pivotal in osteoporosis management, as they enhance
calcium deposition, collagen synthesis, and angiogenesis by
secreting various cytokines and growth factors. CD31™ Emen™ type
H-positive vessels, crucial for oxygen delivery and vascularization,
stabilize OPCs and support BMSC-mediated bone regeneration in
osteoporosis.”®® Activation of the PI3K/Akt signaling pathway,
which regulates B-catenin, promotes osteogenesis-angiogenesis
coupling in BMSCs.2% Similarly, activation of the Wnt/B-catenin
pathway—key for development and homeostasis—stimulates bone
formation and the generation of CD31™ Emcn™ type H-positive
capillaries in fracture sites.”®’?%® These findings suggest that
targeted activation of the Wnt/B-catenin pathway may serve as a
promising therapeutic strategy for combating osteoporosis.

Beyond bone cells such as BMSCs, the osteoporosis micro-
environment features significant immune dysregulation, particu-
larly an imbalance between T regulatory cells and T helper cells
(Th). Th2 cells exhibit protective effects against osteoporosis
progression by producing cytokines such as IL-4, IL-5 and IL-13,
which inhibit osteoclastogenesis and promote parathyroid hor-
mone production, thereby reducing the RANKL/OPG ratio and
reversing bone loss. Conversely, Th17 cells exacerbate osteoclas-
togenesis by secreting pro-inflammatory cytokines, including IL-1,
IL-6, IL-17, RANKL and TNF. An imbalance in the T regulatory/Th
cell ratio is a key factor in osteoporosis pathogenesis, as T
regulatory cells may lose regulatory capacity and transition into
Th17 cells in osteoporotic conditions.>°® CD4" T helper cells also
play a critical role in angiogenesis. Th2 cells secrete growth factors
that enhance angiogenesis, a mechanism leveraged in bone
regeneration scaffolds to attract Th2 cells and promote vascular-
ization. Furthermore, CD4" T cells recruit macrophages to
enhance angiogenesis.?*®

Osteoarthritis

The development of osteoarthritis is primarily driven by the
immune system'’s response to an inflammatory environment. IL-3,
secreted by T lymphocytes, has been shown to increase the
expression of chondrocyte-specific genes such as sex-determining
region of Y chromosome-box transcription factor (Sox) 9 and type
lla collagen. In contrast, IL-13 downregulates Sox9 and type lla
collagen expression. Notably, IL-3 inhibits the expression of matrix
metalloproteinases induced by IL-13 and TNF-a, thereby mitigat-
ing cartilage degradation. IL-6, secreted by activated T lympho-
cytes, exhibits dual effects on chondrocytes: it protects cartilage
by inhibiting metalloproteinase production, yet it suppresses
proteoglycan synthesis, thereby reducing type lla collagen
production and exacerbating IL-13-mediated cartilage degrada-
tion. Additionally, activated T cells produce TGF-B, which plays a
key role in cartilage remodeling by enhancing Sox9 expression,
facilitating chondrocyte differentiation, and reducing IL-6 receptor
expression in chondrocytes.?'?

SPRINGERNATURE

In osteoarthritis pathogenesis, type H-positive vessels and MSCs
form a positive feedback loop, driving abnormal subchondral
bone formation. Type H-positive vessels supply MSCs, which
contribute to aberrant bone formation, while MSCs enhance
angiogenesis through the MAPK pathway. Inhibiting this interac-
tion can alleviate osteoarthritis.?*® Single-cell RNA sequencing has
identified various cell types involved in temporomandibular joint
osteoarthritis. For instance, M1 macrophages promote inflamma-
tion, angiogenesis, and innervation, while CD31" ECs facilitate
bone mineralization. Chondrocytes express genes related to
inflammation, angiogenesis, and ossification, such as genes of
epidermal growth factor receptor and integrin alpha-5.27°
Additionally, increased VEGF expression is associated with the
catabolic activity of chondrocytes and synovial cells, correlating
with disease severity.?”! Co-culture of HUVECs, dermal fibroblasts,
and BMSCs has been shown to facilitate osteogenic and
angiogenic niches, promoting osteogenesis and angiogenesis.?’?
Moreover, osteoclastogenesis can be inhibited by modulating NF-
kB and MAPK signaling pathways. Downregulation of PDGF-BB
further alleviates subchondral bone resorption and angiogenesis
in mice, rescuing cartilage degeneration.?’*

