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Abstract: Interaction between endothelial cells and osteoblasts is essential for bone development
and homeostasis. This process is mediated in large part by osteoblast angiotropism, the migration of
osteoblasts alongside blood vessels, which is crucial for the homing of osteoblasts to sites of bone for-
mation during embryogenesis and in mature bones during remodeling and repair. Specialized bone
endothelial cells that form “type H” capillaries have emerged as key interaction partners of os-
teoblasts, regulating osteoblast differentiation and maturation and ensuring their migration towards
newly forming trabecular bone areas. Recent revolutions in high-resolution imaging methodologies
for bone as well as single cell and RNA sequencing technologies have enabled the identification of
some of the signaling pathways and molecular interactions that underpin this regulatory relationship.
Similarly, the intercellular cross talk between endothelial cells and entombed osteocytes that is essen-
tial for bone formation, repair, and maintenance are beginning to be uncovered. This is a relatively
new area of research that has, until recently, been hampered by a lack of appropriate analysis tools.
Now that these tools are available, greater understanding of the molecular relationships between
these key cell types is expected to facilitate identification of new drug targets for diseases of bone
formation and remodeling.
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1. The Function, Anatomy, and Cellular Overview of the Skeletal System

The mammalian skeletal system is highly dynamic with multiple crucial roles, most no-
tably providing architectural and mechanical support to the whole body, protection of the
vital organs, metabolic and endocrine modulation, and, in the case of long bones, a site
for hematopoiesis [1]. Bones are morphologically compartmentalized into two distinct
and contrasting structural arrangements: a cancellous type called trabecular bone and a
compact solid type termed cortical bone. Trabecular bone is present within the metaphysis
of the long bones, vertebral bodies, ribs, and the iliac crest, while cortical bone forms
the outer layer of all bones. Cortical bone bears most of the mechanical load in the body.
However, the importance of trabecular bone is more apparent for overall bone strength
and resilience during periods of high mechanical force [2,3].

Although the predominant appearance of bone matrix is of a compact mineralised
tissue, this unique biomaterial is highly cellular and contains a wide variety of specialised
cell types that contribute to its formation, maintenance, and continual remodelling.

Highly regulated processes establish intercellular communication between bone-
resident cells, each with its own distinctive role, to ensure a finely tuned balance be-
tween bone resorption and bone formation. The major bone-resorbing cell type is the
osteoclast. Osteoclasts are multinucleated cells formed by the fusion of mononuclear,
monocyte-derived, macrophage precursors, and their main function is resorption of car-
tilage and bone matrices. Vessel-associated osteoclasts drive cartilage resorption during
bone growth [4], whereas bona fide osteoclasts regulate resorption of mineralised bone
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matrix during bone maintenance and repair. Furthermore, with bone being the largest
reservoir for calcium storage in the body, resorption also facilitates calcium release to
maintain optimal circulating levels [5]. Osteoblasts play the opposite role to osteoclasts,
constituting the major bone-forming cell type. Mesenchymal stem cells (MSCs) are situated
at the apex of the osteoblast lineage cell hierarchy, differentiating stepwise into osteopro-
genitors, bone lining cells, osteoblasts, and, ultimately, osteocytes [6,7]. Osteoblast lineage
cells have numerous roles depending on their differentiation stage. Osteoprogenitors and
bone lining cells constitute a pool of immature osteoblasts, maintained in a quiescent state
that can be utilized for bone remodelling and repair. Mature osteoblasts ensure produc-
tion and secretion of a new protein-rich bone matrix and its subsequent mineralization.
Osteocytes are terminally differentiated osteoblasts, entombed within mineralised bone,
acting as the main regulatory unit of skeletal homeostasis. Additional cells supporting
bone homeostasis include endothelial cells (ECs), adipocytes, and chondrocytes.

ECs, in particular, have recently been at the forefront of scientific investigation, due to
major technological advances allowing for a detailed exploration of the bone vascular bed;
it is now widely accepted that ECs form blood vessels that act as supporting conduits to
bone cells. In addition, ECs perform multiple pivotal roles in the vascular system including
vasculogenesis, angiogenesis, vascular maturation, and remodelling, as well as control of
vascular tone and blood flow [8,9]. In addition to these traditional roles, the bone vascular
endothelium mediates the compartmentalization of osteogenesis and hematopoiesis by
creating niche local environments favorable to each of these two processes [9–13].

Skeletal development, growth, remodelling, and repair rely on a complex cellular
ecosystem, wherein cells are engaged in continuous cross talk via the release of a panoply
of autocrine and paracrine signals. This review focuses specifically on the bidirectional
molecular interactions that occur between ECs and osteoblast lineage cells and details our
current understanding of how these interactions facilitate and control bone homeostasis
throughout life.

2. Recent Advances in Bone Endothelial Cell Diversity

The vascular system ensures delivery of nutrients and metabolites, oxygen availability,
removal of waste products, and trafficking of a wide variety of cells throughout the body
using a series of vessels of different sizes and structures, the lining of which is composed
of ECs, differentiated from the mesoderm during embryogenesis [14]. The bone vascular
network is composed of arteries, the central draining vein, and a myriad of capillaries.
The latter form a compact, interconnected vascular bed throughout the length of long bones.
In the last decade, three distinct subtypes of blood capillaries have been identified and
characterised in the murine bone: types L, H, and E capillaries [10,15,16]. Type H vessels
have been subsequently confirmed in the human tibia and femur [17].

A clear distinction between capillary types can be made based on their relative ex-
pression of Endomucin (EMCN), a marker for non-arterial vessels, and CD31 (encoded
by the PECAM-1 gene), a canonical marker for ECs [18,19]. Types H and E capillaries
have higher expression of both EMCN and CD31, whereas type L capillaries express these
markers at comparatively lower levels. This highly double-positive expression of EMCN
and CD31 is driven by Notch signalling, which prompts the increased transcription of
PECAM-1, EMCN, as well as Kinase Insert Domain Receptor (KDR), a Vascular Endothelial
Growth Factor (VEGF) receptor [20]. In mice, type L vessels are present during both bone
embryogenesis (from embryonic day (E)16.5) and in the postnatal long bone in juveniles
and adults (assessed from birth until 70 weeks of age) [10,15,21]. The proportion of ECs
with the type L phenotype increases steadily from embryogenesis to maturity (32% to
88.9%, at E16.5 and postnatal day (P)28, respectively) [15]. On the other hand, types E
and H vessels present a contrasting trend. The proportion of type E capillaries decreases
from E16.5, until nearly undetectable at P28 (58% and 2%, respectively), while that of
type H capillaries increases from E16.5 to P6, then decreases until P28 (9%, 26%, and 9%,
respectively) [15]. During embryogenesis, the majority of vessels in the murine long bone
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are types H and E capillaries, whereas postnatally, type L vessels comprise the majority of
capillary ECs [15].

Invasion of the vascular plexus into the long bone occurs between E15.5 and E16.5,
succeeding initiation of MSC osteoblast differentiation at E14.5 and preceding initiation
of bone formation at the primary ossification center [15,22]. At birth, type H vessels are
expressed throughout the long-bone vascular bed; however, postnatally their geographical
distribution becomes more distinct and they are located almost exclusively within the
metaphysis region. Types H and L vessels in the postnatal long bone can be readily
distinguished according to their localization and morphological organization (illustrated in
Figure 1) [15]. Type H vessels are columnar capillaries that end in anastomosis bulges at the
caudal point of the avascular growth plate [10]. Recently published work by Romeo and
colleagues identified an important role for the anastomosis bulges in angiogenesis during
bone growth, particularly during resorption of the chondrocyte-deposited matrix in the
growth plate region [4]. Conversely, type L vessels are confined to the diaphysis, where they
form a sinusoidal, highly branched, and relatively hypoxic vessel bed, through which
immune cells can readily pass from the bone marrow into the bloodstream [16].
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Figure 1. Compartmentalization of the murine long bone and its capillary network. H-type vessels are presented with their
main interacting partners, Osx+ cells, in the postnatal murine long bone. Left to right: (A) Schematic diagram illustrates H-
(magenta) and L-type (grey) vessels with their distinct morphology and emphasizes the strict geographical distribution of
Osx+ osteoprogenitors in the metaphysis as compared to the diaphysis. Osteoprogenitors in the metaphysis (indicated
by yellow, irregular-shaped cells) are presented closely associated to H-type capillaries during their migration to sites of
trabecular bone formation. Located in the endosteum and periosteum is a pool of osteoprogenitors (indicated by yellow,
cuboid-shaped cells) not associated with H-type vessels. H-type vessels are columnar formations perpendicularly oriented
against the lowermost point of the avascular growth plate in long bones. L-type vessels are localised to the diaphysis where
they form a sinusoidal hypoxic vessel bed surrounded by bone marrow cells (not represented). H- and L-type vessels form
a continuous vascular network; the area where these H-type capillaries begin to converge into L-type capillaries has been
branded the transition zone, an area with a vascular web of an intermediate phenotype between these two capillaries.
(B) High-resolution confocal imaging of CD31 and Osx, labelling endothelial cells (magenta) and osteoprogenitors (cyan),
respectively. Postnatal day 4 (P4) tibia sectioned on the axial plane illustrates the specific localization of bone-forming
cells around H vessels in the metaphysis, endosteum, and periosteum. Note the formation of arches and bulges at the
caudal point of the growth plate, as previously described. (C) Illustration of the compartmentalization of the long bone.
Pseudocolored, micro-computed tomography, 2D plane snapshot from a 3D bone mesh model. Trabecular bone (blue) is
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superimposed on cortical bone (ivory). The uppermost and lowermost regions of the long bone start and end at the
epiphysis at each end of the bone (not shown). The growth plate is localised at the interface between the epiphysis, and
the metaphysis, the region where trabecular bone is localised in the long bone (blue). The middle part of the bone, the
diaphysis, is void of trabecular bone and houses the bone marrow. Abbreviations: diaphysis-dp, endosteum-en, growth
plate-gp, metaphysis-m, periosteum-p, H-type vessel to L-type vessel transition zone-tz.

Lineage-tracing experiments have confirmed that type E ECs are developmentally
the most upstream capillary EC in the bone, constituting the origin of types L and H
ECs [15]. Type H vessels have been identified in the long bones (murine and human) and
alveolar bones (murine), as well as the spine, sternum, and calvarium (murine) [10,23,24].
In the murine long bone, peak vessel density is reached at P6. However, this progressively
declines during adulthood and aging [15,21]. A similar decline in type H vessel number
and density has also been reported in humans with increasing age, a loss that has been
associated with osteoporosis and osteopenia, although a causal link in humans has yet to
be established [17,25].

