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Abstract: The process of fracture healing varies depending upon internal and external factors, such 

as the fracture site, mode of injury, and mechanical environment. This review focuses on site-specific 

fracture healing, particularly diaphyseal and metaphyseal healing in mouse long bones. Diaphyseal 

fractures heal by forming the periosteal and medullary callus, whereas metaphyseal fractures heal 

by forming the medullary callus. Bone healing in ovariectomized mice is accompanied by a decrease 

in the medullary callus formation both in the diaphysis and metaphysis. Administration of estrogen 

after fracture significantly recovers the decrease in diaphyseal healing but fails to recover the 

metaphyseal healing. Thus, the two bones show different osteogenic potentials after fracture in 

ovariectomized mice. This difference may be attributed to the heterogeneity of the skeletal stem cells 

(SSCs)/osteoblast progenitors of the two bones. The Hox genes that specify the patterning of the 

mammalian skeleton during embryogenesis are upregulated during the diaphyseal healing. Hox 

genes positively regulate the differentiation of osteoblasts from SSCs in vitro. During bone grafting, 

the SSCs in the donor’s bone express Hox with adaptability in the heterologous bone. These novel 

functions of the Hox genes are discussed herein with reference to the site-specificity of fracture 

healing. 

Keywords: fracture healing; diaphysis; metaphysis; medullary callus; bone remodeling; estrogen; 

ovariectomy; Hox genes; skeletal stem cells 

 

1. Introduction 

Bone is a mineralized connective tissue with multiple functions such as supporting 

the skeleton structure; producing new blood cells; shielding the internal organs, 

providing a scaffold for the muscles, ligaments, and tendons; and acting as a reservoir for 

minerals [1]. The bone remodeling cycle maintains the identity of each bone in the body. 

Bone remodeling occurs via the coordinated actions of the bone-forming osteoblasts, 

bone-degrading osteoclasts, and osteocytes that act as mechanosensors in the bone-

remodeling compartment [2]. The differentiation and function of these cells are regulated 

by molecules such as growth factors and cytokines, as well as the mechanical 

environment. Furthermore, the remodeling cycle is consolidated by tightly coupled cell-

cell interactions. The osteoblasts and osteocytes transmit a differentiation signal by 

presenting receptor activator of nuclear factor kappa-B ligand (RANKL) to osteoclast 

progenitors [3–5]. The bilateral signaling between the ligand ephrinB2 on osteoclasts and 

its receptor, EphB4, on the osteoblasts enhances osteoblast differentiation and inhibits 

osteoclast function, resulting in the phase transition from bone resorption to bone 

formation [6]. This remodeling cycle maintains the homeostasis of the bone interacting 

with the environment in the physiological state. 

Bone injury damages the bone and interrupts the remodeling cycle. Fracture healing 

is a regenerative process that fills the discontinuity of the broken bone and returns the 
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remodeling cycle. Incomplete healing, such as fracture nonunion, malunion, and delayed 

healing, has been a clinical problem [7]. Identification of the factors determining the 

processes of fracture healing may be useful for understanding the mechanism of 

regeneration and for better clinical treatment. Although fracture healing involves bone 

repair, reorganization of the blood vessel network [8], and remodeling of the bone marrow 

[9], this review focuses on the processes of bone repair. As remodeling is pivotal in bone 

homeostasis, the dynamic nature of remodeling appears to be a driving force for bone 

regeneration. Healing a bone fracture via the formation and degradation of bony callus is 

similar to bone remodeling [10]. There are two healing patterns: direct and indirect. Direct 

healing (also called intramembranous ossification) indicates the direct differentiation of 

bone-forming osteoblasts from skeletal stem cells (SSCs)/osteoblast progenitors (also 

called mesenchymal stem cells) [11]. Indirect healing (also called endochondral 

ossification) incorporates the stage of formation and degradation of the cartilaginous 

callus before osteoblast differentiation. The healing pattern varies with respect to the 

fracture site, mode of injury, and mechanical environment [12–14]. Traditionally, the 

mechanism of intramembranous and endochondral ossification in animals has been 

studied for healing fractures in the calvarium and diaphysis of long bones, respectively 