Osteonecrosis
Osteonecrosis is driven by increased osteoclast activity and
impaired angiogenesis, disrupting interactions between immune
and bone cells. Drug-related osteonecrosis of the jaw, often
associated with anti-resorptive drugs like bisphosphonates, is a
rare but severe condition. Zoledronic acid has been shown to
enhance osteoclastogenesis by inducing IL-6-mediated upregula-
tion of RANKL through the janus tyrosine kinase 2/signal
transducer and activator of transcription 3 pathway.?’* Addition-
ally, bisphosphonates promote the release of pro-inflammatory
cytokines such as IL-6, TNF-a and IL-1B, while suppressing IL-10
secretion, creating a pro-inflammatory microenvironment. This
environment not only impairs NK cell-mediated cytotoxicity but
also reduces the regenerative capacity of MSCs, further inhibiting
wound healing and contributing to drug-related osteonecrosis of
the jaw.?’>?’° MSC-derived EVs show potential in mitigating
bisphosphonate-induced damage by reducing senescence in OBs
and fibroblasts, promoting angiogenesis and bone regeneration.”””

Radiotherapy for tumors can lead to radiation-induced osteo-
necrosis, characterized by necrosis of osteocytes, endothelial
damage, and the creation of a hypoxic, low-cellular environment.
Radiation promotes osteoclast differentiation by increasing RANKL
expression and disrupting immune-skeletal interactions through
persistent lymphopenia and altered immune cell phenotypes.®’®
MSCs can restore angiogenesis and promote tissue repair by
stimulating endothelial progenitor cell differentiation, enhancing
tube formation, and activating angiogenic growth factors, offering
a promising therapeutic strategy for radiation-induced damage.?”®

Hormone-induced osteonecrosis, often caused by prolonged
glucocorticoid use, results in metabolic abnormalities, microvas-
cular disruption, and trabecular bone necrosis. Glucocorticoids
impair angiogenesis and osteogenesis by reducing the expression
of key factors like HIF-10, PDGF-BB and VEGF, and by increasing
Notch-1 expression, which inhibits osteogenic differentiation and
disrupts osteogenesis-angiogenesis coupling.?®° Reduced p-Akt
expression is another hallmark of glucocorticoid-induced osteo-
necrosis, with therapeutic upregulation of p-Akt enhancing
osteoblast proliferation, angiogenesis, and reducing apoptosis
through pathways such as Akt/Runx2.23'2%2

MSC therapies have shown promise in addressing osteonecrosis
by promoting angiogenesis and bone repair. MSCs can secrete
factors like COL6A2 to activate the PI3K/Akt signaling pathway,
enhancing endothelial migration and angiogenesis. Additionally,
the use of composite scaffolds with MSCs and EPCs further
supports osteogenesis, angiogenesis, and reduces adipogenesis,
facilitating osteonecrosis repair.2832%*
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CLINICAL THERAPEUTIC APPROACHES BASED ON CELL
COMMUNICATION IN OSTEOGENESIS-ANGIOGENESIS
COUPLING

The intricate interplay between osteogenesis and angiogenesis via
cellular communication opens promising avenues for innovative
clinical therapies targeting bone-related diseases and enhancing
bone tissue engineering. By harnessing specific signaling path-
ways that mediate interactions among OBs, ECs, MSCs, immune
cells, and pericytes, researchers can design targeted interventions
to promote coordinated bone and blood vessel regeneration.
Below, we outline key clinical approaches based on cell
communication in osteogenesis-angiogenesis coupling.

Therapies based on intercellular signal transmissions

Cell communication mechanisms facilitate signal transmission
between donor and recipient cells. These processes can be
leveraged to deliver signaling molecules that regulate
osteogenesis-angiogenesis coupling, offering therapeutic benefits
for bone-related diseases.