While type L capillaries are surrounded by hematopoietic stem cells, type H vessels
interact with osteoblasts [15,26]. A strong indicator that type H vessels are essential for the
coupling of osteogenesis and angiogenesis is demonstrated by the fact that both type H
and E capillaries are the only ones surrounded by osteoprogenitor cells in the whole bone,
with the exception of transcortical vessels in the endosteum and periosteum [10,15,21],
although it remains unclear whether the newly identified transcortical blood vessels [27,28]
are in essence type H capillaries.

3. Bidirectional Cross Talk between Endothelial Cell and Osteoblast Regulates Bone
Formation during Embryogenesis and Development

Embryonic osteogenesis occurs through developmental processes of either endochon-
dral or intramembranous ossification. Long bones are formed via endochondral ossification,
a process during which the pre-existing matrix of an avascular, cartilaginous, and relatively
homogenous tissue template (anlage) is resorbed and remodelled into a highly vascularised,
architecturally complex, multicellular, and multifunctional bone tissue. Remodelling of
the initial anlage is accomplished via osteoclast degradation and co-invasion of vessels
and osteoblast progenitor cells differentiated from MSCs. Osteoblast lineage commitment
unfolds in the perichondrium of the anlage where MSCs undergo stepwise differentiation
into osteoprogenitors and other cell types. Consequently, osteoprogenitors undergo pro-
liferation and proceed to build the cortical bone collar (perichondrium) that surrounds
the anlage [22,29]. On the other hand, flat bones, such as the calvarial bones of the skull,
form through intramembranous ossification with no initial cartilaginous template required.
This process relies on local MSCs to undergo a stepwise differentiation into osteoprogen-
itors and then into osteoid-secreting mature osteoblasts. Both of these developmental
processes have been reviewed in depth previously [30–32].

The first stage of endochondral bone formation during embryogenesis is initiated
by MSC differentiation. Stem cells destined to differentiate into osteoblasts will progress
through three precisely timed and regulated stages of differentiation, each of which can be
identified by changes in the expression of a well-defined set of proteins and transcription
factors. This has been reviewed in more detail previously [6,33,34], and can be summarised
as follows.

Commitment to the lineage: Under the influence of the local niche MSCs begin to
selectively express osteoblast master transcriptional regulators: Runt related 2 (RUNX2),
β-catenin, and Osterix (OSX). The concerted actions of these regulators and of locally
expressed stem cell factors induce osteo-lineage commitment programming, giving rise
to cells interchangeably termed progenitor cells, osteoprogenitors, immature osteoblasts,
and pre-osteoblasts, herein called osteoprogenitors.

Mitosis: Following commitment, osteoprogenitors, marked by OSX but lacking Colla-
gen type I expression, undergo a period of high proliferation.
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Osteoid production and mineralization: Cuboidal-shaped mature osteoblasts, char-
acterised by production of collagen I and alkaline phosphatase, produce the extracellular
matrix of the bone that later undergoes mineralization.

Given the plethora of functions accomplished by osteoblast lineage cells throughout
their differentiation journey, it comes as no surprise that cellular metabolic functions differ
between cell differentiation status, in line with geographical oxygen and nutrient availabil-
ity, both of which are locally delivered by vessels. Osteoblast differentiation requires in-
creased oxygen consumption, as previously reported in vitro [35], in silico, and in vivo [36].
Low oxygen availability hampers osteogenesis commitment by limiting the MSC metabolic
shift towards mitochondrial oxidative phosphorylation, a change driven by the increased
expression levels of the oxygen-sensing transcription factor, Hypoxia-Inducible Factor
1 Alpha (HIF-1α) [37,38]. Hypoxia and HIF-1α also impede osteoblast proliferation via
the coupled HIF-1α-Osterix signalling pathway, which inhibits WNT signalling [39,40].
While MSCs are highly dependent on oxygen availability during their differentiation and
proliferation, they exhibit multivalency in relation to nutrient availability, being able to
either undertake glycolysis, fatty acid oxidation, or ketolysis (ketone body oxidation) to
meet their metabolic needs (reviewed in detail previously) [41,42]. On the other hand,
substrate excess, such as high-glucose environments associated with diabetes, can decrease
osteoblast migration, due to a decline in phosphorylation of cell motility regulators protein
kinase B (AKT) and mitogen activated protein kinase ERK [43]. This body of work demon-
strates the importance of bone vascularization for osteoblast regulation through oxygen
and nutrient availability; however, there is still a lack of clarity regarding the involvement
of EC-derived signalling in this process.

The second stage of endochondral bone formation, whereby the remaining cartilagi-
nous template is replaced with bone tissue, is initiated in embryogenesis and continues
postnatally. In embryonic life, this starts with the invasion of types E and H ECs into the
primary ossification center [15], followed by a subsequent longitudinal and radial expan-
sion of vessels, and then terminates at the secondary ossification centers. Vascularization
of the bone template spans from E15.5 until peak bone mass is attained, which, in mice,
is at 11–12 weeks of age [10,15,44]. Expansion of the bone vascular supply relies heavily on
sprouting angiogenesis [45,46], a sequential process involving: (1) initial selection of EC tip
cells, which subsequently initiate and lead the vessel sprout; (2) EC migration for extension
of the sprout and vessel tube formation; (3) connection of vessel sprouts via anastomosis
and sprout pruning [47–51]. During the angiogenesis-driven expansion of the capillary
network, type H vessels and osteoblasts engage in a feed forward loop and trigger the
secretion of a plethora of angiocrine prototypical signals [15,52] (Table 1). Type H capillaries
also act as guides, supporting OSX+ osteoprogenitors bound to them and driving their
migration to sites of bone formation, a process known as angiotropism [22,42]. This is
better defined as the propensity of cells to have an affinity for and move towards and along
blood vessels, a process that was first described in the 1980s in lymphoma migration [53].
EC-mediated osteoblast angiotropism on the outside of the vessel lumen has been iden-
tified more recently [22]. However, the fundamentals of this process and its molecular
mechanisms have yet to be fully characterised. During osteoblast angiotropism, OSX+ cells
behave like pericytes, extending their cellular processes and wrapping themselves around
the invading blood vessels to facilitate migration towards the bone metaphysis, where they
proceed to form trabecular bone [12,22] (Figure 2).

Table 1. Pro-angiogenic factors expressed by type H EC within the developing and growing bone [15]. A brief overview of
their known function is given.

Protein Role

NOTCH4 SEMA6 Angiogenesis-regulators of stalk/tip cell phenotype balance
FLT1 FLT4 Angiogenesis-VEGF receptors

Roundabout family receptor 1 (ROBO1) Angiogenesis-VEGF signaling mediator
Claudin5 (CLD5) Vascular permeability-cell-motility and vascular permeability mediator EC tight junction protein
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Figure 2. Cellular and molecular factors regulating osteoblast-EC angiotropism during bone growth and repair. Diagram
illustrates the three main stages of osteoblast angiotropism. (1) MSC to osteoprogenitor differentiation occurs in response
to local cues from the bone niche. Factors include oxygen and nutrient availability as well as HIF-1α and WNT/β
Catenin signaling. Note the different morphology of osteoprogenitors not associated to vessels and their localization in
the endosteum and periosteum. (2) Expansion of the Osx+ osteoprogenitor pool via proliferation under the influence of
PDGF-PDGFRβ signaling, which favors maintenance of a pro-migratory immature osteoblast phenotype. (3) Osteoblast
migration to sites of bone formation and repair alongside expanding H-type capillaries. PDGF acts as a chemoattractant
to PDGFRβ+ osteoprogenitors in the near vicinity. Subsequent to PDGF-PDGFRβ signaling, MMP-9 is also secreted by
osteoblasts to aid in degradation of the surrounding matrix. MMP-9 expression is particularly increased at the vascular
front during active angiogenesis. Cell-to-cell contact is required to facilitate osteoblast adhesion to EC. For example,
VLA4-VCAM-1 interaction facilitates osteoblast angiotropism by enabling anchorage of the osteoblast cell membrane to
H-type vessels.

Osteoblast angiotropism is regulated by interactions with ECs, which are restricted to
types H and E vessels in the metaphysis, the H- and E- type EC specific interaction with
OSX+ cells was demonstrated with the aid of EC-Osteoblast co-cultures [10,15]. In vitro
co-culture of H or E type ECs with MSCs demonstrated that either EC type induced morpho-
logical changes in 3D spheroids. Specifically, MSCs underwent osteo-lineage commitment
in the presence of ECs, as confirmed by increased expression of RUNX2, Osteocalcin,
and Alkaline Phosphatase (ALPL). Over time, osteoblasts also migrated to the edges of
the spheroid, whereas EC condensations formed in the center [15]. While this demon-
strates the importance of cell-to-cell contact for osteoblast angiotropism, previous work by
Clarkin and colleagues indicated that it is not required for osteoblast differentiation by EC,
thus beautifully showcasing the importance of EC-secreted factors in driving osteoblast
differentiation [54]. In these experiments, non-contact co-culture of human umbilical vein
endothelial cells (HUVEC) and human osteoblasts also resulted in increased osteoblast
differentiation and a sustained rise in secretion of ALPL from osteoblasts [54].



Int. J. Mol. Sci. 2021, 22, 7253 7 of 16

The blood flow in types H and E capillaries, characterised by high shear rates, is
probably another key factor promoting osteoblast angiotropism. Migratory osteoblasts
exhibit a preference for higher shear stress, which positively correlates with regulation
of flow directionality [55]. Modelling of low blood pressure through pharmaceutical
interventions or artery ligation, which is de facto accompanied by low shear rates and
stress, results in decreased density of OSX+ cells in the metaphysis and a loss of bone
formation capacity as measured by micro-computed trabecular bone parameters [11].
From an anatomical perspective, the reported higher shear rates linked to high blood
velocity in types H and E vessels (compared to sinusoidal type L capillaries in the diaphysis)
can be explained by their direct connection to arteries and arterioles, which also grants
them a highly oxygenated status [11]. Elevated oxygen concentrations (compared to type
L capillaries) allow them to meet the greater energy demands of bone formation in the
metaphyseal region, which is the site of trabecular bone formation. This is in accordance
with the high turnover rate of trabecular bone, making this area more metabolically active
than the bone cortex [56].