[14]. However, bone fractures in humans mainly occur in the metaphyseal regions of the 

long bone [15]. Several studies have indicated that metaphysis fractures heal via 

intramembranous ossification in rats [16], rabbits [17], and mice [18,19]. The difference in 

the healing patterns between the diaphysis and metaphysis of the long bones has not been 

well recognized. Recent studies in our lab have shown that the two bone regions heal via 

distinct patterns in a mouse fracture model [12,20]. In particular, the process of 

metaphyseal healing in ovariectomized (OVX) mice differs from that in normal mice. This 

review summarizes the differences in bone repair between the diaphysis and metaphysis 

in animals and discusses the origin of these differences. 

2. Animal Models of Fracture Healing 

A long bone consists of the epiphysis at both ends, diaphysis at the center, and 

metaphysis at the boundary of both sites [21] (Figure 1A). The diaphysis is composed of a 

thick cortical bone and a small amount of cancellous bone (also called trabecular or 

sponge), and the periosteum covers the outer surface of the cortical bone (Figure 1B). The 

bone marrow fills the medullary cavity. In contrast, the metaphysis consists of a thin 

cortical bone and a large amount of cancellous bone with a rich blood supply in the bone 

marrow. In children, a growth plate exists adjacent to the epiphysis and is responsible for 

the longitudinal growth of the bone. Rapid longitudinal growth often causes metaphysis 

fractures during puberty [22]. In the elderly, bone fractures occur primarily because of 

bone fragility owing to osteoporosis [23]. An increase in metaphysis fractures, such as the 

proximal femur and distal radius, has become a public health concern in developed 

countries. Researchers have devised various animal models to elucidate the mechanism 

of fracture healing for developing effective clinical care [24–26].  
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Figure 1. Mouse tibia and the fracture model used. (A) An image of the mouse tibia obtained through micro-computed 

tomography. (B) Schematic of a cross view of the mouse tibia. (C) A drill hole model for fracture healing. A drill hole is 

formed from medial to lateral through both sides of the cortical bones using a round bur. 

2.1. Closed Fracture Model 

Since the pattern of fracture healing varies with age, sex, fracture site, and fracture 

severity, a suitable fracture model should be adopted to evaluate the mechanism of the 

specific healing process. The characteristics of various models devised so far have been 

reviewed elsewhere [25,26]. In short, there are two animal healing models: stable and 

unstable. The unstable model is accompanied by uncontrolled pain and fracture mobility, 

making it inappropriate for quantitative analysis. In a stable model, the injured site is 

stabilized by inserting a pin or a needle into the medullary cavity of the long bone. The 

closed fracture models in which the skin remains intact, heal via endochondral 

ossification. The cartilaginous callus appears at the periosteum region in these models, 

although the damage to the bone marrow by inserting a pin prevents the formation of the 

medullary callus.  

2.2. Open Fracture Model 

In the open-fracture model, the skin is incised, and bone injury is produced by 

various methods. The injured site is often stabilized by the external fixators [25,26]. Rigid 

fixation allows the fracture to heal via intramembranous ossification. We adopted a drill 

hole model to compare the diaphysis and metaphysis healing (Figure 1C). Because of the 

partial bone defect, the fracture site was stable without fixation in this model. An aperture 

was formed in the diaphysis or metaphysis from the medial through both sides of the 

cortical bone using a round bur via open surgery. The surgery, however, required special 

care to preserve the intact skin, although the periosteum was broken at the lateral side of 

the cortical bone. The healing processes at the lateral side of the periosteum where the 

skin was intact were examined because the bone healing process in the periosteum region 

is sensitive to soft tissue injury. This model is therefore not completely fractured, unlike 

human fractures. 
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3. Fracture Healing in a Drill Hole Model 

3.1. Diaphysis Healing 

Diaphysis healing involves complex spatio-temporal processes with different 

mechanisms at specific locations. On the periosteal side, the cartilaginous and bony callus 

(periosteal callus) appear during fracture healing [10], whereas only the bony callus 

(medullary callus) emerges within the bone marrow cavity [12,27,28]. Therefore, here we 

separately describe the temporal events of diaphysis healing at three distinct locations. 

3.1.1. Endochondral Ossification at the Periosteal Side of the Cortical Bone  

Fracture healing is divided into four histological stages on the periosteal side: 

inflammation, cartilaginous callus formation, bony callus formation, and remodeling [10] 

(Figure 2A). The first 3 days after fracture are characterized by hematoma formation [29] 

and subsequent inflammation reactions [30]. Fracture disrupts the local vascularization 

and soft tissues in the bone, resulting in hematoma formation. Immediately after the 

fracture, the platelets form a fibrin network that triggers hemostasis. In the inflammatory 

stage, platelets, neutrophils, macrophages, and lymphocytes are recruited to the fracture 

site in mice [30]. Neutrophils and macrophages remove dead cells and debris. The 

immune cells secrete pro-inflammatory cytokines, such as interleukin (IL)-1β, IL-6, and 

tumor necrosis factor α (TNF-α). They also release growth factors such as platelet-derived 

growth factor (PDGF), transforming growth factor-β (TGF-β), vascular endothelial 

growth factor (VEGF), and fibroblast growth factor (FGF) [31–34]. PDGF and TGF-β 

promote the recruitment and proliferation of SSCs at the fracture site [31,32]. FGF-2 

activates the proliferation of osteoblast [33] and VEGF triggers angiogenesis [34]. On day 

3, T and B cells are recruited to the fracture site [35]. They produce osteoprotegerin and 

RANKL to regulate osteoclast differentiation. The T cells secrete IL-17, which plays a role 

in osteoblastogenesis [36]. After day 4 (the cartilaginous callus formation stage), the SSCs 

differentiate into chondrocytes, forming a cartilaginous callus around the fracture site 

[37]. Accordingly, this stage is characterized by the high expression of Sox9 and type 2 and 

type 10 collagen mRNAs in mice and rats [12,37]. Periosteal cells appear to be the major 

source of progenitors for cartilaginous callus [27,37]. Other cells from different sources 

may also contribute to callus formation, including the bone marrow [38], vessel walls [39], 

surrounding muscles [40], and circulation [41]. SSCs within the periosteum show the 

higher regenerative potential than those in the bone marrow [42]. Notably, the 

cartilaginous callus did not belong to the primary cartilage. Embryologically, the cartilage 

is classified into primary and secondary cartilage [43]. The skeletal cartilage, such as the 

limb bud cartilage, is classified as the primary cartilage, which is formed by chondrocyte 

differentiation from the mesenchymal cell aggregates. On the contrary, cartilages in the 

maxillofacial region originate from the periosteum and are called secondary cartilages; 

they include the mandibular condylar cartilage, angular cartilage, and coronoid process. 

The cartilaginous callus formed during fracture healing was also classified as the 

secondary cartilage. After day 5, vascular invasion stimulates the replacement of the 

cartilaginous callus with the bony callus [8]. The bony callus formation stage is evident by 

the upregulation of VEGF mRNA at the ossification site in mice [44]. On day 14, the 

cartilaginous callus was completely replaced by a bony callus, while the bony callus was 

remodeled to the original bone architecture after day 21 by the coordinated action of the 

osteoclasts and osteoblasts [45].  
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Figure 2. Schematic diagram of diaphysis and metaphysis healing in a mouse drill hole model. (A) Diaphysis fracture 

heals via the formation of the periosteal and medullary callus. (B) Metaphysis fracture heals via the formation of the 

medullary callus. The broken square indicates the region of interest for our analysis. 

Notably, the metaphyseal healing in a stable model (drill hole model) does not 

involve periosteal callus formation, as described below, although the mRNA expression 

of the chondrogenic markers (Sox9 and type 2 collagen) is weakly upregulated in the 

periosteal cells [12]. In contrast, the metaphyseal healing in an unstable model [46] as well 

as a stable model in rats [47,48] forms a cartilaginous callus on the periosteum side. These 

results suggest that chondrogenesis from the periosteal cells depends on the mechanical 

environment during metaphyseal healing. 

3.1.2. Intramembranous Ossification at the Periosteal Side of the Cortical Bone 

Thirty-six hours after the fracture, SSCs’ proliferation was detected at the periphery 

of the fracture site on the periosteal side in rats [49]. On day 3, the SSCs differentiated into 

osteoblasts that formed a bony callus at the end of the injured cortical bone. Ossification 

in this region is verified by the mRNA expression of osteonectin, osteocalcin, alkaline 

phosphatase, and type 1 collagen [49]. Inside the bony callus, endochondral ossification 

occurs, as described in Section 3.1.1.  

3.1.3. Medullary Callus 

During the healing of the diaphysis, bony callus appears in the marrow cavity in mice 

[12,27] and rats [9]. The bony callus is often called the medullary callus and/or endosteal 

callus. In this review, we differentiated the callus in the central bone marrow as a 

medullary callus and that near the cortical bone as the endosteal callus. On day 4 after 
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fracture, the SSCs proliferate and differentiate into osteoblasts, which directly produce 

new bone in the bone marrow [12,27]. In parallel, the mRNA expression of osterix, Runx-

2, and type 1 collagen was upregulated in the bone marrow [12]. On day 14, the medullary 

callus increased in size and filled the bone marrow of the fracture site. The callus gradually 

decreased in size and disappeared before the establishment of the bone union in the 

cortical bone. 

3.2. Metaphyseal Healing 

Previous studies have shown that metaphysis fractures in mice heal by the direct 

bone formation from the bone marrow without forming cartilaginous callus on the 

periosteal side [12]. The histological stages of metaphyseal healing differ from those of the 

diaphyseal healing [17,50]. We described the processes of metaphyseal healing in a drill 

hole model (Figure 2B) following the previously described classification [50]: 

inflammation, cell proliferation, bony callus, and bone remodeling. 

3.2.1. Medullary Callus 

In the first stage of healing, hematoma formation and limited inflammation occurred 

2 days after the fracture. The inflammation reaction of the metaphyseal healing is weaker 

than that of the diaphyseal healing in mice [20] and rabbits [17]. The reaction is 

distinguished by the early disappearance of neutrophils and an increase in the number of 

granulocytes [51]. In contrast, there is an increase in the number of lymphocytes on days 

3 and 5 after fracture in the diaphyseal healing [51]. Cell proliferation starts earlier in 

metaphyseal healing than in diaphyseal healing due to the short-term inflammation 

(Figure 2B). 

In the bony callus formation stage, the SSCs are recruited to the injured site and 

differentiate into osteoblasts. Osteoblasts form the medullary callus that fill the marrow 

cavity at the site of injury. This coincides with the expression of osteogenic markers, such 

as alkaline phosphatase, osteocalcin, and type I collagen. These markers appear earlier in 

the metaphyseal healing than in the diaphyseal healing [12]. 

In the lamellar bone formation stage, the medullary callus transforms into a bony 

callus with mature lamellar bone. The bony callus, formed in the bone marrow, is 

gradually resorbed by the osteoclasts, and the injured metaphysis is restored to the 

original architecture. The medullary callus in metaphyseal healing appears 5 days after 

the fracture and reaches the maximum size (volume) at day 7 in mice [12]. In contrast, the 

medullary callus in the diaphyseal healing occurs on day 7 and attains its maximum on 

day 14. In this stage, the region at which the osteoclasts appear overlaps with that of the 

medullary callus [20]. The maximum size of the callus in metaphyseal healing is equal to 

that in diaphyseal healing. The medullary callus in the metaphyseal healing gradually 

dissolves 21 days after fracture, whereas the callus in the diaphyseal healing disappears 

at day 42.  

3.2.2. Endosteal Callus 

The endosteum is a subcompartment of the bone marrow that lines the inner surface 

of the cortical bone (Figure 1B). The appearance of the endosteal callus appears to be rare 

because only a few studies have reported its existence [52,53]. It is impossible to 

distinguish the endosteal callus from the medullary callus during metaphyseal healing in 

normal and OVX mice. The large medullary callus might mask the endosteal callus. 