Paracrine growth factor-based therapies. Growth factors play a
critical role in mediating communication between bone and
vascular cells, facilitating both osteogenic and angiogenic
processes. Therapeutic strategies often focus on the delivery of
these key paracrine growth factors to stimulate OB differentiation,
bone formation, and EC function. For example, BMPs, particularly
BMP-2 and BMP-7, are frequently utilized due to their strong
osteoinductive properties.%*

Growth factors can be embedded in biomaterials such as
hydrogels and implanted into bone defects. Once implanted,
these factors release signals to nearby bone cells and ECs in a
paracrine manner, promoting angiogenesis and osteogenesis, and
ultimately facilitating the repair of bone defects.”®® External
stimuli—such as ultrasound, temperature changes, or light—can
be applied to control the timing and order of growth factor
delivery. This approach helps prevent rapid degradation of the
factors, ensuring sustained release for optimal therapeutic effect.
For instance, VEGF is essential for promoting angiogenesis by
inducing EC proliferation and migration. It also indirectly supports
osteogenesis by enhancing the vascular supply to bone-forming
regions.®”% Ramesh et al. designed a triple growth factor delivery
system by inserting VEGF, PDGF, and low-dose BMP-2 into
hydrogel.®® The simultaneous release and continuous delivery
of VEGF and PDGF in this system promotes angiogenesis, allowing
new bones to regenerate up to 60% of the intact bone at low
doses of BMP-2. Lack of clear does-dependent modes of BMP-2 to
bone regeneration has incurred the application of high-dose BMP-
2 in complex bone fractures such as bone-muscle combined
injuries clinically to acquire adequate bone regeneration,®’ but
high-dose BMP-2 also induces serious adverse effects such as
heterotopic bone formation.?®® The co-delivery of growth factors
elevates the therapeutic effects of low-dose BMP-2 to substitute
the therapy of high-dose BMP-2. This approach is particularly
valuable for serious bone fractures combined with muscle injuries,
such as segmental bone defects with volumetric muscle loss,
where effective bone regeneration is crucial.

Exosome-based therapies: Beyond traditional paracrine signal-
ing, exosomes serve as crucial mediators of cell communication in
osteogenesis—angiogenesis coupling. Secreted by various cell
types, exosomes carry bioactive molecules—such as miRNAs,
proteins, and lipids—that regulate both osteogenic and angio-
genic processes. This capacity makes exosomes promising novel
carriers for therapeutic substances aimed at enhancing bone
regeneration. Exosomes can be engineered to carry specific
miRNAs or signaling molecules, enhancing their therapeutic
potential and offering a personalized approach to bone repair.
As naturally occurring vesicles, exosome-based therapies are
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minimally invasive and highly biocompatible, reducing the risk of
immune rejection or adverse reactions. MiR-26a-5p is known to
promote the osteogenic differentiation of MC3T3-E1 cells.?®* Mi
et al. engineered mouse endothelial cell exosomes (from Bend.3
cells) by incorporating a CD9-HuR fusion protein to efficiently load
and transfer miRNA-26a-5p.'”® This strategy protected the miRNA
during transit and ensured its effective delivery to OBs, thereby
increasing the expression of osteogenic-related genes. By lever-
aging engineered exosomes as carriers for specific therapeutic
molecules, exosome-based therapies offer a novel, efficient, and
biocompatible approach to treating bone-related diseases, ulti-
mately enhancing bone repair and regeneration through precise
regulation of osteogenesis and angiogenesis.

Therapies targeting intracellular signal transduction

Targeting signaling pathways for therapies. Intracellular signal
transduction is a pivotal aspect of cell communication in
osteogenesis—angiogenesis coupling. Successful signal transduc-
tion within a recipient cell relies on intact signaling pathways.
Hence, pharmacologically targeting components of these specific
pathways offers a strategic means to promote tissue regeneration
in bone-related diseases.

As essential activators of signaling pathways, ligands and
receptors represent critical therapeutic targets. Modulating their
expression or activity can stimulate key pathways involved in
osteogenesis and angiogenesis. For instance, manipulating the
Notch and Wnt/B-catenin pathways has shown promise in treating
bone diseases.*®® Notch signaling plays a complex role by
regulating both bone formation and blood vessel growth.
Pharmacological modulation of this pathway can significantly
impact cell communication and tissue repair. Activation of
Notch1 signaling in OPCs has been reported to enhance fracture
healing.?°" Conversely, targeted deletion of the DII4 ligand in ECs
can impair early fracture healing.

The pro-osteogenic effects of Notch signaling may vary with
age. For example, loss of Nicastrin— a component necessary for
Notch receptor activation—in aging skeletal stem cells has been
found to increase bone mass, contrary to expectations. This
highlights the importance of considering age-related changes
when designing therapies targeting Notch pathways and suggests
potential strategies to mitigate bone loss in elderly patients.**2

Activation of the Wnt/B-catenin pathway supports both
osteoblast differentiation and endothelial cell function, making it
a valuable therapeutic target.’®® Biallelic nonsense mutations in
Whnt ligand genes can cause osteoporosis due to diminished Wnt/
-catenin signaling. Thus, regulating Wnt ligands to enhance this
pathway is crucial for osteoporosis treatment. Various methods
aim to stimulate the Wnt/B-catenin pathway. For instance,
electroacupuncture has been shown to increase the expression
of Wnt3a and f-catenin, positively influencing osteogenesis in
postmenopausal osteoporosis models.**

MIRNA and gene therapies. Non-coding RNAs, particularly miR-
NAs, are key regulators of signaling pathway molecules involved
in osteogenesis—angiogenesis coupling. By directly targeting
intracellular components of these pathways, miRNAs modulate
downstream signal transduction to influence both bone formation
and vascular development. For instance, miR-150-5p promotes the
formation of type H vessels targeting the Pi3k/Akt signaling
pathway by regulating the downstream Sox2.2°> Yang et al. also
discovered that the depletion of the miRNA-497-195 cluster in ECs
of mice decreases the angiogenesis of type H vessels and bone
mass. The study further demonstrated that this miRNA cluster
maintains stability of HIF-1a and supports Notch signaling activity
by targeting genes such as P4HTM (Prolyl 4-hydroxylase,
transmembrane) and Fbxw7 (F-box and WD-40 domain pro-
tein).'®® Overexpression of the miRNA-497-195 cluster can
mitigate age-related declines in type H vessels and bone mass,
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highlighting its potential as a therapeutic target for age-related
osteoporosis. Additionally, various other miRNAs have been
identified that could serve as therapeutic targets for bone-
related diseases due to their regulatory impact on critical signaling
pathways. 2?62

Non-coding RNA regulatory effects on signaling pathways can
be influenced by N6-methyladenosine methylation. Changes in
N6-methyladenosine methylation status can alter bone-related
activities such as bone resorption, thus indirectly affecting
osteogenesis—angiogenesis coupling.3® Histone modifications
represent another layer of epigenetic regulation that can influence
osteogenic differentiation and signaling pathways. While recent
studies have shown that histone modifications of osteogenesis-
related genes significantly promote the differentiation of human
MSCs, the precise links between these epigenetic changes, pro-
osteogenic signaling pathways, and their mechanisms remain to
be fully elucidated.*®2%°

These insights into miRNA functions, N6-methyladenosine
methylation, and histone modifications open up promising
avenues for genetic and epigenetic therapies. By targeting crucial
signaling molecules or their regulators within pro-osteogenic or
pro-angiogenic pathways, novel treatments or medicines can be
developed to effectively regulate osteogenesis—angiogenesis
coupling. This could lead to improved strategies for treating
osteoporosis, enhancing fracture healing, and managing other
bone-related disorders.

Clinical applications of cell communication in
osteogenesis—angiogenesis coupling

Biomimetic scaffolds and tissue engineering. Adequate vascular-
ization is crucial for effective osteogenesis in bone defect sites,
making cell communication that regulates angiogenesis vital in
bone tissue engineering.? Researchers leverage this intercellular
dialogue to enhance osteogenesis—angiogenesis coupling in bone
grafts and scaffolds, thereby improving graft survival and bone
defect reconstruction.

Signaling molecules that mediate osteogenesis—angiogenesis
coupling can be incorporated into biomaterials like hydrogels.
These hydrophilic polymeric networks can be loaded with bone
cells or signaling factors to promote vascularization and bone tissue
formation at defect sites, and enhance recovery from excessive
bone resorption in conditions such as periodontitis.3%°-3%

Some bioactive element ions influence cell activities. Strontium
enhances osteogenesis of OBs and angiogenesis of ECs.3** Zinc
imparts antibacterial properties to implants.2® These ions can be
integrated into bioactive ceramics, glasses, or scaffolds. lon-doped
bioceramics and bioactive glass scaffolds (e.g., cobalt-doped) have
been used clinically to promote both bone formation and
angiogenesis, facilitating wound healing and bone regenera-
tion.3%%3%” Hybrid scaffolds combining hydrogels and bioactive
materials enable programmed delivery of signaling factors for
controlled osteogenesis—angiogenesis coupling.3®?

Cell-based therapies: Transplantation of stem or progenitor cells
is a well-established method to stimulate bone and vascular
regeneration, leveraging their inherent ability to differentiate and
communicate within the osteogenesis—angiogenesis network. As
multifunctional cells, MSCs can differentiate into OBs and
perivascular cells, directly contributing to bone formation. They
also secrete paracrine factors and exosomes that regulate
osteogenic and angiogenic processes.3®® The mechanisms of
MSC therapy mainly depend on the osteogenic differentiation
ability of MSCs. Studies have shown that the transplanted
allogenic mouse MSCs eventually differentiate into OBs to directly
regulate osteogenesis and promote fracture healing.>®® Moreover,
MSCs are a part of cell communication network in osteogenesis-
angiogenesis coupling, consequently MSCs secrete paracrine
molecules and exosomes to regulate osteogenesis of bone cells
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or angiogenesis of ECs3'3"" MSCs interact with the immune
system; osteo-immunomodulatory materials can modulate inflam-
matory responses (e.g., via IL-17/ferroptosis pathways), enhancing
MSC therapy effectiveness, particularly in cranial or mandibular
defects3'?

The methods of stem cell therapy include injection and
transplantation of exogenous stem cells, and the grafted MSCs
differentiate into OBs to promote bone repair. It is reported that
7 days after fracture may be the optimal time to inject BMSCs to
promote fracture healing.?'® Recently, the co-coculture strategy in
which MSCs co-cultured with other progenitor cells has become a
hot topic in cell-based therapies for bone regeneration.'**'> As
the progenitor cells with the ability to differentiate into ECs, EPCs
contribute directly to neovascularization and indirectly support
osteogenesis by improving vascularization at the injury site. The
synergistic interaction between EPCs and MSCs, mediated by
juxtacrine and paracrine signaling, enhances bone regeneration.
This approach has been applied to repair large segmental femoral
defects using engineered scaffolds.>'®*'” Multicellular hybrid stem
cell therapies combining various progenitor cell types hold
promise for treating complex bone fractures and defects,
leveraging enhanced intercellular communication to drive coordi-
nated osteogenesis and angiogenesis.

By integrating biomimetic scaffolds, bioactive materials, and
advanced cell-based therapies, clinical applications targeting cell
communication in osteogenesis—angiogenesis coupling are pav-
ing the way for improved strategies in bone regeneration and
repair.

CONCLUSION AND PERSPECTIVE
Osteogenesis is a crucial process for bone remodeling, fracture
healing and bone defect repair, intricately coupled with new
blood vessel formation both temporally and spatially. The
interaction between osteogenesis and angiogenesis is mediated
by complex cell communication networks involving various bone-
related cells, signaling molecules, and pathways. In this article, we
thoroughly review advances in cell communication within
osteogenesis-angiogenesis coupling over the past decade, focus-
ing primarily on the bidirectional and multidirectional interactions
between OBs and ECs through different communication modes
and associated signal pathways. Additionally, we discuss the cell
communication in bone-related contexts such as the normal bone
fracture healing and other pathological bone microenvironment.
Numerous signal transmission modes, including gap junction,
tight junction, adhesion junction, paracrine, synaptic/neurotrans-
mitter transmission, facilitate cell-cell communication among
bone cells and ECs, serving as bridges for osteogenesis-
angiogenesis coupling. A comprehensive understanding of these
intercellular signal transmission modes and signal pathways, as
discussed in this review, can broaden our knowledge on bone
biology and inspire new strategies for treating bone-related
diseases such as the drug delivery mediated by EVs and hydrogels
embedded with growth factors in bone tissue engineering.
Despite significant progress in understanding cell communica-
tion among bone-related cells in osteogenesis—angiogenesis
coupling, many aspects remain poorly understood. For instance,
the direct contact communication between OC lineage cells and
ECs, as well as the specific molecules within EVs that regulate
osteogenesis and its coupling with angiogenesis, are not fully
elucidated. The molecular mechanisms governing bone and
vascular cell communication in calvarial fracture healing remain
unclear, necessitating future studies to explore whether angio-
genesis and osteogenesis interact through signaling pathways
beyond the NOTCH and HIF-1a signaling. Further research is
essential to elucidate these processes and identify potential
therapeutic targets for the prevention and treatment of bone-
related diseases.
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