A seminal study by Langen and colleagues identified that changes in the expres-
sion of EC adhesion molecules, such as the ones described by the EC-specific genetic
deletion of Integrin β-1 (ITGB1), can also affect osteoblast differentiation and, potentially,
angiotropism [15]. ITGB1 is a multifaceted integrin that is the component of various inte-
grin complexes including Very Late Antigen 4 (VLA4), a protein with an ascribed role in
cell adhesion [57]. EC-specific genetic deletion of ITGB1 leads to transformation of type
H vasculature morphology, function, and metabolism. Namely, type H vessel columns
are shorter, more branched, and lose their specific parallel organization. This is accom-
panied by a sustained reduction in proliferation and a decrease in the non-hypoxic area
characteristic of the metaphysis where type H vessels reside. Changes in the metabolic
function of these ITGB1-deficient ECs are also driven by a decrease in the activity of the
phosphorylated mitogen activated protein kinase ERK (phospho-ERK1/2) [15]. These type
H vessel changes coincide with defective bone formation, as exemplified by shorter bones
with reduced trabecular bone parameters. Perturbed bone formation in this instance is
characterised by improper osteoblast differentiation and maturation, with mutant mice
displaying increased density of RUNX2-positive cells and decreased OSX+ cell abundance
as well as a diminished deposition of proteins secreted by mature osteoblasts or osteocytes
(Collagen type I and Osteocalcin). Additionally, considering the reported bone shortening
alongside contraction of the type H capillary columnar front in ITGB1 knockout mice,
abnormal osteoblast angiotropism is strongly suspected [15]. The same study reported
similar but milder observations following genetic deletion of genes coding for the extra-
cellular matrix (ECM) proteins, LAMA5 and Osteopontin, suggesting that ECM proteins
are key drivers of osteoblast maturation and vascular angiogenesis, an area that warrants
further investigation.

In a reversal of roles, osteoblasts, osteoclasts, and hypertrophic chondrocytes also
secrete proangiogenic factors to support angiogenic processes [10,45,46]. For instance,
VEGF is not only secreted by ECs as an autocrine signal, it is also released from os-
teoblasts [58]. This process is triggered by Fibroblast Growth Factors, hormones, HIF-1α,
and other signals secreted in the bone niche that induce secretion of lipid-signalling media-
tors such as Prostaglandins (e.g., PGE2 and PGI2) from ECs, which prompt VEGF secretion
from osteoblasts [54,59,60].

The bidirectional nature of the EC–osteoblast relationship is further evidenced by re-
search by Xu and colleagues, who showed that in addition to VEGF, osteoblasts secrete other
proangiogenic factors that regulate and increase type H vessel density [61]. In particular,
they identified osteoblast-derived SLIT3, which interacts with VEGF signalling mediator,
ROBO1, expressed on ECs, to positively regulate both endothelium expansion and bone
formation. The potent role of SLIT3 was evidenced during bone growth, where genetic
deletion of SLIT3 in osteoblasts results in a decrease in cortical thickness and a reduction in
trabecular bone volume.



Int. J. Mol. Sci. 2021, 22, 7253 8 of 16

4. Osteoblast Differentiation and Angiotropism Control Bone Healing in
Mature Tissues

Mature bone is continually undergoing renewal and micro-damage repair [62,63].
This dynamic property of bone is attained through remodelling, whereby bone is resorbed
then new bone matrix is deposited accordingly, to maintain and meet ever-changing physi-
ological demands throughout an individual’s lifetime. This process requires coordination
and appropriate balance between the rates of resorption and formation, which have been
reviewed extensively [64,65]. Activation is the first distinct phase of bone remodelling,
where a Bone-Modelling Unit (BMU) forms at the site to be remodelled and consists of
precursor and differentiated bone cells, connective tissue, and blood vessels [62,63].

In the case of injury or trauma adequate local vascularization of the assembled BMU,
is vital for successful repair and regeneration of damaged bone. ECs aid in the recruitment
and differentiation of osteoblast progenitors through similar, if not identical, mechanisms as
during embryogenesis [22]. Fracture healing is characterised initially by formation of a
fibrin clot, which is highly vascularised and rich in VEGF. It is believed that this consistently
high concentration of VEGF, initially produced by fibrin clot platelets and thrombocytes,
and later secreted by osteoblast lineage cells via HIF-1α activity, aids in differentiation
of osteoblasts and initial angiogenesis and osteogenesis [66–68]. Successful remodelling
of the initial fibrin clot into bone tissue recapitulates many of the processes seen during
endochondral ossification [69]. Therefore, fracture and osteotomy studies are used to study
both healing and regenerative processes [70–72].

Long bone remodelling and repair relies on activity of OSX+ osteoprogenitors origi-
nating from a pool of skeletal stem progenitor cells spread across different locations in the
long bone including the periosteum [22,73] and the bone marrow [74,75]. Osteoprogenitors,
which are additionally marked by expression of Cathepsin K (CTSK) [73], are located to
the periosteum, whereas Leptin receptor (LEPR) and C-X-C motif chemokine ligand 12
(CXCL12) double positive cells reside in the bone marrow [74,76]. Following bone injury,
these skeletal stem progenitor cells give rise to OSX+ osteoprogenitors, which undergo a
period of intense proliferation [77], followed by migration to newly forming bone areas by
association with vessels [22]. Recent studies provide evidence that geographical location
within the bone can modulate lineage commitment potential, most likely due to the direct
influence of signalling of cells in the near vicinity [22,74,76]. CXCL12+ LEPR+ progenitors
are localised in close proximity to L capillaries or arterioles in the bone marrow and con-
tribute to osteoblast and osteocyte generation following bone injury, dependent on WNT-β
Catenin signalling [76]. All these osteoprogenitors have been only shown to regenerate
cortical bone [73,76]. However, the fracture models employed failed to address their po-
tential to regenerate trabecular bone, a phenomenon that remains to be elucidated. It also
remains unclear how differentiation and maturation of osteoprogenitors is regulated by
EC-derived signals. While the transcriptomic signature of osteo-lineage cells is becoming
more clearly delineated, there is still little insight into the metabolic activity of MSCs whilst
undergoing differentiation into osteoprogenitors during fracture healing and regulation of
these processes by ECs.

One of the other mainstay processes for fracture healing is vessel invasion into the
fracture callus. Newly formed capillaries enable a sufficient supply of adequate nutrition,
oxygen, and systemic factors and facilitate the recruitment of osteoclast and osteoblast
progenitor cells to sites of bone repair [42,78]. The importance of vascularization of the
fracture callus for successful bone healing has been known for over 3 decades [79] and
has been well described previously [58,80] and recently [26,42]. Failure of clot formation,
or its inadequate vascularization, is a hallmark of fracture non-union, where fractures fail
to heal adequately [81]. Inhibition of angiogenesis via physical barriers, or by blocking
VEGF signalling, are widely used experimental techniques to probe the importance of
vascularization for bone formation during fracture healing. Angiogenesis blockade results
in a sustained decrease of osteoblast and osteoclast migration towards sites of bone forma-
tion [82–85] and, in line with this, Van Gastel and colleagues utilised an in vivo periosteal
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bone healing model, employing polycarbonate filters, to inhibit revascularization of a
periosteal callus implanted in a femur fracture [42]. This resulted in a reduction in the
overall cell numbers populating the bone callus area, alongside a decrease in cell prolifera-
tion, and an increase in cell death, similarly to results presented in previously published
work [82–85].

To further expand our understanding of the role of vascularization in osteo-lineage
commitment of skeletal progenitors, Van Gastel et al. reported that reduced vasculariza-
tion of the callus was characterised by an expansion of cells expressing the chondrocyte
commitment master regulator, SOX9, indicating a preferential chondrocyte lineage com-
mitment at the expense of osteo-lineage differentiation [42]. The observed changes could
be explained by the importance of lipid availability for MSC to osteoblast differentiation
considering that lipid scarcity results in chondrocyte commitment [42]. Delving into this
further, the role of angiogenesis progression for the composition of the periosteal callus
proximal to the fracture site was predicted using computational modelling and then tested
in vivo and demonstrated the importance of vascularization for reduction of the hypoxic
environment [36]. An increase in callus vascularization led to changes in MSC fate, promot-
ing osteoblast lineage commitment to the detriment of differentiation into chondrocytes,
resulting in a faster rate of healing [36].

Osteoblasts regulate expansion of the endothelial vessel front as well as their own
invasiveness via release of the extracellular matrix degradation protease, Matrix Metallo-
Proteinase 9 (MMP-9) [4,26]. Increased MMP-9 production by skeletal stem and progenitor
cells is a downstream response to (Platelet Derived Growth Factor and Platelet Derived
Growth Factor Receptor β) PDGF-PDGFRβ signalling [26]. Using distinct profiles as a
guide to osteoblast differentiation stages has allowed dissection of the paracrine signalling
of OSX+ immature versus Collagen I-secreting mature osteoblasts at the molecular level.
OSX+ osteoprogenitors produce a plethora of angiogenic and proliferative factors when
compared against whole long bone or calvaria digestion without enrichment for OSX
expression. Specifically, qPCR analysis of the OSX+ cell transcriptome showed increased
expression of VEGF, Angiopoietin-1, and PDGF receptor β mRNA [22,86]. The well-
characterised cellular migration and invasiveness regulator, SLIT3 is a newly identified
factor which has been shown to also expand the endothelial footprint in the bone [87,88].
SLIT3 is another osteoblast-derived protein that mediates bone healing by directly acting
on ECs to drive callus vascularization. This was confirmed following local administration
of recombinant SLIT3 in a model of open femoral midshaft fracture healing. Treatment with
SLIT3 resulted in thicker cortical bones, a rise in trabecular bone volume and stiffer bones
with a higher load-bearing capacity [61].

The expression of the aforementioned angiogenic factors is a clear indication of cross
talk occurring between ECs and osteoblasts and provides evidence of their bidirectional
communication and of a mechanism by which vessel and osteoprogenitor invasion is
coupled [22,86]. Angiogenesis and osteogenesis coupling plays a key role in bone heal-
ing. However, identification of the precise vessel type invading the callus and its spatio-
temporal and molecular regulation remains elusive, even if H-type vessels are strongly
suspected to be the blood vessel type regulating bone healing, this is yet to be tested exper-
imentally. Van Gastel et al. have nonetheless shown that bone repair is reliant on blood
vessel expansion into the fractured zone [42]. Evidence has mounted of the importance
of the vasculature in regulating mature bone remodelling whereby newly forming capil-
laries influence osteoprogenitor cell fate by supporting their angiotropism to sites of bone
remodelling and repair [22,26] (Figure 2). EC-secreted PDGFB binds PDGFR-β expressed
on migrating osteoblasts, maintaining them in an immature state and upregulating their
intensely proliferative status. PDGF downstream signalling also leads to expression of cell
adhesion molecule VCAM1 by osteoblasts to presumably facilitate their migration on EC
via interaction with Integrin β1 Integrin α 4 dimer VLA4 [26].