Alternatively, the formation of a medullary callus predominates over that of an endosteal 

callus during fracture healing. In contrast, the endosteal callus is evident during 

metaphyseal healing in estrogen-administered OVX mice, as described later, and appears 

to originate from the SSCs/osteoblast progenitors that reside in the endosteum [54]. 
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4. Estrogen in Fracture Healing 

4.1. OVX Mice 

Although fractures may occur at various ages, osteoporotic patients are at a high risk 

of fracture [15,23]. In postmenopausal women, bone fragility occurs due to decreased 

levels of estrogen [23]. One of the goals of bone research is to prevent and treat 

osteoporosis. Hence, fracture healing has been studied in female animals whose ovaries 

are removed (ovariectomy) [55]. Although OVX animals do not precisely represent the 

symptoms of osteoporotic patients, they have some similarities with postmenopausal 

bone loss in humans. OVX mice exhibit significant and minor losses in the cancellous and 

cortical bones of the long bone, respectively [56]. 

4.2. Diaphyseal Healing in the OVX Mice 

Previous studies have shown profound effects on diaphysis healing in mice [57–62]. 

At the inflammatory stage, ovariectomy increases the circulating inflammatory cytokines 

such as IL-6 [63], and midkine (Mdk) [61] in mice. Furthermore, an increase in the number 

of neutrophils at the site of injury [20] and adipocytes in the bone marrow is observed in 

OVX mice [64]. However, ovariectomy has little effect on the formation of cartilaginous 

callus in mice [57] and rats [65]. In contrast, ovariectomy decreases the size of the 

periosteal bony callus in mice [57] and rats [65] and medullary callus in mice [20,59], 

consistent with the decrease in the mRNA expression of osteocalcin, type 1 collagen, and 

P1NP in mice [59]. Substance P is a neuropeptide regulating angiogenesis and thereby 

bone metabolism and fracture healing [66]. Ovariectomy decreases the level of substance 

P, impairing angiogenesis during fracture healing [66]. In the late stage, the bone strength 

of the fracture site in the OVX mice was significantly lower than that in the controls, 

delaying the union [57,65]. 

4.3. Metaphyseal Healing in the OVX Mice  

Ovariectomy also deteriorates the metaphyseal healing in rats [47,67] and mice [20]. 

In mice, ovariectomy delays inflammation and is characterized by the late disappearance 

of neutrophils [20] (Figure 3). Additionally, ovariectomy decreases the formation of 

medullary callus, while it increases the endosteal callus formation. The decrease in the 

medullary callus appears to be compensated by an increase in the endosteal callus. The 

endosteal callus is formed by the osteoconduction from the existing cortical bone at the 

endosteal surface [48]. Overall, ovariectomy was found to delay the recovery of bone 

mineral density (BMD) at the injured site. 

4.4. Effects of Estrogen Administration on Fracture Healing in the OVX Animals  

The effects of estrogen on fracture healing in the OVX animals are summarized in 

Table 1. The subcutaneous injection of estrogen after bone injury partly rescues diaphyseal 

and metaphyseal healing in OVX mice [20]. Interestingly, estrogen significantly increased 

the amount of medullary callus in diaphyseal healing but caused no change in the 

medullary callus during metaphyseal healing, suggesting that the cells involved in 

medullary callus formation have varying sensitivities to estrogen between the diaphysis 

and metaphysis. A previous study reported that estrogen improves metaphyseal healing 

via an increase in the medullary callus in OVX rats [48]. In these experiments, the OVX 

rats had a significant amount of cancellous bone in the metaphysis, because they were fed 

estrogen for 10 weeks before bone injury. In addition, metaphyseal healing in this model 

is accompanied by the appearance of periosteal callus [47]. Therefore, the discrepancy 

may be attributed to the differences in experimental protocols. Unexpectedly, this 

discrepancy underlines the importance of pre-existing cancellous bone in the formation 

of medullary callus during metaphyseal healing. 

In the late stage of fracture healing, osteoclasts resorb the bony callus and reshape 

the regenerated bone. The increased number of osteoclasts in the OVX animal bone is 
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expected to shorten the duration of the remodeling stage. Consistent with this, 

preponderant osteoclasts appear at the periosteum region and persist longer in the OVX 

mice than in the controls [20]. In the future, quantitative estimation of the osteoclast 

activity at the late stage of fracture healing is required. 

 

Figure 3. Effects of ovariectomy on the metaphyseal and diaphyseal healing in the mouse drill hole model. (A) Diaphyseal healing. 

(B) