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Abstract: The periosteum is known as the thin connective tissue covering most bone surfaces. Its extrusive
bone regeneration capacity was confirmed from the very first century-old studies. Recently, pluripotent stem
cells in the periosteum with unique physiological properties were unveiled. Existing in dynamic contexts
and regulated by complex molecular networks, periosteal stem cells emerge as having strong capabilities
of proliferation and multipotential differentiation. Through continuous exploration of studies, we are now
starting to acquire more insight into the great potential of the periosteum in bone formation and repair in
situ or ectopically. It is undeniable that the periosteum is developing further into a more promising strategy
to be harnessed in bone tissue regeneration. Here, we summarized the development and structure of the
periosteum, cell markers, and the biological features of periosteal stem cells. Then, we reviewed their pivotal
role in bone repair and the underlying molecular regulation. The understanding of periosteum-related
cellular and molecular content will help enhance future research efforts and application transformation of
the periosteum.

Keywords: periosteum; skeletal stem/progenitor cells; molecular regulation; bone regeneration;
fracture repair

1. Introduction

The periosteum, a complex and orderly connective tissue envelope with an abundant
blood supply, covers the surface of most bones. As early as 1742, Duhamel proposed
the idea of periosteal osteogenesis through the observation of a bony matrix formed
after implanting silver wires beneath the periosteum [1]. This was the first time that the
periosteum had been described as a functional structure, thus initiating the exploration
of the periosteum. Later, in the 1860s, Ollier supported this notion by discovering that,
upon treatment of fractures, the integrity of the periosteum must be retained [2]. In the
early 20th century, people tried to culture the periosteum in vitro and explore its osteogenic
proficiency [3]. These early studies brought attention to the periosteum and, to a certain
extent, uncovered the regenerative potential of the periosteum.

With ever-increasing clinical needs and constantly evolving techniques, henceforward,
the periosteum has been studied extensively in the field of bone tissue repair (fracture,
bone defect, etc.). Removal of the periosteum severely impairs bone healing, and successful
bone graft incorporation requires the preservation of the periosteum [4]. Subsequently, the
characteristic two-layer structure of the periosteum was gradually discovered [5], a struc-
ture which provides a niche for pluripotent cells and molecular factors which modulate cell
behavior [6,7]. This makes it possible for the periosteum to be the indispensable contributor
to callus formation in fracture repair compared to bone marrow and the endosteum [8].
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Moreover, the tracing of bone development has further reinforced the innate mighty ability
for bone formation of the periosteum and its cells [9]. However, due to an undetermined
periosteal osteogenesis mode and the hysteresis of functional stem cell research, some
in-depth mechanisms are still unclear.

Herein, we summarize recent findings about the skeletal stem/progenitor cells of
the periosteum and the molecular regulation underlying their effects. This is intended to
expand our insight into the understanding of periosteal regenerative potential and then
shed light into therapeutic application approaches for bone tissue repair and regeneration.

2. Periosteum: Its Development and Structure

The periosteum is a thin layer of tissue that covers most skeletal structures except for
intra-articular surfaces and sesamoid bones. These include the bones of the cranial vault,
the mandible, the maxilla, and the middle of the clavicle, formed via intramembranous
ossification, as well as the skull base and the posterior part of the skull, the axial skele-
ton, and the appendicular skeleton, formed by means of endochondral ossification [5,10].
Bone formation begins when mesenchymal cells form condensations, within which mes-
enchymal cells either differentiate into osteoblasts for directly intramembranous bone
formation or differentiate into chondrocytes and form an intermediate cartilage template
of endochondral bone formation. The peripheral mesenchymal cells of the condensations
form the perichondrium, a precursor to the periosteum. Cells from different tissues, in-
cluding cartilage, the perichondrium, and the vascular endothelium, participate in this
spatiotemporal event through a complicated regulation [11]. Notably, lineage analyses have
shown that the perichondrium is the source of all osteoblasts, including not only cortical os-
teoblasts but also trabecular osteoblasts, and regulates the initiation of vascular invasion [9].
Then, the osteoblast precursors originating from the perichondrium migrate along with the
invading blood vessels to form the primary ossification center during endochondral bone
development [12].

Derived from the perichondrium, the final periosteum can be generally divided into
inner and outer layers [5,13]. The inner cambium layer, contacting the bone surface, is highly
cellular. It is composed of a mixed cell population potentially containing mesenchymal
stem cells (MSC), differentiated osteogenic progenitor cells, osteoblasts, fibroblasts, and
pericytes. The thicker outer fibrous layer’s deep section has significant elasticity since
it consists of many elastic fibers. Its superficial portion contains fibroblasts dispersed in
collagen fibers and rich neurovascular networks. The Sharpey’s fibers in this layer penetrate
the cortex along the direction determined by tension forces from muscles and help the
periosteum anchor firmly to the bone’s surface [14]. Various potential functions of the
periosteum are closely related to its distinct structure.

In addition, studies reported that the two-layer structure of the periosteum is not
static. It differs between bone sources in rats. The ratio of the cambium layer of the
periosteum from the femur and the tibia is significantly higher than that from the rib and
the calvaria [15]. Then, in rat femur, compared with the metaphyseal periosteum, the
diaphyseal periosteum is much thinner, and the thickness of its cambium layer and number
of cells decrease markedly with aging [16]. The human periosteum also shows site- and
age-related specificity. The femoral neck surface is an exception of intra-articular surfaces
where there should be no periosteum. There is significantly less cellular periosteum
compared to femoral diaphysis. Between 20% and 70% of the femoral neck surface is
covered by mineralized periosteum [17]. In children, the periosteum is more active, with
thick periosteal layers, especially the inner cambium layer. It also contains abundant blood
vessels and has a loose attachment, which explains the subperiosteal hemorrhage occurring
in childhood fractures [5,14]. During natural growth, the periosteum contributes to bone
elongation and modeling, and it extends alongside the appositional growth. It becomes
much more closely attached to the cortex in adults. Its cambium layer is barely visible,
and it contains few vessels. However, the adult periosteum still has a strong regenerative
capacity and plays a vital role in bone repair such as, for example, fracture healing.
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3. Periosteum Is a Promising Source of Skeletal Stem/Progenitor Cells

Bone is a delicate and active organ; the stem cells or early hierarchical progenitor
cells it contains appear to count for a great deal in related research but also translational
therapies. Periosteum has gradually aroused people’s widespread interest as a tissue with
substantial skeletal stem/progenitor cells. We are attempting to determine reliable cell
markers and then investigate distinct physiologic features.

3.1. Identification and Useful Markers

Cell markers are essential to characterize the potential stem cell nature of periosteum-
derived cells (PDCs) or periosteal cells (PCs), so as to isolate the pure periosteum derived
stem cell (PDSC) or periosteum derived progenitor cell (PDPC) population and the ex-
pressly functional subpopulations.

Indeed, without exhaustive markers, PDSCs were commonly characterized by the
classic MSC antigenic profile proposed by the International Society for Cellular Therapy
(ISCT) in 2006: CD105-, CD73-, and CD90-positive and CD45-, CD34-, CD14- or CD11b-,
CD79α- or CD19-, and HLA-DR-negative [18].

Further markers were then involved in the identification of PDSCs and their progeni-
tors (Table 1). A population of self-renewing and multipotent human skeletal stem cells
(hSSCs) marked by PDPN+CD146−CD73+CD164+ expression was observed to be rich in
growth plate, and it also resided in periosteum [19].

With the development of immunofluorescence microscopy and lineage tracing tech-
niques, some specific markers depicted the distinct locations of PDSCs in vivo. Furthermore,
single-cell RNA-sequencing (RNA-seq) revealed more complete genetic backgrounds of
PDSCs and reflected their unique signatures with relative expression status of gene markers.
Subsets of periosteal Nestin+ cells and Leptin receptor (LepR)+ cells were investigated at
the area of periosteum distal to the bone surface and they were abundant in 1-month and
3-month mice, respectively [20]. PCs were also characterized by paired-related homeobox
gene 1 (Prx1), a marker of mesenchymal lineages in developing limbs [7]. Notably, these
Prx1+ cells likely had some overlaps with Nestin+ PDCs but not LepR+ cells, which were
rich in adult mice. In recent years, Cathepsin K (CtsK) labeling mature osteoclasts has
been considered to characterize PDSCs and PDPCs [6,21,22]. CtsK+ PDCs included three
hierarchies, CD200+CD105− PDSCs, CD200−CD105− pre-PDPCs, and CD200−CD105+
PDPCs [6,21], which were quite different from each other and other MSCs. More re-
markedly, they were negative for MSC markers CD146, PDGFRα, and LepR. Single-cell
RNA-seq and monocle analysis independently identified a characteristic PDSC population
corresponding to that sorted by fluorescence assisted cell sorting (FACS) above. Thus, the
existence of CtsK+ PDSCs was reaffirmed. In addition, Seurat analysis showed that CtsK+
PDCs clustered into four groups, varying from genotypes and functions [6,23].

Table 1. Markers of PDSCs/PDPCs.

Exp. Sites Ref.

Minimal criteria for defining MSCs

CD105 m, h, r +/− tibia, femur, calvarial suture [6,7,18,20,21,24–31]

CD73 h + / [18,27]

CD90 (Thy1) m, h, r +/− tibia, femur, calvarial suture [6,18,20,22,25,27–29,32]

CD45 m, h, r - femur, phalange, tibia,
calvarial suture [6,7,18–21,24–28,30–33]

CD34 m, h −/low femur, tibia [7,18,24,27,28]

CD14 h - tibia [18,27,28]

CD11b m, h - femur, tibia [7,18,33]

CD79α h - / [18]

CD19 h - / [18,27]

HLA-DR h - / [18,27]
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Table 1. Cont.

Exp. Sites Ref.