During the maturation process osteoblasts lose their attachment to ECs, as shown by
Maes et al. [22], further indicating that cell-to-cell contact between ECs and osteoprogen-
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itors regulates maintenance of osteoblasts in an immature and highly proliferative state,
favorable to angiotropism [46]. Mature osteoblasts adhere to the cartilage and work as
functional units, via a series of tight, gap, and adherens’ junctions, to produce and lay down
the new osteoid, a protein-rich bone matrix [22,26]. The newly deposited osteoid is then
mineralised through nucleation of hydroxyapatite to collagen fibrils, which are initially
regulated by the non-collagenous proteins, such as Osteocalcin and Bone Sialoprotein,
found within this immature bone matrix [89]

5. The Extent of Osteocyte-Endothelial Cell Cross Talk Remains an Important,
and Outstanding, Area for Research

The importance of the cross talk between osteoblast lineage cells and ECs implies
that such a relationship will continue as osteoblasts further differentiate into the most
numerous bone cell type at skeletal maturity, osteocytes. Given the vital roles osteocytes
play in preserving optimal bone health, investigating whether such an association exists,
and how it may or may not contribute to the repair and maintenance of mature bone,
is entirely justified.

Following osteoid deposition, around 10–30% of the osteoblast population differenti-
ates into osteocytes [90,91]. Osteocytes are long-lived, terminally differentiated osteoblasts
and estimates calculate that the average osteocyte lifespan is in excess of 10 years. Osteo-
cytes use their highly dendritic morphology to create a vast, interconnected cytoplasmic
network throughout the bone, via gap junctions at dendritic contact points. This enables
communication between osteocytes within the network, as well as with other bone cells,
blood vessels, and the inner and outer surfaces of bone, through chemical and mechanical
signalling transduction [92]. It has been shown that physical connections are present
between osteocyte dendritic processes and blood vessels, where the dendrites are oriented
in the direction of the blood supply [93,94]. The highly extensive cytoplasmic lacuno-
canalicular network enables inter- and extra-cellular communication through chemical
and mechanotransduction signalling. Thus, this physical connection suggests that the
relationship between osteocytes and ECs has a communicative function.

Investigations have found that the cross talk between osteocytes and ECs has roles
in regulating angiogenesis. Culturing of HUVECs in osteocyte-conditioned media results
in an increase in expression of genes with a proliferative phenotype, including PDGFR
and MMP-9, which is closely followed by an increase in HUVEC proliferation, migration,
and formation of capillary-like vessels [94]. In addition, the same study indicates that
osteocyte-expressed VEGF induces MAPK–ERK phosphorylation in HUVECs, a signalling
pathway required to promote EC proliferation in the earlier stages of angiogenesis [94].

Additional work also identifies an important role in regulation of angiogenesis and
bone repair for apoptotic osteocytes. When bone experiences trauma, osteoclast progenitor
cells are activated by the apoptotic bodies of newly exposed apoptotic osteocytes through
stimulation with Tumor Necrosis Factor- α (TNF-α), a known driver of osteoclastogenesis,
independent of Receptor Activator of Nuclear factor Kappa-β (RANK)-Receptor Activator
of Nuclear factor Kappa-β Ligand (RANKL) activity [95] In addition, apoptotic osteocytes
also aid in the delivery and recruitment of osteoclast progenitors by regulating angiogenesis
at the damaged site and adhesion of circulating osteoclast progenitors to the vascular
endothelium [96]. There is an upregulation of VEGF production by apoptotic osteocytes,
which encourages EC proliferation and tubule formation, as well as branching at the
site of damage [97,98]. Furthermore, there is an increased expression of Interleukin-6
(IL-6) and soluble Interleukin-6 Receptor (sIL-6R) by apoptotic osteocytes and TNF-α by
osteoclast progenitors. This precedes endothelial ICAM-1 expression [95,99]. As a result,
IL-6, sIL-6R, and TNF-α increase the adhesion of circulating osteoclast progenitors to
the vascular endothelium via ICAM-1 [100], which promotes localised recruitment and
activation of these progenitor cells to osteoclasts [101]. However, excessive osteocyte
apoptosis can result in abnormal angiogenesis, which is implicated in imbalanced bone
remodelling, resulting in deleterious bone conditions such as osteoporosis. Recently, it has
been discovered that osteocyte apoptosis also occurs in response to the accumulation of
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Advanced Glycation End products (AGEs) [102]. AGEs result from proteins and lipids that
have been non-enzymatically modified and their accumulation is a common occurrence in
metabolic conditions, such as type II diabetes, which also comes hand in hand with higher
bone fracture risks [103,104]. Chen et al. described a mechanism whereby incubation
of the osteocytic cell line, MLO-Y4, with AGEs induced osteocyte apoptosis and, at the
same time, upregulated the expression of proangiogenic factors, IL-6 and VEGF-A [102].
It can be assumed that, in vivo, a subsequent angiogenic effect would occur and result in
significant inflammation and increased osteoclast activation. Increased osteoclast activation
then further implies increased bone resorption and bone destruction, thus accounting
for the higher incidence of fractures, osteopenia, and osteoporosis that occur in type II
diabetic patients which readily accumulate AGEs [105]. Growing evidence is enabling the
recognition that there is a strong correlation between AGE accumulation and increased
bone fragility [106–108]. However, the exact mechanism for this has not been conclusively
established and requires further investigation.

Sclerostin (SOST), a glycoprotein primarily expressed by osteocytes, is an inhibitor of
bone formation and was more recently discovered to also regulate angiogenesis. It was
previously found that its expression increases EC migration [109], leading to the discovery
that sclerostin can promote angiogenesis by increasing production of proangiogenic factors,
VEGF and Placental Growth Factor (PLGF) [96]. Furthermore, the same publication also
found SOST can also directly induce angiogenic effects by binding to its receptor, low-
density lipoprotein receptor-related protein 6, expressed on HUVECs in response to SOST
exposure and subsequently antagonising WNT signalling [96].

A common theme among the studies investigating osteocyte-EC cross talk identifies
the need for an appropriate model in which to study primary osteocytes, rather than a
cell line, to validate initial findings. The location of osteocytes within bone has posed the
main barrier to enabling further investigation of their physiological roles. Furthermore,
removal of osteocytes from the bone and into culture causes them to rapidly dedifferentiate
back into an osteoblast- or fibroblast-like phenotype, making them extremely challenging
to study in vitro [110]. Several cell lines have been produced to study the osteocyte at dif-
ferent differentiation stages, with MLO-Y4 being the most commonly used as it represents
a mature stage osteocyte. However, their low expression of SOST, in comparison to physio-
logical levels, and the requirement of exogenous chemicals, such as Thiazolidinediones,
makes them an imperfect cell line for in vitro modelling [111,112]. Indeed, the study of any
cells cultured as a 2D monolayer is unlikely to ever adequately reflect the environment
found in vivo, and this is particularly true of osteocytes whose extracellular environment
is so intrinsically linked to their cell activity and behavior. The comparison of 2D and 3D
cell culture has been recently reviewed [113], concluding that the advantages intrinsic to
3D models will inevitably change the way in which research and discovery is conducted.
Over the last 5 years, a number of long-term osteocyte culture methods have been devel-
oped [114,115], which could begin to enable the dissection of some of these unanswered
research questions and hypotheses, including elucidating the details of the signalling re-
lationship between osteocytes and ECs. This further investigation may yet reveal further
vital roles played by osteocytes and bridge the gaps in our knowledge of the link between
angiogenesis and osteogenesis during bone development, growth, repair, and maintenance,
with implications for treatment or prevention of detrimental bone conditions.

6. Conclusions

Endothelial cells and osteoblasts engage in a continuous and complex courtship ritual
from embryogenesis, throughout postnatal life and in aging. Blood vessels are integral
and crucial to the differentiation of osteoblasts by influencing MSC differentiation into
various osteoprogenitor subtypes, reflecting the different bone tissues and their local niche
environments. During bone growth and bone maintenance throughout maturity, endothe-
lial cells act as companions to osteoblasts, guiding them to sites where osteogenesis is
necessary, providing them with proliferation signals and supporting their angiotropism
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by expressing molecules that directly interact with the osteoblasts to keep them bound
to EC and supplying glucose and fatty acids for their metabolic needs. In aging, the re-
markable decline in vessel density characteristic of age-associated alterations [116] is also
marked by a sustained change in type H capillary morphology and, presumably, function,
this is swiftly accompanied by a significant decrease in the number of osteoblasts in the
bone metaphysis [21]. This impairment in osteogenic potential can leave bones porous,
brittle, and prone to fracture. However, the ever-increasing understanding of the cellular
interactions that control these processes, combined with rapid improvements in in vivo/ex
vivo and intravital imaging and in vitro 3D culture methods, will undoubtedly lead to the
identification of novel signalling pathways controlling endothelial cell–osteolineage cell
cross talk and ultimately new treatment methods for bone diseases.

Author Contributions: Conceptualization, G.N.; writing—original draft preparation, G.N., M.F. and
A.J.N.; writing—review and editing G.N., M.F. and A.J.N. All authors have read and agreed to the
published version of the manuscript.

Funding: A.J.N. is funded by a Career Development Fellowship from Versus Arthritis #21743. G.N.
is supported by a PhD stipend from the Centre for Musculoskeletal and Ageing Research (CMAR),
funded by the Medical Research Charity and Versus Arthritis. M.F. is supported by a PhD stipend
from the National Centre for the Replacement, Refinement and Reduction of Animals in Research.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Clarke, B. Normal bone anatomy and physiology. Clin. J. Am. Soc. Nephrol. 2008, 3 (Suppl. S3), S131–S139. [CrossRef]
2. Kelly, N.H.; Schimenti, J.C.; Ross, F.P.; van der Meulen, M.C. Transcriptional profiling of cortical versus cancellous bone from

mechanically-loaded murine tibiae reveals differential gene expression. Bone 2016, 86, 22–29. [CrossRef]
3. Seeman, E.; Delmas, P.D. Bone quality–the material and structural basis of bone strength and fragility. N. Engl. J. Med. 2006, 354,

2250–2261. [CrossRef]
4. Romeo, S.G.; Alawi, K.M.; Rodrigues, J.; Singh, A.; Kusumbe, A.P.; Ramasamy, S.K. Endothelial proteolytic activity and interaction

with non-resorbing osteoclasts mediate bone elongation. Nat. Cell Biol. 2019, 21, 430–441. [CrossRef] [PubMed]
5. Li, Z.; Kong, K.; Qi, W. Osteoclast and its roles in calcium metabolism and bone development and remodeling. Biochem. Biophys.

Res. Commun. 2006, 343, 345–350. [CrossRef]
6. Rauch, A.; Mandrup, S. Transcriptional networks controlling stromal cell differentiation. Nat. Rev. Mol. Cell Biol. 2021, 22, 465–482.