Further SC/MSC Markers

Sca1 m +/− femur, tibia, calvarial suture [6,7,21,24,25,31,33]

SSEA4 m + femur [24]

CD29 m, r + femur, tibia [7,24,31,32]
MSCA1 h + cranium [34]

CD51 m, h +/low tibia, femur [6,25]

PDGFRα (CD140α) m, h +/−/low tibia, femur [6,7,20,25,30,31,33]

PDGFRβ (CD140β) m + tibia, femur [20,25,31,33]

hSSC Markers

PDPN h, m, CD164 h, m + femur, phalange [19]

CD146 h, m +/−/low femur, phalange, tibia,
calvarial suture, cranium [6,19,21,26,28,30,34]

CD73 h, m + femur, phalange, tibia [19,26,28]

Nestin m + tibia, femur [6,7,20]

LepR m, h +/− tibia, femur [6,7,20,30,33]

Prx1 m + femur, tibia [7]

Cxcl12 m + femur, tibia [7,30]

Gremlin1 m + femur, tibia [6,7,30]

CD44 m, r + tibia, femur [21,22,29]

STRO1 m, h + tibia [22,35]

CD166 m, h + tibia [22,26]

CD49f m, h +/low tibia, femur [6,21]

BP1 (6C3) m, CD51 m, h −/low tibia, femur, calvarial suture [6]

CD200 m, h +/− tibia, femur, calvarial suture [6,21,30]

CD24 m + tibia [21]

CD106 h, CD13 h + tibia [26]

CD271 (LNGFR, p75) h −/+ tibia, femur [26,30]

ALP h - tibia [26]

Runx2 m, VCAM1 m + tibia [30]

Endothelial/Hematopoietic Markers

CD133 m - femur [24]

CD31 m, h −/low femur, phalange, tibia,
calvarial suture [6,7,19–21,25,30,31,33]

Ter119 m - tibia, femur, calvarial suture [6,20,21,25,30,31,33]

CD235a h - femur, phalange, tibia [6,19,30]

CD202b (Tie2) h - femur, phalange [19]

MECA32 (Plvap) m + tibia [33]

CD3 m, B220 m, Gr1 m - tibia [33]

CD20 h - tibia [28]

Pericyte Markers

NG2 m + femur, tibia [7]

Fibroblast Markers

Vimentin m - femur, tibia [7]

D7-FIB h + tibia [26]

Possible Specific Marks

CtsK m, h + femur, tibia, calvarial suture [6,21,22]

Sox9 m + femur, tibia [36,37]

αSMA m, h + femur, tibia, calvarial suture [30,33]

Mx1m, h, CCR3/5 m, h + tibia, calvarial suture, femur [30]

Axin2 m + tibia [38]

CD: cluster of differentiation; HLA: human leucocyte antigen; Sca1: stem cell antigen 1; SSEA4: stage specific
embryonic antigens 4; MSCA1: mesenchymal stem cell antigen 1; PDGFRα/β: platelet derived growth factor
receptor α/β; PDPN: podoplanin; STRO1: stromal cell antigen 1; LNGFR: low affinity nerve growth factor receptor;
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ALP: alkaline phosphatase; VCAM1: vascular cell adhesion molecule 1; Sox9: sex determining region Y-box 9;

αSMA: α-smooth muscle actin. All species used, including the most frequently used mouse, are represented with

corner markers. m: mouse; h: human; r: rat. Exp.: Expression; Ref.: References.

3.2. Biological Characterization

Through the identification of specific cell markers, several biological features of ob-
tained PDSC/PDPC populations were studied. Single-cell lineage analysis demonstrated
that regardless of donor age, periosteal MSCs (Pe-MSCs) exhibited clonogenicity and could
be expanded extensively with a fibroblast-like morphology in monolayer, maintaining
linear growth curves over at least 30 population doublings. Long telomeres were detected
in culture-expanded Pe-MSCs, which might contribute to their stability in culture [26].
Colony forming efficiency assay (CFE) and cell-growth analyses showed higher clonogenic-
ity and cell growth of PDSCs compared to BMSCs, separately [7,20,32]. Under specific condi-
tions, both parental and clonal cell populations were able to differentiate into chondrocytes,
osteoblasts, and adipocytes in vitro [6,7,20–22,24,26,35,39]. Additionally, the multipotency
of PDSCs was further highlighted by their bone and/or cartilage [6,7,20,24,26,28,40,41], as
well as skeletal muscle [26] and hematopoietic marrow [28] forming capacity in vivo. No-
tably, recent evidence has shown that PDSCs possess the potential for self-renewal, which
is a crucial feature of stem cell identity. PDSCs isolated from the initial hosts still displayed
intact self-renewal and differentiation capacity, successfully undergoing subsequent rounds
of transplantation [6,20].

Despite obtaining consistent conclusions, regardless of differences in selected re-
search subjects and conditions, there are still important issues that cannot be ignored.
One of these concerns is the individual differences of human donors represented by age.
Even though studies have shown that in vitro, donor age was not linked to cell prolifera-
tion and differentiation [26,39], a variation in bone formation between individual donors
was observed in vivo, which may include age factors [28]. In-depth studies revealed that
low expression of Ki67 and high expression of p53 can serve as noteworthy markers for
identifying aged human PDSCs (hPDSCs) and the expression significantly correlated with
cell nitric oxide (NO) production [27]. Additionally, age affected genes involved in bone
remodeling, with a significant increase in interleukin 6 (IL6) mRNA expression as well
as receptor activator of nuclear factor kappa-B ligand/osteoprotegerin (RANKL/OPG)
ratio [27,42]. On one hand, a larger sample size is needed to provide more reliable statistical
data for comparison and identification of age-related phenotypic trends. Moreover, individ-
ual differences influence PDSC biology through more complex ways apart from age, which
require further discrimination and elucidation. There was a view that the use of murine
PDSCs had advantages in smaller inter-individual variability than human donors [43].
This may overcome the problem, but at the same time involves conclusion consistency
issues under species diversity. In addition to the individual differences mentioned above,
there are other factors that can affect the biological characteristics of PDCs, to which we
need to pay attention, to have effective research and engineering strategies. Relevant exper-
iments of rats and calves both confirmed that long bones had more osteogenic periosteum
than flat bones [15,44], guiding the strategies for tissue engineering and clinical applica-
tions. While both MSCA1 and CD146 expression can be detected in cranial periosteal cells
(CPCs) (Table 1), MSCA1+ cells represented a subpopulation with a higher osteogenic
potential in vitro [34]. Similarly, PDGFRβ+ PDPCs showed greater colony-forming and
osteogenic potential than PDGFRβ-cells, regardless of the expression of PDGFRα [25].
Researchers compared the differentiation capacity of PDSCs and BMSCs, yet their findings
were conflicting. Some held a view that PDSCs had an increased osteogenic and chondro-
genic potency compared to BMSCs [20]. Hayashi et al. discovered that BMSCs had a higher
osteogenic capacity [32]. In a study published in Nature, it was the authors’ belief that
there is no significant difference in osteogenic ability between them, PDSCs only existed
as higher potential for chondrogenesis [6]. These contradictions may arise from technical
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differences between the studies, with cell sorting via various markers being a crucial factor.
Therefore, this needs to be well considered for selecting valid markers.

In terms of the direction of differentiation, it is noteworthy that Stro1+ PDPCs could
be cultured for up to 10 passages without loss in population numbers or the ability to
form mineralized tissue. However, late passage cultures were osteogenic and lost chondro-
genic markers [18]. It demonstrates the low original chondrogenicity of cultured PDPCs.
To maintain consistent chondrogenic capacity, specialized media, such as combining micro-
mass culture and transforming growth factor β (TGFβ) 1 treatment, are required for culture
cells [45]. A single-cell RNA-seq dataset generated recently showed that chondrocyte pop-
ulations had low expression of fatty acid oxidation (FAO) genes compared with osteoblasts.
As a result, the use of lipid-reduced serum (LRS) promoted chondrogenic differentiation of
PCs in micromass or pellet cultures [46]. While osteogenic differentiation can occur without
specific culture, it was proved that the addition of dexamethasone (Dex) and fetal bovine
serum (FBS) to the culture media was crucial for alkaline phosphatase (ALP) expression
of human PDCs (hPDCs) during early differentiation stages. Then, for the expression
of the main transcription factors governing osteogenesis and following differentiation
towards mature osteoblasts, the subsequent combination of trans-retinoic acid (atRA),
FBS, Dex, and BMP2 was required [47]. It is evident that the culture additives to isolated
PDCs have profound impacts on cell differentiation and need to be carefully controlled.
Inorganic ions also have a potential biphasic effect, where an optimal level of released
calcium positively affects hPDSCs, but excessive concentrations have a negative effect on
terminal osteo-chondrogenic differentiation [41]. This finding provides guidance for the use
of scaffolds with the proper phase of ions in bone engineering. An oxygenated environment
is another essential factor for hPDC survival and maintenance of osteogenic differentiation
potency [48]. In vitro culturing under hypoxia (0.1% oxygen) likely did not affect cell
proliferation but significantly enhanced PDPC chondrogenic differentiation while reducing
osteogenic differentiation [49]. Last but not least, PDPCs have an osteogenic response
to mechanical stimulation [45], highlighting the sensitivity of periosteum to mechanical
signals and the potential for applications in distraction osteogenesis.

Indeed, there are intricate mechanisms together with complicated interaction networks
through which these biological characteristics are exerted and then show great contributions
to bone formation or regeneration.

4. The Dominant Role of Periosteum in Fracture Healing

The process of normal bone healing after a fracture recapitulates the well-defined
stages of bone formation during embryogenesis, except for inflammatory response and
mechanical loading. Specifically, it starts with hematoma formation, which triggers an
inflammatory response [42]. Following the production and release of several important
molecules contributing to mesenchymal stem cell migration and proliferation, this is
followed by differentiation into chondrocytes and osteoblasts in order to generate a primary
callus. The soft callus later undergoes revascularization and calcification, and it is finally
remodeled to fully restore a normal bone structure without the formation of scar tissue [50].

Diverse tissues together with the cells they contain have been proposed to participate
in the process of bone repair after a fracture and to play integral roles. Bone marrow, for
example, provides niches for both hematopoietic and mesenchymal stem cells. Through the
approach of transplantation, they are proved not to be main contributors to osteogenesis
and chondrogenesis, but to have specific effects on inflammatory and matrix remodel-
ing [51]. Another study identified that BMSCs also possessed angiogenic differentiation
potency and induced the formation of large vessels (diameter > 50 µm) during fracture [52].
Endothelial cells, which are the predominant lineage of cells involved in angiogenesis, do
not seem to transdifferentiate into skeletal progenitors during fracture healing, as cartilage
and bone within the callus are not derived from Tie2-expressing cells. However, it is
important to note that angiogenesis is crucial for normal fracture healing, and it is closely
related to osteogenesis [46,52]. In addition, other sources of cells such as stem cells from
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muscle [53] and adipose tissue, as well as pericytes from the surrounding blood vessels,
are involved in bone repair as well [54].

With constant in-depth study, it was ultimately established that progenitor cells
from the periosteum are the primary contributors to the callus during fracture heal-
ing [4,37]. Initially, PDSCs/PDPCs are recruited to the injury site through specific mech-
anisms. Mx1+/αSMA+ periosteal skeletal stem cells (PSSCs) were identified specif-
ically to express CCL5 receptors, CCR3 and CCR5, and induce PSSC migration [30].
Additionally, macrophages play an important role in the process through interaction with
periosteal components. On one hand, M1 (pro-inflammatory) phenotype macrophages are
induced by the inflammatory cytokines released during acute inflammation.
They have phagocytic and clearance properties but have disadvantages of inducing chronic
inflammation and of delaying healing [55]. Thus, the transition from pro-inflammatory
M1 to M2 (anti-inflammatory) phenotypes at the early stages of bone injury is a prerequi-
site to successful bone healing. Periosteal extracellular matrix (PEM) was identified as a
participant in macrophage chemotaxis and the M2 polarization process [56]. On the other
hand, periosteal tartrate resistant acid phosphatase (TRAP) positive mononuclear cells were
observed to recruit Nestin+ and LepR+ PDCs to the surface of cortical bone [20]. Colnot [8]
performed cell lineage analyses after transplanting bone grafts and demonstrated that even
when the tissues were transplanted ectopically, the majority of cells were locally recruited
for bone repair. It was subsequently confirmed that PCs and BMSCs in skeleton formation
were also locally derived [7]. These results indicate that bone itself is the main source of
cells for bone formation and repair.