[CrossRef]
7. Wolock, S.L.; Krishnan, I.; Tenen, D.E.; Matkins, V.; Camacho, V.; Patel, S.; Agarwal, P.; Bhatia, R.; Tenen, D.G.; Klein, A.M.; et al.

Mapping Distinct Bone Marrow Niche Populations and Their Differentiation Paths. Cell Rep. 2019, 28, 302–311.e305. [CrossRef]
[PubMed]

8. dela Paz, N.G.; D’Amore, P.A. Arterial versus venous endothelial cells. Cell Tissue Res. 2009, 335, 5–16. [CrossRef] [PubMed]
9. Ramasamy, S.K.; Kusumbe, A.P.; Itkin, T.; Gur-Cohen, S.; Lapidot, T.; Adams, R.H. Regulation of Hematopoiesis and Osteogenesis

by Blood Vessel-Derived Signals. Annu. Rev. Cell Dev. Biol. 2016, 32, 649–675. [CrossRef] [PubMed]
10. Kusumbe, A.P.; Ramasamy, S.K.; Adams, R.H. Coupling of angiogenesis and osteogenesis by a specific vessel subtype in bone.

Nature 2014, 507, 323–328. [CrossRef] [PubMed]
11. Ramasamy, S.K.; Kusumbe, A.P.; Schiller, M.; Zeuschner, D.; Bixel, M.G.; Milia, C.; Gamrekelashvili, J.; Limbourg, A.; Medvinsky,

A.; Santoro, M.M.; et al. Blood flow controls bone vascular function and osteogenesis. Nat. Commun. 2016, 7, 13601. [CrossRef]
[PubMed]

12. Ramasamy, S.K.; Kusumbe, A.P.; Wang, L.; Adams, R.H. Endothelial Notch activity promotes angiogenesis and osteogenesis in
bone. Nature 2014, 507, 376–380. [CrossRef] [PubMed]

13. Xu, C.; Liu, H.; He, Y.; Li, Y.; He, X. Endothelial progenitor cells promote osteogenic differentiation in co-cultured with
mesenchymal stem cells via the MAPK-dependent pathway. Stem Cell Res. Ther. 2020, 11, 537. [CrossRef]

14. Stegen, S.; Carmeliet, G. The skeletal vascular system—Breathing life into bone tissue. Bone 2018, 115, 50–58. [CrossRef] [PubMed]
15. Langen, U.H.; Pitulescu, M.E.; Kim, J.M.; Enriquez-Gasca, R.; Sivaraj, K.K.; Kusumbe, A.P.; Singh, A.; Di Russo, J.; Bixel, M.G.;

Zhou, B.; et al. Cell-matrix signals specify bone endothelial cells during developmental osteogenesis. Nat. Cell Biol. 2017, 19,
189–201. [CrossRef]

16. Itkin, T.; Gur-Cohen, S.; Spencer, J.A.; Schajnovitz, A.; Ramasamy, S.K.; Kusumbe, A.P.; Ledergor, G.; Jung, Y.; Milo, I.; Poulos,
M.G.; et al. Distinct bone marrow blood vessels differentially regulate haematopoiesis. Nature 2016, 532, 323–328. [CrossRef]

http://doi.org/10.2215/CJN.04151206
http://doi.org/10.1016/j.bone.2016.02.007
http://doi.org/10.1056/NEJMra053077
http://doi.org/10.1038/s41556-019-0304-7
http://www.ncbi.nlm.nih.gov/pubmed/30936475
http://doi.org/10.1016/j.bbrc.2006.02.147
http://doi.org/10.1038/s41580-021-00357-7
http://doi.org/10.1016/j.celrep.2019.06.031
http://www.ncbi.nlm.nih.gov/pubmed/31291568
http://doi.org/10.1007/s00441-008-0706-5
http://www.ncbi.nlm.nih.gov/pubmed/18972135
http://doi.org/10.1146/annurev-cellbio-111315-124936
http://www.ncbi.nlm.nih.gov/pubmed/27576121
http://doi.org/10.1038/nature13145
http://www.ncbi.nlm.nih.gov/pubmed/24646994
http://doi.org/10.1038/ncomms13601
http://www.ncbi.nlm.nih.gov/pubmed/27922003
http://doi.org/10.1038/nature13146
http://www.ncbi.nlm.nih.gov/pubmed/24647000
http://doi.org/10.1186/s13287-020-02056-0
http://doi.org/10.1016/j.bone.2017.08.022
http://www.ncbi.nlm.nih.gov/pubmed/28844835
http://doi.org/10.1038/ncb3476
http://doi.org/10.1038/nature17624


Int. J. Mol. Sci. 2021, 22, 7253 13 of 16

17. Wang, L.; Zhou, F.; Zhang, P.; Wang, H.; Qu, Z.; Jia, P.; Yao, Z.; Shen, G.; Li, G.; Zhao, G.; et al. Human type H vessels are a
sensitive biomarker of bone mass. Cell Death Dis. 2017, 8, e2760. [CrossRef]

18. Kuhn, A.; Brachtendorf, G.; Kurth, F.; Sonntag, M.; Samulowitz, U.; Metze, D.; Vestweber, D. Expression of endomucin, a novel
endothelial sialomucin, in normal and diseased human skin. J. Investig. Dermatol. 2002, 119, 1388–1393. [CrossRef] [PubMed]

19. Newman, P.J.; Albelda, S.M. Cellular and molecular aspects of PECAM-1. Nouv. Rev. Fr. Hematol. 1992, 34, S9–S13.
20. Yan, Z.Q.; Wang, X.K.; Zhou, Y.; Wang, Z.G.; Wang, Z.X.; Jin, L.; Yin, H.; Xia, K.; Tan, Y.J.; Feng, S.K.; et al. H-type blood vessels

participate in alveolar bone remodeling during murine tooth extraction healing. Oral Dis. 2020, 26, 998–1009. [CrossRef]
21. Kusumbe, A.P.; Ramasamy, S.K.; Itkin, T.; Mäe, M.A.; Langen, U.H.; Betsholtz, C.; Lapidot, T.; Adams, R.H. Age-dependent

modulation of vascular niches for haematopoietic stem cells. Nature 2016, 532, 380–384. [CrossRef] [PubMed]
22. Maes, C.; Kobayashi, T.; Selig, M.K.; Torrekens, S.; Roth, S.I.; Mackem, S.; Carmeliet, G.; Kronenberg, H.M. Osteoblast precursors,

but not mature osteoblasts, move into developing and fractured bones along with invading blood vessels. Dev. Cell 2010, 19,
329–344. [CrossRef] [PubMed]

23. Xu, X.; Wang, F.; Yang, Y.; Zhou, X.; Cheng, Y.; Wei, X.; Li, M. LIPUS promotes spinal fusion coupling proliferation of type H
microvessels in bone. Sci. Rep. 2016, 6, 20116. [CrossRef]

24. Yang, M.; Li, C.J.; Xiao, Y.; Guo, Q.; Huang, Y.; Su, T.; Luo, X.H.; Jiang, T.J. Ophiopogonin D promotes bone regeneration by
stimulating CD31(hi) EMCN(hi) vessel formation. Cell Prolif. 2020, 53, e12784. [CrossRef]

25. Zhu, Y.; Ruan, Z.; Lin, Z.; Long, H.; Zhao, R.; Sun, B.; Cheng, L.; Tang, L.; Xia, Z.; Li, C.; et al. The association between
CD31(hi)Emcn(hi) endothelial cells and bone mineral density in Chinese women. J. Bone Miner. Metab. 2019, 37, 987–995.
[CrossRef]

26. Böhm, A.M.; Dirckx, N.; Tower, R.J.; Peredo, N.; Vanuytven, S.; Theunis, K.; Nefyodova, E.; Cardoen, R.; Lindner, V.; Voet, T.;
et al. Activation of Skeletal Stem and Progenitor Cells for Bone Regeneration Is Driven by PDGFRβ Signaling. Dev. Cell 2019, 51,
236–254.e212. [CrossRef]

27. Grüneboom, A.; Hawwari, I.; Weidner, D.; Culemann, S.; Müller, S.; Henneberg, S.; Brenzel, A.; Merz, S.; Bornemann, L.; Zec,
K.; et al. A network of trans-cortical capillaries as mainstay for blood circulation in long bones. Nat. Metab. 2019, 1, 236–250.
[CrossRef] [PubMed]

28. Grüneboom, A.; Kling, L.; Christiansen, S.; Mill, L.; Maier, A.; Engelke, K.; Quick, H.H.; Schett, G.; Gunzer, M. Next-generation
imaging of the skeletal system and its blood supply. Nat. Rev. Rheumatol. 2019, 15, 533–549. [CrossRef] [PubMed]

29. Berendsen, A.D.; Olsen, B.R. Bone development. Bone 2015, 80, 14–18. [CrossRef]
30. Mackie, E.J.; Ahmed, Y.A.; Tatarczuch, L.; Chen, K.S.; Mirams, M. Endochondral ossification: How cartilage is converted into

bone in the developing skeleton. Int. J. Biochem. Cell Biol. 2008, 40, 46–62. [CrossRef]
31. Mackie, E.J.; Tatarczuch, L.; Mirams, M. The skeleton: A multi-functional complex organ: The growth plate chondrocyte and

endochondral ossification. J. Endocrinol. 2011, 211, 109–121. [CrossRef]
32. Long, F.; Ornitz, D.M. Development of the endochondral skeleton. Cold Spring Harb. Perspect. Biol. 2013, 5, a008334. [CrossRef]
33. Jensen, E.D.; Gopalakrishnan, R.; Westendorf, J.J. Regulation of gene expression in osteoblasts. Biofactors 2010, 36, 25–32.

[CrossRef]
34. Rutkovskiy, A.; Stensløkken, K.O.; Vaage, I.J. Osteoblast Differentiation at a Glance. Med. Sci. Monit. Basic Res. 2016, 22, 95–106.