After recruitment, periosteal progenitors undergo proliferation and differentiate into
osteoblasts and chondrocytes via various molecular signals. As with the development,
bone healing relies on two robust ossification processes, intramembranous ossification and
endochondral ossification. Lineage analyses showed that periosteum, bone marrow, and
endosteum all gave rise to osteoblasts. Chondrocytes within fracture callus, however, were
primarily derived from periosteum, indicating that periosteum supports both chondro-
genesis and osteogenesis, whereas bone marrow/endosteum only supports osteogenesis
during bone repair. These explain to a certain extent the program of bone healing observed
after periosteal or bone marrow/endosteal injuries, which are healed by endochondral and
intramembranous ossification, respectively [8]. Indeed, during normal bone homeostasis,
PDSCs generate osteoblasts and specialize in intramembranous bone formation [6]. Un-
fortunately, little is known about how injury stimulates PDSCs to generate chondrocytes
and to contribute to the endochondral process of fracture, nor is it understood whether a
specific periosteal progenitor population drives the formation of the cartilage callus or the
signaling pathways involved.

Particularly, some fractures can heal in the absence of a cartilage callus, and this may
depend on environmental stability. For instance, in cases where the fracture is not stabilized,
the formation of a large cartilage callus appears to be required in large-scale bone regen-
eration, whereas fractures that are rigidly stabilized heal without any apparent cartilage
formation [57]. In addition, the correlation between fracture healing and bone development
is also reflected on this issue. When mandibular and tibial PDPCs were transplanted to
mandibular defects, intramembranous ossification and endochondral ossification were
observed, respectively [58]. Moreover, when the periosteum was collected from the cra-
nium and the radius to create subcutaneous bone, the direction of osteogenesis differed
between the two groups [44]. The embryonic origins of them are different, which perhaps
determines progenitor cell fate, and ossification probably occurs under different genetic
controls [58]. Recently, a study transplanted autologous bone grafts into femoral defects in
mice. During the healing, PDPCs near the host-graft border formed cartilage, while cells
in the center differentiated directly into osteoblasts [46]. Periosteal chondrogenesis can be
further interpreted as a secure healing method with the lack of exogenous lipids, linked to
poor vascularization. Another aspect affected by vascularization is the oxygen content in
the environment. The ability of PDPCs to differentiate into chondrocytes was significantly
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improved under hypoxic conditions. This explains why the regions close to the fracture
gap within the thickened periosteum undergo endochondral ossification, while the distal
regions heal through intramembranous ossification [49,59].

There are still a lot of uncertainties about these two bone healing pathways. Aided by
Cre-based lineage trace, cells marked by expression of CtsK [60], periostin [7], αSMA [30,33],
Axin2 [38], and Sox9 [36,37] were found in periosteum. Once again, they proved that
PDSCs/PDPCs mainly contribute to fracture callus formation. However, sometimes they
do not behave exactly the same through specific molecular regulation.

5. Molecular Signaling Pathways Regulating Periosteal Effects

It has become gradually clear that the periosteum plays a central role in bone development
and regeneration. Researchers are actively investigating the intricate molecular regulation and
signaling interactions involved in these processes. With the development of new approaches,
studies have revealed the effects of several signaling pathways, such as BMP, PDGF, Ihh, Wnt,
Notch signaling, etc. This knowledge is particularly valuable as it provides insight into effective
treatment strategies for enhancing bone repair and reconstruction.

5.1. BMP Signaling

Bone morphogenetic protein (BMP) signaling functions rely on TGFβ superfamily lig-
ands, type I and type II BMP receptors, and canonical drosophila mothers against decapen-
taplegic protein (Smad) downstream pathway [61]. It has been extensively investigated in
the field of bone biology. Although several BMPs are expressed spatiotemporally in bone
and act as essential motivators in bone developmental and regenerative processes, BMP2
has a unique role in PDPCs, and thereby regulates BMP signaling inducing periosteal bone
formation, growth, and fracture repair. Neither absence of other BMPs such as BMP4, BMP7,
and BMP9 [62] nor BMP2 loss in mature osteoblasts causes spontaneous fractures [63].
Yet, both BMP2 and BMP4 expressions are increased and activate osteogenesis when PDCs
respond to mechanical stretch, along with reduction in BMP6 expression [64]. BMP6 is
related to the expression of IL1β and IL6, which are involved in RANKL-dependent osteo-
clastogenesis and bone resorption [42]. This might represent a special profile of mechanical
stress-driven bone remodeling.

Additionally, strong increases in BMP2 expression and activated signaling were ob-
served at an early stage of bone forming induced by implanted hPDCs [41]. Interestingly,
when human recombinant BMP2 (hrBMP2) was loaded, endochondral bone formation was
observed but not original intramembranous ossification [40]. These phenotypes suggest
that BMP2 signaling is involved in both forms of periosteal ectopic bone formation.

BMP2 signaling is also essential for the initiation of fracture healing [62,65]. A trans-
genic BMP2-deficient mouse model showed that local expression of BMP2 played a critical
role in osteogenic and chondrogenic differentiation of PDPCs during repair, which eventu-
ally induced robust periosteal bone/cartilage callus formation [62,66]. The same conclusion
was verified in bone autograft healing [67] (Figure 1).
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Figure 1. BMP signaling represents a fundamental signaling profile in periosteal effects. BMP2
signaling is proposed to function downstream of PTH and the canonical Wnt signaling pathway
during bone growth and fracture repair. During bone formation and fracture healing, BMP2 signaling
specifically acts on PDPCs (blue pathway). After ligand binding, phosphorylated (P) BMPR-II
helps to phosphorylate BMPR-I. Activated BMPR-I recruits and phosphorylates pathway-specific
receptor activated Smads (Smad1/5/8), which can form trimers with Smad4 and translocate into
the nucleus. Inside the nucleus, the Smad trimerization recruits and/or integrates with cell type
specific transcription factors and then regulates target gene expression. Thereby, BMP2 signaling
increases periosteal osteogenesis and chondrogenesis. When PDCs respond to mechanical stretch,
the expressions of BMP2 and BMP4 increase, while BMP6 expression is suppressed. BMP-6, in
turn, induces the expressions of IL1β and IL6, which promote osteoclast differentiation through the
RANKL-dependent pathway (green pathway). In this way, PDCs sense mechanical stress and promote
osteogenesis but decrease osteoclastogenesis. PTH: parathyroid hormone; SOST-ab: sclerostin
neutralizing antibody; BMP: bone morphogenetic protein; BMPR-I: type I BMP receptor; BMPR-II:
type II BMP receptor; RANKL: receptor activator of nuclear factor κ-B ligand; RANK: receptor
activator of nuclear factor κ-B; P: phosphorylation.

BMP2 signaling provides a founding signaling profile in periosteal effects, but further studies
are needed to elucidate the mechanisms and signal interplay involved. Research suggested that
BMP2 signaling may act downstream of parathyroid hormone (PTH) and canonical Wnt signaling
pathway activation during periosteal growth and fracture repair [63]. Meanwhile, the synergistic
interaction of BMP2 signaling with other pathways also holds significant importance and offers
valuable insights for clinical treatment.

5.2. PDGF Signaling

Platelet-derived growth factor (PDGF), which is released by platelets and macrophages
at fracture sites during initial inflammation, has potent mitogenic and chemotactic effects
and enhances angiogenesis. The effects of PDGF are mediated through the specific recep-
tor tyrosine kinases (RTKs) PDGFRα and PDGFRβ, which form both homodimers and
heterodimers [68]. An increasing number of PDPCs express PDGFRβ during fracture
repair, while very few PDGFRα+ cells are in the periosteum or fracture callus, and most
of them co-express PDGFRβ. This expression status is sustained both in vitro and in vivo,
suggesting that PDGFRβ is the main pathway for PDGF signaling in periosteum [25,31].
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Trap-Cre PDGF-BBfl/fl mice and conditional knockout of PDGFRβ in PDCs demon-
strated that macrophage-lineage TRAP+ mononuclear cells secreted PDGF-BB to recruit
Nestin+ and LepR+ PDCs, predominantly located in the outer layer to the periosteal surface
for cortical bone formation and regeneration in the bone defect region [20]. PDGF strongly
increases proliferation and decreases apoptosis of PDPCs in vitro [25]; in vivo, the effects
are similar, as PDGF/PDGFRβ mediates periosteal activation and progenitor proliferation
during the early phases of fracture healing through an intact interaction with the PI3K/AKT
signaling pathway [31]. The direct effects of PDGF on osteogenesis, however, remain con-
troversial and depend on the cell type [69]. In vitro studies showed inhibitory effects of
PDGF on BMP2-induced osteogenic differentiation in PDPCs through activating ERK1/2
and PI3K/AKT signaling to reduce the canonical Smad phosphorylation and BMP target
gene expression (Dlx5 and Id1) [25]. However, due to the stepwise nature of bone repair
and the complex physiological environment in vivo, the cross-talk between PDGF and
BMP2 signaling may not be so absolute or simplex. They may play distinct roles at different
stages of fracture healing. Specifically, cell recruitment and proliferation in the earlier stage,
promoted by PDGF, could be essential for the following osteogenic differentiation induced
by BMP2, so as to achieve a delicate balance and then the most effective fracture healing [70].
This hypothesis was verified in BMSCs [71] and should be reasonably extrapolated to PDSCs,
but more work is needed to fully confirm and elucidate it (Figure 2).
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Figure 2. PDGF signaling mediates periosteal activation and blocks BMP2-induced osteogenesis.
PDGFRβ, a kind of receptor tyrosine kinase (RTK), plays a crucial role in the PDGF signaling in the
periosteum. There is mutual interaction between PDGF/PDGFRβ and PI3K/AKT signaling (yellow
pathway), which is essential for activating PDCs following fracture. On the one hand, after PGDF
combines to RTK (PDGFRβ), PI3K directly binds to phosphorylated (P) PDGFRβ via the regulatory
domain (p85), and is therefore targeted to the inner cell membrane. Binding of p85 subunit of PI3K to
the phosphorylated RTK leads to conformational changes in the catalytic domain of PI3K (p110) and
consequently promotes the conversion of PIP2 to PIP3. PIP3 contributes to AKT phosphorylation
and activation. The transcription factor CREB is directly phosphorylated by activated AKT, p-CREB
then transports into the nucleus and regulates target gene transcription. On the other hand, upreg-
ulation of PI3K sensitizes PDCs to the effects of PDGF and enhances phosphorylation of PDGFRβ.
Through this synergy, the PDGFRβ-PI3K signaling axis exerts its anti-apoptosis, pro-cell prolifer-
ation and recruitment effects. The binding of PDGF to its receptor, PDGFRβ, stimulates both the
PI3K/AKT and ERK1/2 pathways in PDCs. Notably, it blocks the canonical BMP-2/Smad pathway
(blue pathway), inhibiting periosteal osteogenesis. PDGF: platelet derived growth factor; PDGFRβ:
PDGF receptor β; PI3K: phosphoinositol-3-kinase; PIP2: phosphatidylinositol-4,5-bisphosphate; PIP3:
phosphatidylinositol-3,4,5-trisphosphate; CREB: cyclic adenosine monophosphate (cAMP) response
element-binding protein. ERK1/2: extracellular signal-regulated kinases 1/2; P: phosphorylation.
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Therefore, PDGF signaling has shown a variety of potential functions in periosteum-
mediated fracture healing. Its interaction with other signaling pathways, such as BMP2
signaling, will provide it with broader applications.

5.3. Ihh Signaling

Indian hedgehog (Ihh) is one of the three mammalian homologues of Hedgehog
(Hh) protein, and the other two members are Desert Hh (Dhh) and Sonic Hh (Shh).
Ihh signaling plays a critical role in the development and repair of bones. It also interacts
and cooperates with other molecules in a complex manner. Ihh signaling is indispensable
for the differentiation of osteoblast in perichondrium during the endochondral bone devel-
opment in embryos [72]. In the absence of Ihh signaling, the progenitor cells residing within
the perichondrium tend to undergo chondrocyte differentiation and fail to contribute to
osteoblasts in either the bone collar or the primary spongiosa. In adult, Ihh/Shh signaling
targets mesenchymal lineages in early periosteal callus and is required for periosteal bone
repair [24]. Interestingly, these two processes are speculated to be related to the synergistic
effect between Hh and BMP signaling through in vitro experiments. Remarkedly, this
synergy has been shown to be associated with osteogenic differentiation, as well as with
both osteogenic and chondrogenic differentiation [24,73].

Ihh signaling has several key functional interactions with PTH-related peptide (PTHrP).
PTHrP resides in the fibrous layer of periosteum and its receptor (PTHR1) is in the subjacent
cambial layer [74]. Together, Ihh and PTHrP control the rate at which chondrocytes prolif-
erate and differentiate, thereby driving linear bone growth through a feedback loop [11].
Ptpn11 deletion in Ctsk+ PDPCs upregulated Ihh/PTHrP signaling, leading to excessive
proliferation and chondrocyte differentiation, finally causing chondroid neoplasm meta-
chondromatosis [22]. Impaired healing of tibial fracture in the PTHrP cKO mouse results
from the failure of PTHrP induced osteoblastic activity and osteoclastic remodeling on the
periosteal surface, and can be further explained by abnormal interactions among PTHrP,
Ihh, and BMP signaling pathways [74,75] (Figure 3).
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of the Gli-composite complex from microtubules, allowing full-length Gli to enter the nucleus and
act as a transcriptional activator. During bone development and fracture repair, it is presumed
that there is a synergy between Hh and BMP signaling (blue pathway). Together they enhance
osteogenesis. However, in terms of chondrogenetic effect, the conclusion has not yet been determined.
Ihh signaling also has several key functional interactions with PTHrP (green pathway). In fracture
healing, PTHrP binds its receptor (PTHR1), a GPCR, and mediates periosteal osteoblastic and
osteoclastic activity. During the growth of long bones, Ihh induces PTHrP expression. In turn, PTHrP
delays the production of Ihh. Ihh/PTHrP, acting together, initiate a negative feedback loop that
sustains chondrogenesis and generates a cartilage tumor. Hh: Hedgehog; Ihh: Indian hedgehog; Ptc:
Patched; Smo: Smoothened; SUFU: suppressor of Fused; PTHrP: parathyroid hormone (PTH)-related
peptide; PTHR1: type I PTH receptor; P: phosphorylation.

5.4. Biological Characterization

Wnt signaling was shown to function downstream of Ihh signaling in endochondral
bone development during mouse embryogenesis [78]. The Wnt ligand Wnt7b expresses
specifically in perichondrium dependent on Ihh signaling and promotes osteoblast dif-
ferentiation through the canonical β-catenin pathway. Remarkedly, Wnt7b is capable of
inducing vascularization of the hypertrophic cartilage in Ihh−/− mice [79].

Wnt has been identified as the key factor in the early phase of the bone formation induced
by transplanted hPDCs. Different phosphorylated and active β-catenin expression affects the
final bone forming effect [41]. Additionally, the periosteum is known to sense mechanical stress
and promote osteogenesis. Stretch-stimulated progenitors enhance osteoblast differentiation
through regulating the expression levels of several Wnt-related genes. During the healing
of tibial fracture in mice, Wnt-responsive cells (WRCs) were reported to be located on the
endosteal surface of bone contributing to intramembranous bone repair [80]. Whereas in the
injured periosteum, rBMP2 represses β-catenin-dependent Wnt signaling, resulting in Sox9
upregulation; consequently, cells in the injured periosteum adopt a chondrogenic fate, and
thus, repair heals via endochondral ossification. This indicates that Wnt and BMP2 signaling
may have bone compartment-specific effects and diversely promote bone healing. Notably,
another study later traced WRCs expressing Axin2, a negative regulator of Wnt signaling, on
the periosteum of the tibia in mice [38]. This subset of PDPCs is activated upon injury and gives
rise to both cartilage and bone (Figure 4).
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in the perichondrium dependent on Ihh signaling (violet pathway). The Wnt ligand signals via a
seven transmembrane G-protein coupled receptor (GPCR), Frz, together with LRP5/6 co-receptors,
initiating canonical Wnt signaling pathway. The Frz receptor leads to phosphorylation and activation
of the Dsh protein. The activated Dsh inhibits the combination ability of GSK3β, leading to accu-
mulation of free and unphosphorylated β-Catenin in the cytoplasm, which then translocates to the
nucleus. There, β-Catenin binds to TCF/LEF, promoting changes in the transcriptional machinery
that leads to expression of several target genes. Eventually, Wnt signaling promotes osteogenesis and
angiogenesis during bone development and formation. Interestingly, in the injured periosteum, BMP2
(blue pathway) represses β-catenin-dependent Wnt signaling to induce chondrogenic cell fate deter-
mination. In part, it indicates the pro-osteogenesis and anti-chondrogenesis capacity of Wnt signaling.
However, Wnt signaling is also demonstrated to act on PDCs and induce both osteogenesis and
chondrogenesis. Thus, Wnt signaling enhances osteogenesis, its effect on chondrogenesis is not clear.
β-catenin-independent pathway (non-canonical pathway, pink pathway) is activated when PDCs are
loaded with mechanical stress. The binding of Wnt ligands to Frz receptor and co-receptor ROR2
induces osteoclastogenesis through Jnk. Frz: Frizzled; LRP5/6: lipoprotein receptor-related protein
5/6; Dsh: Disheveled; TCF: T-cell factor; LEF: lymphoid-enhancing factor; Jnk: c-jun N-terminal
kinase; P: phosphorylation.

Thus, the underlying role of Wnt signaling in other molecular pathways partly explains
its importance in periosteum or perichondrium. Meanwhile, its direct effects are being
gradually understood, so its application strategies for periosteal bone formation and repair
may be more effective in the future.

5.5. Notch Signaling

The role of Notch signaling in different cell lineages has been extensively studied,
revealing complex results. Endothelial-cell-specific Notch signaling promotes angiogenesis
and couples it to enhanced osteogenesis in bone. In osteo-lineage, a negative effect of
the Notch ligand, Jagged1 (Jag1) was observed specifically on the differentiation stage of
mesenchymal progenitor cells toward osteoblasts [81,82]. Additionally, the effects of Notch
signaling trough Jag1 appear to be compartment-dependent. It represses periosteal osteoge-
nesis of cortical bone [81]; its regulation in trabecular bone has not been determined [81,82].

The role of Notch signaling in PDPCs remains controversial. Notch signaling inhibits
differentiation of αSMA-labeled PDPCs into osteogenic lineages in vitro, indicated by a
lack of expression of bone sialoprotein and osteocalcin, and accompanied with culture
overgrowth. In vivo, implanted PDPCs fail to form ectopic bone healing [33]. In a recent
study, during the process of osteogenic tumor formation caused by Lkb1 deletion in CtsK+
PDPCs, Notch target gene Hey1 upregulated together with oncogene Mdm2, suggesting that
Notch signaling may be involved in excessive osteogenesis [21]. However, bulk RNA-seq
analysis of Ctsk+ PDCs showed low level expression of Notch related genes [6].

Taking all these together, it can be reasonably inferred that the specific function of
Notch signaling is likely to be contextual and relates to distinct cell lineages or subsets.
Whether there is strong target regulation by Notch signaling towards PDCs needs further
studies to elucidate.

5.6. Other Related Molecular Regulation

In addition to the above signaling pathways, periosteal effects are also mediated by some
other molecules. Although further studies are needed, they may provide some insight into a new
forefront in periosteal bone-regenerative understanding and therapeutic strategies.

Periostin resides adjacent to the periosteal bone surface with type H vessels during
cortical bone growth and diminishes during late adulthood [20]. Periostin is indispensable
for maintaining the pool of PCs and contributes to efficient periosteal bone repair [7].
Furthermore, PDGF-BB induces periostin expression exactly to generate a periosteal os-
teogenic microenvironment for differentiation and adhesion of PDCs [20]. These fundings
highlight the precise regulation of periostin in PDCs, which warrants further investigation
and potential applications in clinical settings.
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As angiogenesis and osteogenesis are closely interconnected, vascular endothelial
growth factor (VEGF) plays a critical role in bone repair. Interestingly, transgenic deletion of
VEGFA in osteoblast lineage cells, but not in endothelial lineage cells, led to both impaired
intramembranous ossification and angiogenesis during tibia cortical defect repair [83].
Moreover, VEGFA from early osteo-lineage cells (Osterix+), rather than mature osteoblasts,
is critical for periosteal angiogenesis and woven bone formation during fracture repair [84].
In addition, the expression of four VEGF isoforms (VEGF121, VEGF165, VEGF189, and
VEGF206) and two receptors (VEGFR1 and VEGFR2) was observed in cultured hPDCs.
VEGF stimulates the osteoblastic differentiation of hPDCs with elevated ALP activity and
increased Runx2 transactivation [85]. Thus, it is truly necessary to clarify the role of VEGF
in PDCs during periosteal fracture healing in vivo.

ε-Aminocaproic (EACA) acid, an inhibitor of plasminogen, promotes periosteal osteo-
genesis and inhibits periosteal chondrogenesis during appendicular bone fracture healing,
leading to a biomechanically stronger callus. TGFβ, BMP, and Wnt signaling was proved
to be involved in this process [86]. It reveals that hematoma stabilization and enhanced
periosteal bone healing can be implemented simultaneously, offering a promising new
clinical therapy.

The periosteum, a connective tissue covering bone surfaces, contains sensory nerves
that release neuropeptides. One of these, calcitonin gene-related polypeptide (CGRP), was
shown to promote osteogenic differentiation of PDSCs in rats through CGRP-receptor-
coupled cyclic adenosine monophosphate (cAMP) activation of binding protein 1 (CREB1)
and SP7 (also known as Osterix), and eventually improved bone fracture healing [29].
These findings provide insights into the local neuronal regulation of periosteum.

As suggested above, multiple signaling pathways and molecules work in tandem
to create a complex network that influences the behavior of pluripotent cells within the
periosteum. Certainly, although it still contains combined spatial and temporal regulation,
the deeper mechanisms need further elucidation.

6. Discussion

In this review, we explored retrospectively the developmental origin of the periosteum
and illustrated its unique structure. Through a reasonably deep understanding of the structure,
we believe that PDSCs/PDPCs in the cambium layer play crucial roles in various functional
activities, especially in bone regeneration. We further reviewed their markers, cell behavior,
and molecular modulation. Our findings provide conceptual insights, but further discussion
is needed to explore useful markers and signatures associated with these cells.

The periosteum is believed to be a reservoir for skeletal stem cells (SSCs), although
previous research on SSCs primarily focused on characterizing BMSCs. As illustrated, they
vary from PDSCs in several aspects. In terms of differentiation potential, when BMSCs and
PDSCs were selected for CD29, CD90 and against CD45, the former had slightly higher
osteogenic ability than the latter [32]. PDSCs gradually display advantages when more
specific cell markers are used to isolate the PDSC population that may be more purified.
Another study used Prx1 and showed that similar osteogenic potential between the two
sources of pluripotent cells and PDSCs had an increased chondrogenetic potential compared
to BMSCs [7]. PDSCs even showed higher potency both osteogenic and chondrogenic when
using Nestin and LepR for cell sorting [20]. Also, their roles in fracture healing are not the
same [8]. Although it is undeniable that BMSCs show essential effects [52,87], the major
contributor to callus formation was identified as PDSCs and periosteum preservation is
crucial for successful bone repair [4,37]. Despite some inconsistencies, PDSCs and BMSCs
show excellent ability to promote regeneration in comparison with other MSCs, for example,
adipose tissue-derived MSCs (AMSCs) [32]. Taking all these together, we hypothesized that
PDCs and BMSCs from their distinct habitats, may have specific differentiation mechanisms
and innately different contribution to bone repair. Considering they are both clinically
useful SSCs, to maximize cross-study comparison but to minimize variability of research
methods like marker selection is eagerly anticipated, so that we can truly concentrate on
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the differences in cell fate decisions between PDSCs and BMSCs and boost more effective
and targeted application strategies.

Based on the grasp of periosteal osteogenesis and the inseparable relationship between
the skeletal and immune system, it is reasonable to presume that periosteum is involved in
osteoimmunology. This is verified by some facts. The immune regulation of osteoclasts
accounts for an important part of osteoimmunology, and RANKL is a main conjunction
factor [88]. The age-related changes of PDSCs [27] and the mechanisms of periosteal
mechanical response [89] appear to be partly regulated by RANKL-mediated osteoclast
activity and bone remodeling. Macrophages, another linker from the immune system, have
shown a vital role in periosteum-dominated fracture repair. Transition from classically
activated M1 macrophages to alternatively activated M2 macrophages is promoted by
PEM which determines the beginning of successful fracture healing [55,56]. Subsequently,
TRAP+ macrophage cells are involved in the recruitment of PDCs to the periosteal surface,
where the recruited PDCs then undergo osteoblast differentiation coupled with vascular-
ization [20]. The scope of osteoimmunology has encompassed a wide range of interactions,
not only including those between osteoclasts and immune components, but also osteoblasts
and osteoclasts, osteoblasts and hematopoietic cells, while more communication factors
were also identified [42]. The specific role and underlying mechanisms of periosteum and
its cells in this field need further elaboration.

Since periosteum shows an outstanding repairing effect and regenerative ability, with
the rise and development of tissue engineering techniques, people have been trying to
find substitutes mimicking periosteum. At the beginning, many different combinations
of biological and polymeric materials were investigated for macrostructural bionics of pe-
riosteum including acellular human dermis [90], cell composite hydrogel periosteum [91],
and cell sheets [92]. Along with the thorough study and continuous advance of tech-
niques, the imitation of periosteum has become more microscopic. Precise topographic cues
(microgroove patterns) from native periosteum can be replicated by micropatterning tech-
niques, which helps cell alignment of the stem cells laden onto them and simulates natural
periosteum for bone repair therapies when they are adhered onto various scaffolds [93,94].
With the help of another key technology, electrospinning, a variety of biomaterials were
used in different manners for diverse functional artificial periosteum manufacture [95–97].
Notably, the structural development of periosteum was maximally simulated, and a kind of
bionic periosteum was able to make periosteal reconstruction and bone repair become more
natural in recent times [98]. The investigation of periosteum substitutes is accelerating
towards the perspective of structural and functional regeneration of periosteum, as well as
towards an innovative impact on the design and translation of bone tissue engineering.

In conclusion, we underline the potential of periosteum and its pluripotent stem
cells as promising inspiration in bone biology. In light of in-depth, ongoing studies on
periosteum, we firmly believe that it will be widely used in bone regeneration and repair
by virtue of its unique advantages.

Author Contributions: X.Z.: writing—original draft, review, and editing; C.D.: writing—original
draft; S.Q.: conceptualization and project administration. All the authors have read and agreed to the
published version of the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This review received no funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: This is a review article. Data from the research papers that are cited are
available on request.

Acknowledgments: We would like to thank Jue Wang for providing valuable suggestions and input
throughout the process.



Int. J. Mol. Sci. 2024, 25, 2162 16 of 19

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

References
1. Duhamel, H.L. Sur le developpement et la crue des os des animaux. Mem. Acad. Roy. DesSci. 1742, 55, 354–357.
2. Ollier, L. Traite Experimentel et Clinique de la Regeneration des os et de la Production Artificielle du Tissu Osseux; V. Masson: Paris, France, 1867.
3. Fell, H.B. The Osteogenic Capacity in vitro of Periosteum and Endosteum Isolated from the Limb Skeleton of Fowl Embryos and

Young Chicks. J. Anat. 1932, 66 Pt 2, 157–180.11.
4. Zhang, X.; Xie, C.; Lin, A.S.; Ito, H.; Awad, H.; Lieberman, J.R.; Rubery, P.T.; Schwarz, E.M.; O’Keefe, R.J.; Guldberg, R.E. Periosteal

progenitor cell fate in segmental cortical bone graft transplantations: Implications for functional tissue engineering. J. Bone Miner.
Res. 2005, 20, 2124–2137. [CrossRef]

5. Dwek, J.R. The periosteum: What is it, where is it, and what mimics it in its absence? Skelet. Radiol. 2010, 39, 319–323. [CrossRef]
6. 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]
7. Duchamp de Lageneste, O.; Julien, A.; Abou-Khalil, R.; Frangi, G.; Carvalho, C.; Cagnard, N.; Cordier, C.; Conway, S.J.; Colnot, C.

Periosteum contains skeletal stem cells with high bone regenerative potential controlled by Periostin. Nat. Commun. 2018, 9, 773. [CrossRef]
8. Colnot, C. Skeletal cell fate decisions within periosteum and bone marrow during bone regeneration. J. Bone Miner. Res. 2009, 24, 274–282.

[CrossRef]
9. Colnot, C.; Lu, C.; Hu, D.; Helms, J.A. Distinguishing the contributions of the perichondrium, cartilage, and vascular endothelium

to skeletal development. Dev. Biol. 2004, 269, 55–69. [CrossRef]
10. Berendsen, A.D.; Olsen, B.R. Bone development. Bone 2015, 80, 14–18. [CrossRef]
11. Kronenberg, H.M. Developmental regulation of the growth plate. Nature 2003, 423, 332–336. [CrossRef]
12. 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]
13. Allen, M.R.; Hock, J.M.; Burr, D.B. Periosteum: Biology, regulation, and response to osteoporosis therapies. Bone 2004, 35,

1003–1012. [CrossRef]
14. Bisseret, D.; Kaci, R.; Lafage-Proust, M.H.; Alison, M.; Parlier-Cuau, C.; Laredo, J.D.; Bousson, V. Periosteum: Characteristic

imaging findings with emphasis on radiologic-pathologic comparisons. Skelet. Radiol. 2015, 44, 321–338. [CrossRef]
15. Hsiao, H.Y.; Yang, C.Y.; Liu, J.W.; Brey, E.M.; Cheng, M.H. Periosteal Osteogenic Capacity Depends on Tissue Source. Tissue Eng.

Part. A 2018, 24, 1733–1741. [CrossRef]
16. Fan, W.; Crawford, R.; Xiao, Y. Structural and cellular differences between metaphyseal and diaphyseal periosteum in different

aged rats. Bone 2008, 42, 81–89. [CrossRef]
17. Allen, M.R.; Burr, D.B. Human femoral neck has less cellular periosteum, and more mineralized periosteum, than femoral

diaphyseal bone. Bone 2005, 36, 311–316. [CrossRef]
18. Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.; Krause, D.; Deans, R.; Keating, A.; Prockop, D.; Horwitz,

E. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position
statement. Cytotherapy 2006, 8, 315–317. [CrossRef]

19. Chan, C.K.F.; Gulati, G.S.; Sinha, R.; Tompkins, J.V.; Lopez, M.; Carter, A.C.; Ransom, R.C.; Reinisch, A.; Wearda, T.; Murphy, M.;
et al. Identification of the Human Skeletal Stem Cell. Cell 2018, 175, 43–56.e21. [CrossRef]

20. Gao, B.; Deng, R.; Chai, Y.; Chen, H.; Hu, B.; Wang, X.; Zhu, S.; Cao, Y.; Ni, S.; Wan, M.; et al. Macrophage-lineage TRAP+ cells
recruit periosteum-derived cells for periosteal osteogenesis and regeneration. J. Clin. Investig. 2019, 129, 2578–2594. [CrossRef]

21. Han, Y.; Feng, H.; Sun, J.; Liang, X.; Wang, Z.; Xing, W.; Dai, Q.; Yang, Y.; Han, A.; Wei, Z.; et al. Lkb1 deletion in periosteal mesenchymal
progenitors induces osteogenic tumors through mTORC1 activation. J. Clin. Investig. 2019, 129, 1895–1909. [CrossRef]

22. Yang, W.; Neel, B.G. From an orphan disease to a generalized molecular mechanism: PTPN11 loss-of-function mutations in the
pathogenesis of metachondromatosis. Rare Dis. 2013, 1, e26657. [CrossRef] [PubMed]

23. Tong, Y.; Chen, A.; Lei, K. Analysis of Cellular Crosstalk and Molecular Signal between Periosteum-Derived Precursor Cells
and Peripheral Cells During Bone Healing Process Using a Paper-Based Osteogenesis-On-A-Chip Platform. ACS Appl. Mater.
Interfaces 2023, 15, 49051–49059. [CrossRef] [PubMed]

24. Wang, Q.; Huang, C.; Zeng, F.; Xue, M.; Zhang, X. Activation of the Hh pathway in periosteum-derived mesenchymal stem cells
induces bone formation in vivo: Implication for postnatal bone repair. Am. J. Pathol. 2010, 177, 3100–3111. [CrossRef] [PubMed]

25. Wang, X.; Matthews, B.G.; Yu, J.; Novak, S.; Grcevic, D.; Sanjay, A.; Kalajzic, I. PDGF Modulates BMP2-Induced Osteogenesis in
Periosteal Progenitor Cells. JBMR Plus 2019, 3, e10127. [CrossRef] [PubMed]

26. De Bari, C.; Dell’Accio, F.; Vanlauwe, J.; Eyckmans, J.; Khan, I.M.; Archer, C.W.; Jones, E.A.; McGonagle, D.; Mitsiadis, T.A.;
Pitzalis, C.; et al. Mesenchymal multipotency of adult human periosteal cells demonstrated by single-cell lineage analysis.
Arthritis Rheum. 2006, 54, 1209–1221. [CrossRef] [PubMed]

27. Ferretti, C.; Lucarini, G.; Andreoni, C.; Salvolini, E.; Bianchi, N.; Vozzi, G.; Gigante, A.; Mattioli-Belmonte, M. Human Periosteal
Derived Stem Cell Potential: The Impact of age. Stem Cell Rev. Rep. 2015, 11, 487–500. [CrossRef]

28. Roberts, S.J.; Geris, L.; Kerckhofs, G.; Desmet, E.; Schrooten, J.; Luyten, F.P. The combined bone forming capacity of human
periosteal derived cells and calcium phosphates. Biomaterials 2011, 32, 4393–4405. [CrossRef]

https://doi.org/10.1359/JBMR.050806
https://doi.org/10.1007/s00256-009-0849-9
https://doi.org/10.1038/s41586-018-0554-8
https://doi.org/10.1038/s41467-018-03124-z
https://doi.org/10.1359/jbmr.081003
https://doi.org/10.1016/j.ydbio.2004.01.011
https://doi.org/10.1016/j.bone.2015.04.035
https://doi.org/10.1038/nature01657
https://doi.org/10.1016/j.devcel.2010.07.010
https://doi.org/10.1016/j.bone.2004.07.014
https://doi.org/10.1007/s00256-014-1976-5
https://doi.org/10.1089/ten.tea.2018.0009
https://doi.org/10.1016/j.bone.2007.08.048
https://doi.org/10.1016/j.bone.2004.10.013
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1016/j.cell.2018.07.029
https://doi.org/10.1172/JCI98857
https://doi.org/10.1172/JCI124590
https://doi.org/10.4161/rdis.26657
https://www.ncbi.nlm.nih.gov/pubmed/25003010
https://doi.org/10.1021/acsami.3c12925
https://www.ncbi.nlm.nih.gov/pubmed/37846857
https://doi.org/10.2353/ajpath.2010.100060
https://www.ncbi.nlm.nih.gov/pubmed/20971735
https://doi.org/10.1002/jbm4.10127
https://www.ncbi.nlm.nih.gov/pubmed/31131345
https://doi.org/10.1002/art.21753
https://www.ncbi.nlm.nih.gov/pubmed/16575900
https://doi.org/10.1007/s12015-014-9559-3
https://doi.org/10.1016/j.biomaterials.2011.02.047


Int. J. Mol. Sci. 2024, 25, 2162 17 of 19

29. Zhang, Y.; Xu, J.; Ruan, Y.C.; Yu, M.K.; O’Laughlin, M.; Wise, H.; Chen, D.; Tian, L.; Shi, D.; Wang, J.; et al. Implant-derived magnesium
induces local neuronal production of CGRP to improve bone-fracture healing in rats. Nat. Med. 2016, 22, 1160–1169. [CrossRef]

30. Ortinau, L.C.; Wang, H.; Lei, K.; Deveza, L.; Jeong, Y.; Hara, Y.; Grafe, I.; Rosenfeld, S.B.; Lee, D.; Lee, B.; et al. Identification of
Functionally Distinct Mx1+αSMA+ Periosteal Skeletal Stem Cells. Cell Stem Cell 2019, 25, 784–796.e5. [CrossRef]

31. Doherty, L.; Yu, J.; Wang, X.; Hankenson, K.D.; Kalajzic, I.; Sanjay, A. A PDGFRβ-PI3K signaling axis mediates periosteal cell
activation during fracture healing. PLoS ONE 2019, 14, e0223846. [CrossRef]

32. Hayashi, O.; Katsube, Y.; Hirose, M.; Ohgushi, H.; Ito, H. Comparison of osteogenic ability of rat mesenchymal stem cells from
bone marrow, periosteum, and adipose tissue. Calcif. Tissue Int. 2008, 82, 238–247. [CrossRef]

33. Matthews, B.G.; Grcevic, D.; Wang, L.; Hagiwara, Y.; Roguljic, H.; Joshi, P.; Shin, D.G.; Adams, D.J.; Kalajzic, I. Analysis of
αSMA-labeled progenitor cell commitment identifies notch signaling as an important pathway in fracture healing. J. Bone Miner.
Res. 2014, 29, 1283–1294. [CrossRef]

34. Umrath, F.; Thomalla, C.; Pöschel, S.; Schenke-Layland, K.; Reinert, S.; Alexander, D. Comparative Study of MSCA-1 and CD146
Isolated Periosteal Cell Subpopulations. Cell Physiol. Biochem. 2018, 51, 1193–1206. [CrossRef] [PubMed]

35. Ball, M.D.; Bonzani, I.C.; Bovis, M.J.; Williams, A.; Stevens, M.M. Human periosteum is a source of cells for orthopaedic tissue
engineering: A pilot study. Clin. Orthop. Relat. Res. 2011, 469, 3085–3093. [CrossRef] [PubMed]

36. He, X.; Bougioukli, S.; Ortega, B.; Arevalo, E.; Lieberman, J.R.; McMahon, A.P. Sox9 positive periosteal cells in fracture repair of
the adult mammalian long bone. Bone 2017, 103, 12–19. [CrossRef]

37. Murao, H.; Yamamoto, K.; Matsuda, S.; Akiyama, H. Periosteal cells are a major source of soft callus in bone fracture. J. Bone
Miner. Metab. 2013, 31, 390–398. [CrossRef]

38. Ransom, R.C.; Hunter, D.J.; Hyman, S.; Singh, G.; Ransom, S.C.; Shen, E.Z.; Perez, K.C.; Gillette, M.; Li, J.; Liu, B.; et al.
Axin2-expressing cells execute regeneration after skeletal injury. Sci. Rep. 2016, 6, 36524. [CrossRef]

39. De Bari, C.; Dell’Accio, F.; Luyten, F.P. Human periosteum-derived cells maintain phenotypic stability and chondrogenic potential
throughout expansion regardless of donor age. Arthritis Rheum. 2001, 44, 85–95. [CrossRef] [PubMed]

40. Eyckmans, J.; Roberts, S.J.; Schrooten, J.; Luyten, F.P. A clinically relevant model of osteoinduction: A process requiring calcium
phosphate and BMP/Wnt signalling. J. Cell Mol. Med. 2010, 14, 1845–1856. [CrossRef] [PubMed]

41. Bolander, J.; Chai, Y.C.; Geris, L.; Schrooten, J.; Lambrechts, D.; Roberts, S.J.; Luyten, F.P. Early BMP, Wnt and Ca2+/PKC pathway activation
predicts the bone forming capacity of periosteal cells in combination with calcium phosphates. Biomaterials 2016, 86, 106–118. [CrossRef]

42. Okamoto, K.; Nakashima, T.; Shinohara, M.; Negishi-Koga, T.; Komatsu, N.; Terashima, A.; Sawa, S.; Nitta, T.; Takayanagi, H. Osteoim-
munology: The Conceptual Framework Unifying the Immune and Skeletal Systems. Physiol. Rev. 2017, 97, 1295–1349. [CrossRef]

43. Roberts, S.J.; van Gastel, N.; Carmeliet, G.; Luyten, F.P. Uncovering the periosteum for skeletal regeneration: The stem cell that
lies beneath. Bone 2015, 70, 10–18. [CrossRef]

44. Iuchi, T.; Kusuhara, H.; Ueda, Y.; Morotomi, T.; Isogai, N. Influence of Periosteum Location on the Bone and Cartilage in
Tissue-Engineered Phalanx. J. Hand Surg. Am. 2020, 45, 62.e1–62.e10. [CrossRef]

45. Moore, E.; Maridas, D.; Gamer, L.; Chen, G.; Burton, K.; Rosen, V. A periosteum-derived cell line to study the role of BMP/TGFβ
signaling in periosteal cell behavior and function. Front. Physiol. 2023, 14, 1221152. [CrossRef]

46. 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]

47. Roberts, S.J.; Chen, Y.; Moesen, M.; Schrooten, J.; Luyten, F.P. Enhancement of osteogenic gene expression for the differentiation of
human periosteal derived cells. Stem Cell Res. 2011, 7, 137–144. [CrossRef] [PubMed]

48. Kim, H.Y.; Kim, S.Y.; Lee, H.Y.; Lee, J.H.; Rho, G.J.; Lee, H.J.; Lee, H.C.; Byun, J.H.; Oh, S.H. Oxygen-Releasing Microparticles for
Cell Survival and Differentiation Ability under Hypoxia for Effective Bone Regeneration. Biomacromolecules 2019, 20, 1087–1097.
[CrossRef] [PubMed]

49. Wang, L.; Tower, R.J.; Chandra, A.; Yao, L.; Tong, W.; Xiong, Z.; Tang, K.; Zhang, Y.; Liu, X.S.; Boerckel, J.D.; et al. Periosteal
Mesenchymal Progenitor Dysfunction and Extraskeletally-Derived Fibrosis Contribute to Atrophic Fracture Nonunion. J. Bone
Miner. Res. 2019, 34, 520–532. [CrossRef] [PubMed]

50. Marsell, R.; Einhorn, T.A. The biology of fracture healing. Injury 2011, 42, 551–555. [CrossRef] [PubMed]
51. Dar, H.; Perrien, D.; Pal, S.; Stoica, A.; Uppuganti, S.; Nyman, J.; Jones, R.; Weitzmann, M.; Pacifici, R. Callus γδ T cells and

microbe-induced intestinal Th17 cells improve fracture healing in mice. J. Clin. Investig. 2023, 133, e166577. [CrossRef] [PubMed]
52. Jiang, X.; Xu, C.; Shi, H.; Cheng, Q. PTH1-34 improves bone healing by promoting angiogenesis and facilitating MSCs migration

and differentiation in a stabilized fracture mouse model. PLoS ONE 2019, 14, e0226163. [CrossRef]
53. Shi, Y.; He, G.; Lee, W.C.; McKenzie, J.A.; Silva, M.J.; Long, F. Gli1 identifies osteogenic progenitors for bone formation and

fracture repair. Nat. Commun. 2017, 8, 2043. [CrossRef]
54. Lin, Z.; Fateh, A.; Salem, D.M.; Intini, G. Periosteum: Biology and applications in craniofacial bone regeneration. J. Dent. Res.

2014, 93, 109–116. [CrossRef]
55. Funes, S.C.; Rios, M.; Escobar-Vera, J.; Kalergis, A.M. Implications of macrophage polarization in autoimmunity. Immunology

2018, 154, 186–195. [CrossRef] [PubMed]
56. Qiu, P.; Li, M.; Chen, K.; Fang, B.; Chen, P.; Tang, Z.; Lin, X.; Fan, S. Periosteal matrix-derived hydrogel promotes bone repair through an

early immune regulation coupled with enhanced angio- and osteogenesis. Biomaterials 2020, 227, 119552. [CrossRef] [PubMed]

https://doi.org/10.1038/nm.4162
https://doi.org/10.1016/j.stem.2019.11.003
https://doi.org/10.1371/journal.pone.0223846
https://doi.org/10.1007/s00223-008-9112-y
https://doi.org/10.1002/jbmr.2140
https://doi.org/10.1159/000495497
https://www.ncbi.nlm.nih.gov/pubmed/30541004
https://doi.org/10.1007/s11999-011-1895-x
https://www.ncbi.nlm.nih.gov/pubmed/21547415
https://doi.org/10.1016/j.bone.2017.06.008
https://doi.org/10.1007/s00774-013-0429-x
https://doi.org/10.1038/srep36524
https://doi.org/10.1002/1529-0131(200101)44:1%3C85::AID-ANR12%3E3.0.CO;2-6
https://www.ncbi.nlm.nih.gov/pubmed/11212180
https://doi.org/10.1111/j.1582-4934.2009.00807.x
https://www.ncbi.nlm.nih.gov/pubmed/19538476
https://doi.org/10.1016/j.biomaterials.2016.01.059
https://doi.org/10.1152/physrev.00036.2016
https://doi.org/10.1016/j.bone.2014.08.007
https://doi.org/10.1016/j.jhsa.2019.02.002
https://doi.org/10.3389/fphys.2023.1221152
https://doi.org/10.1038/s41586-020-2050-1
https://www.ncbi.nlm.nih.gov/pubmed/32103177
https://doi.org/10.1016/j.scr.2011.04.003
https://www.ncbi.nlm.nih.gov/pubmed/21763621
https://doi.org/10.1021/acs.biomac.8b01760
https://www.ncbi.nlm.nih.gov/pubmed/30642156
https://doi.org/10.1002/jbmr.3626
https://www.ncbi.nlm.nih.gov/pubmed/30602062
https://doi.org/10.1016/j.injury.2011.03.031
https://www.ncbi.nlm.nih.gov/pubmed/21489527
https://doi.org/10.1172/JCI166577
https://www.ncbi.nlm.nih.gov/pubmed/36881482
https://doi.org/10.1371/journal.pone.0226163
https://doi.org/10.1038/s41467-017-02171-2
https://doi.org/10.1177/0022034513506445
https://doi.org/10.1111/imm.12910
https://www.ncbi.nlm.nih.gov/pubmed/29455468
https://doi.org/10.1016/j.biomaterials.2019.119552
https://www.ncbi.nlm.nih.gov/pubmed/31670079


Int. J. Mol. Sci. 2024, 25, 2162 18 of 19

57. Yuling, T.; Xiao, C.; Junxia, Z.; Jun, J.; Xinghua, L. Effect of different composite plates on the healing of femoral fractures. J. Mech.
Behav. Biomed. Mater. 2023, 151, 106356. [CrossRef] [PubMed]

58. Leucht, P.; Kim, J.B.; Amasha, R.; James, A.W.; Girod, S.; Helms, J.A. Embryonic origin and Hox status determine progenitor cell
fate during adult bone regeneration. Development 2008, 135, 2845–2854. [CrossRef] [PubMed]

59. Matthews, B.G.; Novak, S.; Sbrana, F.V.; Funnell, J.L.; Cao, Y.; Buckels, E.J.; Grcevic, D.; Kalajzic, I. Heterogeneity of murine
periosteum progenitors involved in fracture healing. eLife 2021, 10, e58534. [CrossRef]

60. Chen, R.; Dong, H.; Raval, D.; Maridas, D.; Baroi, S.; Chen, K.; Hu, D.; Berry, S.; Baron, R.; Greenblatt, M.; et al. Sfrp4 is required to
maintain Ctsk-lineage periosteal stem cell niche function. Proc. Natl. Acad. Sci. USA 2023, 120, e2312677120. [CrossRef] [PubMed]

61. Salazar, V.S.; Gamer, L.W.; Rosen, V. BMP signalling in skeletal development, disease and repair. Nat. Rev. Endocrinol. 2016, 12, 203–221.
[CrossRef]

62. Park, J.H.; Koh, E.B.; Seo, Y.J.; Oh, H.S.; Byun, J.H. BMP-9 Improves the Osteogenic Differentiation Ability over BMP-2 through
p53 Signaling In Vitro in Human Periosteum-Derived Cells. Int. J. Mol. Sci. 2023, 24, 15252. [CrossRef]

63. Salazar, V.S.; Capelo, L.P.; Cantù, C.; Zimmerli, D.; Gosalia, N.; Pregizer, S.; Cox, K.; Ohte, S.; Feigenson, M.; Gamer, L.; et al.
Reactivation of a developmental Bmp2 signaling center is required for therapeutic control of the murine periosteal niche. eLife
2019, 8, e42386. [CrossRef]

64. McColl, L.; Chen, X.; Solga, M.; Schlegel, K.; Haughey, S.; Lobo, P.; Fread, K.; Zunder, E.; Cha, R.; Park, S.; et al. BMP-6 promotes type 2
immune response during enhancement of rat mandibular bone defect healing. Front. Immunol. 2023, 14, 1064238. [CrossRef] [PubMed]

65. Romero-Torrecilla, J.A.; Lamo-Espinosa, J.M.; Ripalda-Cemboráin, P.; López-Martínez, T.; Abizanda, G.; Riera-Álvarez, L.; de
Galarreta-Moriones, S.R.; López-Barberena, A.; Rodríguez-Flórez, N.; Elizalde, R.; et al. An engineered periosteum for efficient
delivery of rhBMP-2 and mesenchymal progenitor cells during bone regeneration. npj Regen. Med. 2023, 8, 54. [CrossRef]
[PubMed]

66. Wang, Q.; Huang, C.; Xue, M.; Zhang, X. Expression of endogenous BMP-2 in periosteal progenitor cells is essential for bone
healing. Bone 2011, 48, 524–532. [CrossRef] [PubMed]

67. Chappuis, V.; Gamer, L.; Cox, K.; Lowery, J.W.; Bosshardt, D.D.; Rosen, V. Periosteal BMP2 activity drives bone graft healing.
Bone 2012, 51, 800–809. [CrossRef]

68. 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. Devel-opmental cell.
Developmental cell 2019, 51, 236–254. [CrossRef] [PubMed]

69. Hung, B.P.; Hutton, D.L.; Kozielski, K.L.; Bishop, C.J.; Naved, B.; Green, J.J.; Caplan, A.I.; Gimble, J.M.; Dorafshar, A.H.;
Grayson, W.L. Platelet-Derived Growth Factor BB Enhances Osteogenesis of Adipose-Derived but Not Bone Marrow-Derived
Mesenchymal Stromal/Stem Cells. Stem Cells 2015, 33, 2773–2784. [CrossRef]

70. Novak, S.; Madunic, J.; Shum, L.; Vucetic, M.; Wang, X.; Tanigawa, H.; Ghosh, M.; Sanjay, A.; Kalajzic, I. PDGF inhibits
BMP2-induced bone healing. npj Regen. Med. 2023, 8, 3. [CrossRef]

71. Park, S.Y.; Kim, K.H.; Shin, S.Y.; Koo, K.T.; Lee, Y.M.; Seol, Y.J. Dual delivery of rhPDGF-BB and bone marrow mesenchymal stromal cells
expressing the BMP2 gene enhance bone formation in a critical-sized defect model. Tissue Eng. Part. A 2013, 19, 2495–2505. [CrossRef]

72. Orikasa, S.; Matsushita, Y.; Manabe, H.; Fogge, M.; Lee, Z.; Mizuhashi, K.; Sakagami, N.; Ono, W.; Ono, N. Hedgehog activation promotes
osteogenic fates of growth plate resting zone chondrocytes through transient clonal competency. JCI Insight 2024, 9, e165619. [CrossRef]

73. Koosha, E.; Brenna, C.; Ashique, A.; Jain, N.; Ovens, K.; Koike, T.; Kitagawa, H.; Eames, B.F. Proteoglycan inhibition of canonical
BMP-dependent cartilage maturation delays endochondral ossification. Development 2024, 151, dev201716. [CrossRef]

74. Wang, M.; Nasiri, A.R.; Broadus, A.E.; Tommasini, S.M. Periosteal PTHrP Regulates Cortical Bone Remodeling During Fracture
Healing. Bone 2015, 81, 104–111. [CrossRef]

75. Jeffery, E.; Mann, T.; Pool, J.; Zhao, Z.; Morrison, S.J. Bone marrow and periosteal skeletal stem/progenitor cells make distinct
contributions to bone maintenance and repair. Cell Stem Cell 2022, 29, 1547–1561.e6. [CrossRef] [PubMed]

76. Kuwahara, S.T.; Serowoky, M.A.; Vakhshori, V.; Tripuraneni, N.; Hegde, N.V.; Lieberman, J.R.; Crump, J.G.; Mariani, F.V. Sox9+
messenger cells orchestrate large-scale skeletal regeneration in the mammalian rib. eLife 2019, 8, e40715. [CrossRef] [PubMed]

77. Tsukasaki, M.; Komatsu, N.; Negishi-Koga, T.; Huynh, N.; Muro, R.; Ando, Y.; Seki, Y.; Terashima, A.; Pluemsakunthai, W.; Nitta,
T.; et al. Periosteal stem cells control growth plate stem cells during postnatal skeletal growth. Nat. Commun. 2022, 13, 4166.
[CrossRef] [PubMed]

78. Chijimatsu, R.; Saito, T. Mechanisms of synovial joint and articular cartilage development. Cell. Mol. Life Sci. 2019, 76, 3939–3952.
[CrossRef] [PubMed]

79. Joeng, K.S.; Long, F. Wnt7b can replace Ihh to induce hypertrophic cartilage vascularization but not osteoblast differentiation
during endochondral bone development. Bone Res. 2014, 2, 14004. [CrossRef] [PubMed]

80. Leucht, P.; Lee, S.; Yim, N. Wnt signaling and bone regeneration: Can’t have one without the other. Biomaterials 2019, 196, 46–50.
[CrossRef] [PubMed]

81. Youngstrom, D.W.; Dishowitz, M.I.; Bales, C.B.; Carr, E.; Mutyaba, P.L.; Kozloff, K.M.; Shitaye, H.; Hankenson, K.D.; Loomes,
K.M. Jagged1 expression by osteoblast-lineage cells regulates trabecular bone mass and periosteal expansion in mice. Bone 2016,
91, 64–74. [CrossRef]

https://doi.org/10.1016/j.jmbbm.2023.106356
https://www.ncbi.nlm.nih.gov/pubmed/38181571
https://doi.org/10.1242/dev.023788
https://www.ncbi.nlm.nih.gov/pubmed/18653558
https://doi.org/10.7554/eLife.58534
https://doi.org/10.1073/pnas.2312677120
https://www.ncbi.nlm.nih.gov/pubmed/37931101
https://doi.org/10.1038/nrendo.2016.12
https://doi.org/10.3390/ijms242015252
https://doi.org/10.7554/eLife.42386
https://doi.org/10.3389/fimmu.2023.1064238
https://www.ncbi.nlm.nih.gov/pubmed/36845161
https://doi.org/10.1038/s41536-023-00330-2
https://www.ncbi.nlm.nih.gov/pubmed/37773177
https://doi.org/10.1016/j.bone.2010.10.178
https://www.ncbi.nlm.nih.gov/pubmed/21056707
https://doi.org/10.1016/j.bone.2012.07.017
https://doi.org/10.1016/j.devcel.2019.08.013
https://www.ncbi.nlm.nih.gov/pubmed/31543445
https://doi.org/10.1002/stem.2060
https://doi.org/10.1038/s41536-023-00276-5
https://doi.org/10.1089/ten.tea.2012.0648
https://doi.org/10.1172/jci.insight.165619
https://doi.org/10.1242/dev.201716
https://doi.org/10.1016/j.bone.2015.07.008
https://doi.org/10.1016/j.stem.2022.10.002
https://www.ncbi.nlm.nih.gov/pubmed/36272401
https://doi.org/10.7554/eLife.40715
https://www.ncbi.nlm.nih.gov/pubmed/30983567
https://doi.org/10.1038/s41467-022-31592-x
https://www.ncbi.nlm.nih.gov/pubmed/35851381
https://doi.org/10.1007/s00018-019-03191-5
https://www.ncbi.nlm.nih.gov/pubmed/31201464
https://doi.org/10.1038/boneres.2014.4
https://www.ncbi.nlm.nih.gov/pubmed/26273517
https://doi.org/10.1016/j.biomaterials.2018.03.029
https://www.ncbi.nlm.nih.gov/pubmed/29573821
https://doi.org/10.1016/j.bone.2016.07.006


Int. J. Mol. Sci. 2024, 25, 2162 19 of 19

82. Lawal, R.A.; Zhou, X.; Batey, K.; Hoffman, C.M.; Georger, M.A.; Radtke, F.; Hilton, M.J.; Xing, L.; Frisch, B.J.; Calvi, L.M.
The Notch Ligand Jagged1 Regulates the Osteoblastic Lineage by Maintaining the Osteoprogenitor Pool. J. Bone Miner. Res. 2017,
32, 1320–1331. [CrossRef] [PubMed]

83. 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] [PubMed]

84. Buettmann, E.G.; McKenzie, J.A.; Migotsky, N.; Sykes, D.A.; Hu, P.; Yoneda, S.; Silva, M.J. VEGFA From Early Osteoblast Lineage
Cells (Osterix+) Is Required in Mice for Fracture Healing. J. Bone Miner. Res. 2019, 34, 1690–1706. [CrossRef] [PubMed]

85. Hah, Y.S.; Jun, J.S.; Lee, S.G.; Park, B.W.; Kim, D.R.; Kim, U.K.; Kim, J.R.; Byun, J.H. Vascular endothelial growth factor stimulates
osteoblastic differentiation of cultured human periosteal-derived cells expressing vascular endothelial growth factor receptors.
Mol. Biol. Rep. 2011, 38, 1443–1450. [CrossRef] [PubMed]

86. Bravo, D.; Josephson, A.M.; Bradaschia-Correa, V.; Wong, M.Z.; Yim, N.L.; Neibart, S.S.; Lee, S.N.; Huo, J.; Coughlin, T.;
Mizrahi, M.M.; et al. Temporary inhibition of the plasminogen activator inhibits periosteal chondrogenesis and promotes
periosteal osteogenesis during appendicular bone fracture healing. Bone 2018, 112, 97–106. [CrossRef] [PubMed]

87. Granero-Moltó, F.; Weis, J.A.; Miga, M.I.; Landis, B.; Myers, T.J.; O’Rear, L.; Longobardi, L.; Jansen, E.D.; Mortlock, D.P.; Spagnoli,
A. Regenerative effects of transplanted mesenchymal stem cells in fracture healing. Stem Cells 2009, 27, 1887–1898. [CrossRef]

88. Arron, J.R.; Choi, Y. Bone versus immune system. Nature 2000, 408, 535–536. [CrossRef]
89. Ito, R.; Matsumiya, T.; Kon, T.; Narita, N.; Kubota, K.; Sakaki, H.; Ozaki, T.; Imaizumi, T.; Kobayashi, W.; Kimura, H. Periosteum-

derived cells respond to mechanical stretch and activate Wnt and BMP signaling pathways. Biomed. Res. 2014, 35, 69–79.
[CrossRef]

90. Schönmeyr, B.; Clavin, N.; Avraham, T.; Longo, V.; Mehrara, B.J. Synthesis of a tissue-engineered periosteum with acellular
dermal matrix and cultured mesenchymal stem cells. Tissue Eng. Part. A 2009, 15, 1833–1841. [CrossRef]

91. Hoffman, M.D.; Xie, C.; Zhang, X.; Benoit, D.S. The effect of mesenchymal stem cells delivered via hydrogel-based tissue
engineered periosteum on bone allograft healing. Biomaterials 2013, 34, 8887–8898. [CrossRef] [PubMed]

92. Kang, Y.; Ren, L.; Yang, Y. Engineering vascularized bone grafts by integrating a biomimetic periosteum and β-TCP scaffold. ACS
Appl. Mater. Interfaces 2014, 6, 9622–9633. [CrossRef]

93. Shi, X.; Chen, S.; Zhao, Y.; Lai, C.; Wu, H. Enhanced osteogenesis by a biomimic pseudo-periosteum-involved tissue engineering
strategy. Adv. Healthc. Mater. 2013, 2, 1229–1235. [CrossRef]

94. Shi, X.; Fujie, T.; Saito, A.; Takeoka, S.; Hou, Y.; Shu, Y.; Chen, M.; Wu, H. Periosteum-mimetic structures made from freestanding
microgrooved nanosheets. Adv. Mater. 2014, 26, 3290–3296. [CrossRef] [PubMed]

95. Zhang, B.; Filion, T.M.; Kutikov, A.B.; Song, J. Facile Stem Cell Delivery to Bone Grafts Enabled by Smart Shape Recovery and
Stiffening of Degradable Synthetic Periosteal Membranes. Adv. Funct. Mater. 2016, 27, 1604784. [CrossRef]

96. Gong, M.; Chi, C.; Ye, J.; Liao, M.; Xie, W.; Wu, C.; Shi, R.; Zhang, L. Icariin-loaded electrospun PCL/gelatin nanofiber membrane
as potential artificial periosteum. Colloids Surf. B Biointerfaces 2018, 170, 201–209. [CrossRef] [PubMed]

97. Wang, T.; Zhai, Y.; Nuzzo, M.; Yang, X.; Yang, Y.; Zhang, X. Layer-by-layer nanofiber-enabled engineering of biomimetic
periosteum for bone repair and reconstruction. Biomaterials 2018, 182, 279–288. [CrossRef] [PubMed]

98. Wu, L.; Gu, Y.; Liu, L.; Tang, J.; Mao, J.; Xi, K.; Jiang, Z.; Zhou, Y.; Xu, Y.; Deng, L.; et al. Hierarchical micro/nanofibrous
membranes of sustained releasing VEGF for periosteal regeneration. Biomaterials 2020, 227, 119555. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/jbmr.3106
https://www.ncbi.nlm.nih.gov/pubmed/28277610
https://doi.org/10.1172/JCI82585
https://www.ncbi.nlm.nih.gov/pubmed/26731472
https://doi.org/10.1002/jbmr.3755
https://www.ncbi.nlm.nih.gov/pubmed/31081125
https://doi.org/10.1007/s11033-010-0249-1
https://www.ncbi.nlm.nih.gov/pubmed/20842453
https://doi.org/10.1016/j.bone.2018.04.016
https://www.ncbi.nlm.nih.gov/pubmed/29680264
https://doi.org/10.1002/stem.103
https://doi.org/10.1038/35046196
https://doi.org/10.2220/biomedres.35.69
https://doi.org/10.1089/ten.tea.2008.0446
https://doi.org/10.1016/j.biomaterials.2013.08.005
https://www.ncbi.nlm.nih.gov/pubmed/23958029
https://doi.org/10.1021/am502056q
https://doi.org/10.1002/adhm.201300012
https://doi.org/10.1002/adma.201305804
https://www.ncbi.nlm.nih.gov/pubmed/24616147
https://doi.org/10.1002/adfm.201604784
https://doi.org/10.1016/j.colsurfb.2018.06.012
https://www.ncbi.nlm.nih.gov/pubmed/29909312
https://doi.org/10.1016/j.biomaterials.2018.08.028
https://www.ncbi.nlm.nih.gov/pubmed/30142527
https://doi.org/10.1016/j.biomaterials.2019.119555

	Introduction 
	Periosteum: Its Development and Structure 
	Periosteum Is a Promising Source of Skeletal Stem/Progenitor Cells 
	Identification and Useful Markers 
	Biological Characterization 

	The Dominant Role of Periosteum in Fracture Healing 
	Molecular Signaling Pathways Regulating Periosteal Effects 
	BMP Signaling 
	PDGF Signaling 
	Ihh Signaling 
	Biological Characterization 
	Notch Signaling 
	Other Related Molecular Regulation 

	Discussion 
	References