[CrossRef] [PubMed]
35. Jonitz, A.; Lochner, K.; Lindner, T.; Hansmann, D.; Marrot, A.; Bader, R. Oxygen consumption, acidification and migration capacity

of human primary osteoblasts within a three-dimensional tantalum scaffold. J. Mater. Sci. Mater. Med. 2011, 22, 2089–2095.
[CrossRef]

36. Burke, D.; Dishowitz, M.; Sweetwyne, M.; Miedel, E.; Hankenson, K.D.; Kelly, D.J. The role of oxygen as a regulator of stem cell
fate during fracture repair in TSP2-null mice. J. Orthop. Res. 2013, 31, 1585–1596. [CrossRef]

37. Hsu, S.H.; Chen, C.T.; Wei, Y.H. Inhibitory effects of hypoxia on metabolic switch and osteogenic differentiation of human
mesenchymal stem cells. Stem Cells 2013, 31, 2779–2788. [CrossRef] [PubMed]

38. Feigenson, M.; Eliseev, R.A.; Jonason, J.H.; Mills, B.N.; O’Keefe, R.J. PGE2 Receptor Subtype 1 (EP1) Regulates Mesenchymal
Stromal Cell Osteogenic Differentiation by Modulating Cellular Energy Metabolism. J. Cell Biochem. 2017, 118, 4383–4393.
[CrossRef] [PubMed]

39. Chen, D.; Li, Y.; Zhou, Z.; Xing, Y.; Zhong, Y.; Zou, X.; Tian, W.; Zhang, C. Synergistic inhibition of Wnt pathway by HIF-1α and
osteoblast-specific transcription factor osterix (Osx) in osteoblasts. PLoS ONE 2012, 7, e52948. [CrossRef]

40. Chen, D.; Li, Y.; Zhou, Z.; Wu, C.; Xing, Y.; Zou, X.; Tian, W.; Zhang, C. HIF-1α inhibits Wnt signaling pathway by activating Sost
expression in osteoblasts. PLoS ONE 2013, 8, e65940. [CrossRef] [PubMed]

41. van Gastel, N.; Carmeliet, G. Metabolic regulation of skeletal cell fate and function in physiology and disease. Nat. Metab. 2021, 3,
11–20. [CrossRef]

42. van Gastel, N.; Stegen, S.; Eelen, G.; Schoors, S.; Carlier, A.; Daniëls, V.W.; Baryawno, N.; Przybylski, D.; Depypere, M.; Stiers, P.J.;
et al. Lipid availability determines fate of skeletal progenitor cells via SOX9. Nature 2020, 579, 111–117. [CrossRef] [PubMed]

43. Pahwa, H.; Khan, M.T.; Sharan, K. Hyperglycemia impairs osteoblast cell migration and chemotaxis due to a decrease in
mitochondrial biogenesis. Mol. Cell Biochem. 2020, 469, 109–118. [CrossRef] [PubMed]

44. Sivaraj, K.K.; Adams, R.H. Blood vessel formation and function in bone. Development 2016, 143, 2706–2715. [CrossRef]

http://doi.org/10.1038/cddis.2017.36
http://doi.org/10.1046/j.1523-1747.2002.19647.x
http://www.ncbi.nlm.nih.gov/pubmed/12485444
http://doi.org/10.1111/odi.13321
http://doi.org/10.1038/nature17638
http://www.ncbi.nlm.nih.gov/pubmed/27074508
http://doi.org/10.1016/j.devcel.2010.07.010
http://www.ncbi.nlm.nih.gov/pubmed/20708594
http://doi.org/10.1038/srep20116
http://doi.org/10.1111/cpr.12784
http://doi.org/10.1007/s00774-019-01000-4
http://doi.org/10.1016/j.devcel.2019.08.013
http://doi.org/10.1038/s42255-018-0016-5
http://www.ncbi.nlm.nih.gov/pubmed/31620676
http://doi.org/10.1038/s41584-019-0274-y
http://www.ncbi.nlm.nih.gov/pubmed/31395974
http://doi.org/10.1016/j.bone.2015.04.035
http://doi.org/10.1016/j.biocel.2007.06.009
http://doi.org/10.1530/JOE-11-0048
http://doi.org/10.1101/cshperspect.a008334
http://doi.org/10.1002/biof.72
http://doi.org/10.12659/MSMBR.901142
http://www.ncbi.nlm.nih.gov/pubmed/27667570
http://doi.org/10.1007/s10856-011-4384-6
http://doi.org/10.1002/jor.22396
http://doi.org/10.1002/stem.1441
http://www.ncbi.nlm.nih.gov/pubmed/23733376
http://doi.org/10.1002/jcb.26092
http://www.ncbi.nlm.nih.gov/pubmed/28444901
http://doi.org/10.1371/journal.pone.0052948
http://doi.org/10.1371/journal.pone.0065940
http://www.ncbi.nlm.nih.gov/pubmed/23776575
http://doi.org/10.1038/s42255-020-00321-3
http://doi.org/10.1038/s41586-020-2050-1
http://www.ncbi.nlm.nih.gov/pubmed/32103177
http://doi.org/10.1007/s11010-020-03732-8
http://www.ncbi.nlm.nih.gov/pubmed/32304005
http://doi.org/10.1242/dev.136861


Int. J. Mol. Sci. 2021, 22, 7253 14 of 16

45. Maes, C.; Carmeliet, P.; Moermans, K.; Stockmans, I.; Smets, N.; Collen, D.; Bouillon, R.; Carmeliet, G. Impaired angiogenesis and
endochondral bone formation in mice lacking the vascular endothelial growth factor isoforms VEGF164 and VEGF188. Mech.
Dev. 2002, 111, 61–73. [CrossRef]

46. Maes, C.; Goossens, S.; Bartunkova, S.; Drogat, B.; Coenegrachts, L.; Stockmans, I.; Moermans, K.; Nyabi, O.; Haigh, K.; Naessens,
M.; et al. Increased skeletal VEGF enhances beta-catenin activity and results in excessively ossified bones. EMBO J. 2010, 29,
424–441. [CrossRef]

47. Gerber, H.P.; Ferrara, N. Angiogenesis and bone growth. Trends Cardiovasc. Med. 2000, 10, 223–228. [CrossRef]
48. Fruttiger, M. Development of the mouse retinal vasculature: Angiogenesis versus vasculogenesis. Investig. Ophthalmol. Vis. Sci.

2002, 43, 522–527.
49. Carmeliet, P. Angiogenesis in health and disease. Nat. Med. 2003, 9, 653–660. [CrossRef] [PubMed]
50. Ahmed, Z.; Bicknell, R. Angiogenic signalling pathways. Methods Mol. Biol. 2009, 467, 3–24. [CrossRef] [PubMed]
51. Herbert, S.P.; Stainier, D.Y. Molecular control of endothelial cell behaviour during blood vessel morphogenesis. Nat. Rev. Mol.

Cell Biol 2011, 12, 551–564. [CrossRef]
52. Sivan, U.; De Angelis, J.; Kusumbe, A.P. Role of angiocrine signals in bone development, homeostasis and disease. Open Biol.

2019, 9, 190144. [CrossRef]
53. Wrotnowski, U.; Mills, S.E.; Cooper, P.H. Malignant angioendotheliomatosis. An angiotropic lymphoma? Am. J. Clin. Pathol.

1985, 83, 244–248. [CrossRef] [PubMed]
54. Clarkin, C.E.; Emery, R.J.; Pitsillides, A.A.; Wheeler-Jones, C.P. Evaluation of VEGF-mediated signaling in primary human cells

reveals a paracrine action for VEGF in osteoblast-mediated crosstalk to endothelial cells. J. Cell Physiol. 2008, 214, 537–544.
[CrossRef]

55. Riehl, B.D.; Lee, J.S.; Ha, L.; Kwon, I.K.; Lim, J.Y. Flowtaxis of osteoblast migration under fluid shear and the effect of RhoA
kinase silencing. PLoS ONE 2017, 12, e0171857. [CrossRef] [PubMed]

56. Parfitt, A.M. Targeted and nontargeted bone remodeling: Relationship to basic multicellular unit origination and progression.
Bone 2002, 30, 5–7. [CrossRef]

57. Liang, Y.; Diehn, M.; Bollen, A.W.; Israel, M.A.; Gupta, N. Type I collagen is overexpressed in medulloblastoma as a component of
tumor microenvironment. J. Neurooncol. 2008, 86, 133–141. [CrossRef]

58. Wang, Y.; Wan, C.; Deng, L.; Liu, X.; Cao, X.; Gilbert, S.R.; Bouxsein, M.L.; Faugere, M.C.; Guldberg, R.E.; Gerstenfeld, L.C.; et al.
The hypoxia-inducible factor alpha pathway couples angiogenesis to osteogenesis during skeletal development. J. Clin. Investig.
2007, 117, 1616–1626. [CrossRef] [PubMed]

59. Clarkin, C.E.; Garonna, E.; Pitsillides, A.A.; Wheeler-Jones, C.P. Heterotypic contact reveals a COX-2-mediated suppression
of osteoblast differentiation by endothelial cells: A negative modulatory role for prostanoids in VEGF-mediated cell: Cell
communication? Exp. Cell Res. 2008, 314, 3152–3161. [CrossRef] [PubMed]

60. Chen, D.; Tian, W.; Li, Y.; Tang, W.; Zhang, C. Osteoblast-specific transcription factor Osterix (Osx) and HIF-1α cooperatively
regulate gene expression of vascular endothelial growth factor (VEGF). Biochem. Biophys. Res. Commun. 2012, 424, 176–181.
[CrossRef] [PubMed]

61. Xu, R.; Yallowitz, A.; Qin, A.; Wu, Z.; Shin, D.Y.; Kim, J.M.; Debnath, S.; Ji, G.; Bostrom, M.P.; Yang, X.; et al. Targeting skeletal
endothelium to ameliorate bone loss. Nat. Med. 2018, 24, 823–833. [CrossRef]

62. Bergmann, P.; Body, J.J.; Boonen, S.; Boutsen, Y.; Devogelaer, J.P.; Goemaere, S.; Kaufman, J.; Reginster, J.Y.; Rozenberg, S. Loading
and skeletal development and maintenance. J. Osteoporos. 2010, 2011, 786752. [CrossRef]

63. Claes, L.; Recknagel, S.; Ignatius, A. Fracture healing under healthy and inflammatory conditions. Nat. Rev. Rheumatol. 2012, 8,
133–143. [CrossRef]

64. Kenkre, J.S.; Bassett, J. The bone remodelling cycle. Ann. Clin. Biochem. 2018, 55, 308–327. [CrossRef]
65. Siddiqui, J.A.; Partridge, N.C. Physiological Bone Remodeling: Systemic Regulation and Growth Factor Involvement. Physiology

2016, 31, 233–245. [CrossRef] [PubMed]
66. Hu, K.; Olsen, B.R. Osteoblast-derived VEGF regulates osteoblast differentiation and bone formation during bone repair. J. Clin.

Investig. 2016, 126, 509–526. [CrossRef]
67. Popsuishapka, O.K.; Ashukina, N.O.; Litvishko, V.O.; Grigorjev, V.V.; Pidgaiska, O.O.; Popsuishapka, K.O. Fibrin-blood clot as an

initial stage of formation of bone regeneration after a bone fracture. Regul. Mech. Biosyst. 2018, 9. [CrossRef]
68. Wan, C.; Gilbert, S.R.; Wang, Y.; Cao, X.; Shen, X.; Ramaswamy, G.; Jacobsen, K.A.; Alaql, Z.S.; Eberhardt, A.W.; Gerstenfeld, L.C.;

et al. Activation of the hypoxia-inducible factor-1alpha pathway accelerates bone regeneration. Proc. Natl. Acad. Sci. USA 2008,
105, 686–691. [CrossRef]

69. Bujoli, B.; Scimeca, J.C.; Verron, E. Fibrin as a Multipurpose Physiological Platform for Bone Tissue Engineering and Targeted
Delivery of Bioactive Compounds. Pharmaceutics 2019, 11, 556. [CrossRef]

70. Yuasa, M.; Mignemi, N.A.; Nyman, J.S.; Duvall, C.L.; Schwartz, H.S.; Okawa, A.; Yoshii, T.; Bhattacharjee, G.; Zhao, C.; Bible, J.E.;
et al. Fibrinolysis is essential for fracture repair and prevention of heterotopic ossification. J. Clin. Investig. 2015, 125, 3117–3131.
[CrossRef] [PubMed]

71. Damsaz, M.; Castagnoli, C.Z.; Eshghpour, M.; Alamdari, D.H.; Alamdari, A.H.; Noujeim, Z.E.F.; Haidar, Z.S. Evidence-Based
Clinical Efficacy of Leukocyte and Platelet-Rich Fibrin in Maxillary Sinus Floor Lift, Graft and Surgical Augmentation Procedures.
Front. Surg. 2020, 7, 537138. [CrossRef]

http://doi.org/10.1016/S0925-4773(01)00601-3
http://doi.org/10.1038/emboj.2009.361
http://doi.org/10.1016/S1050-1738(00)00074-8
http://doi.org/10.1038/nm0603-653
http://www.ncbi.nlm.nih.gov/pubmed/12778163
http://doi.org/10.1007/978-1-59745-241-0_1
http://www.ncbi.nlm.nih.gov/pubmed/19301662
http://doi.org/10.1038/nrm3176
http://doi.org/10.1098/rsob.190144
http://doi.org/10.1093/ajcp/83.2.244
http://www.ncbi.nlm.nih.gov/pubmed/3155908
http://doi.org/10.1002/jcp.21234
http://doi.org/10.1371/journal.pone.0171857
http://www.ncbi.nlm.nih.gov/pubmed/28199362
http://doi.org/10.1016/S8756-3282(01)00642-1
http://doi.org/10.1007/s11060-007-9457-5
http://doi.org/10.1172/JCI31581
http://www.ncbi.nlm.nih.gov/pubmed/17549257
http://doi.org/10.1016/j.yexcr.2008.07.027
http://www.ncbi.nlm.nih.gov/pubmed/18718465
http://doi.org/10.1016/j.bbrc.2012.06.104
http://www.ncbi.nlm.nih.gov/pubmed/22750006
http://doi.org/10.1038/s41591-018-0020-z
http://doi.org/10.4061/2011/786752
http://doi.org/10.1038/nrrheum.2012.1
http://doi.org/10.1177/0004563218759371
http://doi.org/10.1152/physiol.00061.2014
http://www.ncbi.nlm.nih.gov/pubmed/27053737
http://doi.org/10.1172/JCI82585
http://doi.org/10.15421/021847
http://doi.org/10.1073/pnas.0708474105
http://doi.org/10.3390/pharmaceutics11110556
http://doi.org/10.1172/JCI80313
http://www.ncbi.nlm.nih.gov/pubmed/26214526
http://doi.org/10.3389/fsurg.2020.537138


Int. J. Mol. Sci. 2021, 22, 7253 15 of 16

72. Franklin, S.P.; Burke, E.E.; Holmes, S.P. The effect of platelet-rich plasma on osseous healing in dogs undergoing high tibial
osteotomy. PLoS ONE 2017, 12, e0177597. [CrossRef]

73. Debnath, S.; Yallowitz, A.R.; McCormick, J.; Lalani, S.; Zhang, T.; Xu, R.; Li, N.; Liu, Y.; Yang, Y.S.; Eiseman, M.; et al. Discovery of
a periosteal stem cell mediating intramembranous bone formation. Nature 2018, 562, 133–139. [CrossRef] [PubMed]

74. Zhou, B.O.; Yue, R.; Murphy, M.M.; Peyer, J.G.; Morrison, S.J. Leptin-receptor-expressing mesenchymal stromal cells represent the
main source of bone formed by adult bone marrow. Cell Stem Cell 2014, 15, 154–168. [CrossRef] [PubMed]

75. Sacchetti, B.; Funari, A.; Michienzi, S.; Di Cesare, S.; Piersanti, S.; Saggio, I.; Tagliafico, E.; Ferrari, S.; Robey, P.G.; Riminucci, M.;
et al. Self-renewing osteoprogenitors in bone marrow sinusoids can organize a hematopoietic microenvironment. Cell 2007, 131,
324–336. [CrossRef] [PubMed]

76. Matsushita, Y.; Nagata, M.; Kozloff, K.M.; Welch, J.D.; Mizuhashi, K.; Tokavanich, N.; Hallett, S.A.; Link, D.C.; Nagasawa, T.;
Ono, W.; et al. A Wnt-mediated transformation of the bone marrow stromal cell identity orchestrates skeletal regeneration. Nat.
Commun. 2020, 11, 332. [CrossRef] [PubMed]

77. Maes, C.; Coenegrachts, L.; Stockmans, I.; Daci, E.; Luttun, A.; Petryk, A.; Gopalakrishnan, R.; Moermans, K.; Smets, N.; Verfaillie,
C.M.; et al. Placental growth factor mediates mesenchymal cell development, cartilage turnover, and bone remodeling during
fracture repair. J. Clin. Investig. 2006, 116, 1230–1242. [CrossRef]

78. Kristensen, H.B.; Andersen, T.L.; Marcussen, N.; Rolighed, L.; Delaisse, J.M. Increased presence of capillaries next to remodeling
sites in adult human cancellous bone. J. Bone Miner. Res. 2013, 28, 574–585. [CrossRef]

79. Mann, F.A.; Payne, J.T. Bone healing. Semin Vet. Med. Surg Small Anim 1989, 4, 312–321.
80. Hausman, M.R.; Schaffler, M.B.; Majeska, R.J. Prevention of fracture healing in rats by an inhibitor of angiogenesis. Bone 2001, 29,

560–564. [CrossRef]
81. Tomlinson, R.E.; Silva, M.J. Skeletal Blood Flow in Bone Repair and Maintenance. Bone Res. 2013, 1, 311–322. [CrossRef]
82. Gerber, H.P.; Vu, T.H.; Ryan, A.M.; Kowalski, J.; Werb, Z.; Ferrara, N. VEGF couples hypertrophic cartilage remodeling, ossification

and angiogenesis during endochondral bone formation. Nat. Med. 1999, 5, 623–628. [CrossRef]
83. Street, J.; Bao, M.; de Guzman, L.; Bunting, S.; Peale, F.V., Jr.; Ferrara, N.; Steinmetz, H.; Hoeffel, J.; Cleland, J.L.; Daugherty, A.;

et al. Vascular endothelial growth factor stimulates bone repair by promoting angiogenesis and bone turnover. Proc. Natl. Acad.
Sci. USA 2002, 99, 9656–9661. [CrossRef] [PubMed]

84. Henriksen, K.; Karsdal, M.; Delaisse, J.M.; Engsig, M.T. RANKL and vascular endothelial growth factor (VEGF) induce osteoclast
chemotaxis through an ERK1/2-dependent mechanism. J. Biol. Chem. 2003, 278, 48745–48753. [CrossRef]

85. Peng, H.; Wright, V.; Usas, A.; Gearhart, B.; Shen, H.C.; Cummins, J.; Huard, J. Synergistic enhancement of bone formation
and healing by stem cell-expressed VEGF and bone morphogenetic protein-4. J. Clin. Investig. 2002, 110, 751–759. [CrossRef]
[PubMed]

86. Schipani, E.; Maes, C.; Carmeliet, G.; Semenza, G.L. Regulation of osteogenesis-angiogenesis coupling by HIFs and VEGF. J. Bone
Miner. Res. 2009, 24, 1347–1353. [CrossRef] [PubMed]

87. Dun, X.P.; Carr, L.; Woodley, P.K.; Barry, R.W.; Drake, L.K.; Mindos, T.; Roberts, S.L.; Lloyd, A.C.; Parkinson, D.B. Macrophage-
Derived Slit3 Controls Cell Migration and Axon Pathfinding in the Peripheral Nerve Bridge. Cell Rep. 2019, 26, 1458–1472.e1454.
[CrossRef] [PubMed]

88. Geutskens, S.B.; Hordijk, P.L.; van Hennik, P.B. The chemorepellent Slit3 promotes monocyte migration. J. Immunol. 2010, 185,
7691–7698. [CrossRef]

89. Gorski, J.P.; Hankenson, K.D. Secreted Noncollagenous Proteins of Bone, 4th ed.; Academic Press: Cambridge, MA, USA, 2019.
90. Franz-Odendaal, T.A.; Hall, B.K.; Witten, P.E. Buried alive: How osteoblasts become osteocytes. Dev. Dyn. 2006, 235, 176–190.

[CrossRef]
91. Prideaux, M.; Findlay, D.M.; Atkins, G.J. Osteocytes: The master cells in bone remodelling. Curr. Opin. Pharmacol. 2016, 28, 24–30.

[CrossRef]
92. Qin, L.; Liu, W.; Cao, H.; Xiao, G. Molecular mechanosensors in osteocytes. Bone Res. 2020, 8, 23. [CrossRef]
93. Bonewald, L.F. Generation and function of osteocyte dendritic processes. J. Musculoskelet. Neuronal Interact. 2005, 5, 321–324.
94. Prasadam, I.; Zhou, Y.; Du, Z.; Chen, J.; Crawford, R.; Xiao, Y. Osteocyte-induced angiogenesis via VEGF-MAPK-dependent

pathways in endothelial cells. Mol. Cell Biochem. 2014, 386, 15–25. [CrossRef] [PubMed]
95. Kogianni, G.; Mann, V.; Noble, B.S. Apoptotic bodies convey activity capable of initiating osteoclastogenesis and localized bone

destruction. J. Bone Miner. Res. 2008, 23, 915–927. [CrossRef]
96. Oranger, A.; Brunetti, G.; Colaianni, G.; Tamma, R.; Carbone, C.; Lippo, L.; Mori, G.; Pignataro, P.; Cirulli, N.; Zerlotin, R.; et al.

Sclerostin stimulates angiogenesis in human endothelial cells. Bone 2017, 101, 26–36. [CrossRef]
97. Cheung, W.Y.; Liu, C.; Tonelli-Zasarsky, R.M.; Simmons, C.A.; You, L. Osteocyte apoptosis is mechanically regulated and induces

angiogenesis in vitro. J. Orthop. Res. 2011, 29, 523–530. [CrossRef] [PubMed]
98. Schaffler, M.B.; Cheung, W.Y.; Majeska, R.; Kennedy, O. Osteocytes: Master orchestrators of bone. Calcif. Tissue Int. 2014, 94, 5–24.

[CrossRef] [PubMed]
99. Kindle, L.; Rothe, L.; Kriss, M.; Osdoby, P.; Collin-Osdoby, P. Human microvascular endothelial cell activation by IL-1 and

TNF-alpha stimulates the adhesion and transendothelial migration of circulating human CD14+ monocytes that develop with
RANKL into functional osteoclasts. J. Bone Miner. Res. 2006, 21, 193–206. [CrossRef]

http://doi.org/10.1371/journal.pone.0177597
http://doi.org/10.1038/s41586-018-0554-8
http://www.ncbi.nlm.nih.gov/pubmed/30250253
http://doi.org/10.1016/j.stem.2014.06.008
http://www.ncbi.nlm.nih.gov/pubmed/24953181
http://doi.org/10.1016/j.cell.2007.08.025
http://www.ncbi.nlm.nih.gov/pubmed/17956733
http://doi.org/10.1038/s41467-019-14029-w
http://www.ncbi.nlm.nih.gov/pubmed/31949165
http://doi.org/10.1172/JCI26772
http://doi.org/10.1002/jbmr.1760
http://doi.org/10.1016/S8756-3282(01)00608-1
http://doi.org/10.4248/BR201304002
http://doi.org/10.1038/9467
http://doi.org/10.1073/pnas.152324099
http://www.ncbi.nlm.nih.gov/pubmed/12118119
http://doi.org/10.1074/jbc.M309193200
http://doi.org/10.1172/JCI15153
http://www.ncbi.nlm.nih.gov/pubmed/12235106
http://doi.org/10.1359/jbmr.090602
http://www.ncbi.nlm.nih.gov/pubmed/19558314
http://doi.org/10.1016/j.celrep.2018.12.081
http://www.ncbi.nlm.nih.gov/pubmed/30726731
http://doi.org/10.4049/jimmunol.0903898
http://doi.org/10.1002/dvdy.20603
http://doi.org/10.1016/j.coph.2016.02.003
http://doi.org/10.1038/s41413-020-0099-y
http://doi.org/10.1007/s11010-013-1840-2
http://www.ncbi.nlm.nih.gov/pubmed/24162672
http://doi.org/10.1359/jbmr.080207
http://doi.org/10.1016/j.bone.2017.03.001
http://doi.org/10.1002/jor.21283
http://www.ncbi.nlm.nih.gov/pubmed/21337392
http://doi.org/10.1007/s00223-013-9790-y
http://www.ncbi.nlm.nih.gov/pubmed/24042263
http://doi.org/10.1359/JBMR.051027


Int. J. Mol. Sci. 2021, 22, 7253 16 of 16

100. Cheung, W.Y.; Simmons, C.A.; You, L. Osteocyte apoptosis regulates osteoclast precursor adhesion via osteocytic IL-6 secretion
and endothelial ICAM-1 expression. Bone 2012, 50, 104–110. [CrossRef] [PubMed]

101. Ma, Y.V.; Xu, L.; Mei, X.; Middleton, K.; You, L. Mechanically stimulated osteocytes reduce the bone-metastatic potential of breast
cancer cells in vitro by signaling through endothelial cells. J. Cell Biochem. 2018. [CrossRef]

102. Chen, H.; Liu, W.; Wu, X.; Gou, M.; Shen, J.; Wang, H. Advanced glycation end products induced IL-6 and VEGF-A production
and apoptosis in osteocyte-like MLO-Y4 cells by activating RAGE and ERK1/2, P38 and STAT3 signalling pathways. Int.
Immunopharmacol. 2017, 52, 143–149. [CrossRef]

103. Asadipooya, K.; Uy, E.M. Advanced Glycation End Products (AGEs), Receptor for AGEs, Diabetes, and Bone: Review of the
Literature. J. Endocr. Soc. 2019, 3, 1799–1818. [CrossRef]

104. Shanbhogue, V.V.; Mitchell, D.M.; Rosen, C.J.; Bouxsein, M.L. Type 2 diabetes and the skeleton: New insights into sweet bones.
Lancet Diabetes Endocrinol. 2016, 4, 159–173. [CrossRef]

105. Heidari, F.; Rabizadeh, S.; Rajab, A.; Heidari, F.; Mouodi, M.; Mirmiranpour, H.; Esteghamati, A.; Nakhjavani, M. Advanced
glycation end-products and advanced oxidation protein products levels are correlates of duration of type 2 diabetes. Life Sci.
2020, 260, 118422. [CrossRef] [PubMed]

106. Piccoli, A.; Cannata, F.; Strollo, R.; Pedone, C.; Leanza, G.; Russo, F.; Greto, V.; Isgrò, C.; Quattrocchi, C.C.; Massaroni, C.; et al.
Sclerostin Regulation, Microarchitecture, and Advanced Glycation End-Products in the Bone of Elderly Women With Type 2
Diabetes. J. Bone Miner. Res. 2020, 35, 2415–2422. [CrossRef] [PubMed]

107. Lamb, L.S.; Alfonso, H.; Norman, P.E.; Davis, T.M.E.; Forbes, J.; Müench, G.; Irrgang, F.; Almeida, O.P.; Golledge, J.; Hankey,
G.J.; et al. Advanced Glycation End Products and esRAGE Are Associated With Bone Turnover and Incidence of Hip Fracture in
Older Men. J. Clin. Endocrinol. Metab. 2018, 103, 4224–4231. [CrossRef] [PubMed]

108. Moon, J.S.; Lee, S.Y.; Kim, J.H.; Choi, Y.H.; Yang, D.W.; Kang, J.H.; Ko, H.M.; Cho, J.H.; Koh, J.T.; Kim, W.J.; et al. Synergistic
alveolar bone resorption by diabetic advanced glycation end products and mechanical forces. J. Periodontol. 2019, 90, 1457–1469.
[CrossRef] [PubMed]

109. Craig, T.A.; Bhattacharya, R.; Mukhopadhyay, D.; Kumar, R. Sclerostin binds and regulates the activity of cysteine-rich protein 61.
Biochem. Biophys. Res. Commun. 2010, 392, 36–40. [CrossRef] [PubMed]

110. Zhang, C.; Bakker, A.D.; Klein-Nulend, J.; Bravenboer, N. Studies on Osteocytes in Their 3D Native Matrix Versus 2D In Vitro
Models. Curr. Osteoporos. Rep. 2019, 17, 207–216. [CrossRef] [PubMed]

111. Mabilleau, G.; Mieczkowska, A.; Edmonds, M.E. Thiazolidinediones induce osteocyte apoptosis and increase sclerostin expression.
Diabet. Med. 2010, 27, 925–932. [CrossRef]

112. Papanicolaou, S.E.; Phipps, R.J.; Fyhrie, D.P.; Genetos, D.C. Modulation of sclerostin expression by mechanical loading and bone
morphogenetic proteins in osteogenic cells. Biorheology 2009, 46, 389–399. [CrossRef]

113. Jensen, C.; Teng, Y. Is It Time to Start Transitioning From 2D to 3D Cell Culture? Front. Mol. Biosci. 2020, 7, 33. [CrossRef]
114. Iordachescu, A.; Amin, H.D.; Rankin, S.M.; Williams, R.L.; Yapp, C.; Bannerman, A.; Pacureanu, A.; Addison, O.; Hulley, P.A.;

Grover, L.M. An In Vitro Model for the Development of Mature Bone Containing an Osteocyte Network. Adv. Biosyst. 2018, 2,
1700156. [CrossRef]

115. Akiva, A.; Melke, J.; Ansari, S.; Liv, N.; van der Meijden, R.; van Erp, M.; Zhao, F.; Stout, M.; Nijhuis, W.H.; de Heus, C.; et al. An
Organoid for Woven Bone. Adv. Funct. Mater. 2021, 31, 2010524. [CrossRef]

116. Chen, J.; Lippo, L.; Labella, R.; Tan, S.L.; Marsden, B.D.; Dustin, M.L.; Ramasamy, S.K.; Kusumbe, A.P. Decreased blood vessel
density and endothelial cell subset dynamics during ageing of the endocrine system. Embo J. 2021, 40, e105242. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.bone.2011.09.052
http://www.ncbi.nlm.nih.gov/pubmed/21986000
http://doi.org/10.1002/jcb.28034
http://doi.org/10.1016/j.intimp.2017.09.004
http://doi.org/10.1210/js.2019-00160
http://doi.org/10.1016/S2213-8587(15)00283-1
http://doi.org/10.1016/j.lfs.2020.118422
http://www.ncbi.nlm.nih.gov/pubmed/32946914
http://doi.org/10.1002/jbmr.4153
http://www.ncbi.nlm.nih.gov/pubmed/32777114
http://doi.org/10.1210/jc.2018-00674
http://www.ncbi.nlm.nih.gov/pubmed/30137355
http://doi.org/10.1002/JPER.18-0453
http://www.ncbi.nlm.nih.gov/pubmed/31294467
http://doi.org/10.1016/j.bbrc.2009.12.143
http://www.ncbi.nlm.nih.gov/pubmed/20043874
http://doi.org/10.1007/s11914-019-00521-1
http://www.ncbi.nlm.nih.gov/pubmed/31240566
http://doi.org/10.1111/j.1464-5491.2010.03048.x
http://doi.org/10.3233/BIR-2009-0550
http://doi.org/10.3389/fmolb.2020.00033
http://doi.org/10.1002/adbi.201700156
http://doi.org/10.1002/adfm.202010524
http://doi.org/10.15252/embj.2020105242
http://www.ncbi.nlm.nih.gov/pubmed/33215738

	The Function, Anatomy, and Cellular Overview of the Skeletal System 
	Recent Advances in Bone Endothelial Cell Diversity 
	Bidirectional Cross Talk between Endothelial Cell and Osteoblast Regulates Bone Formation during Embryogenesis and Development 
	Osteoblast Differentiation and Angiotropism Control Bone Healing inMature Tissues 
	The Extent of Osteocyte-Endothelial Cell Cross Talk Remains an Important,and Outstanding, Area for Research 
	Conclusions 
	References

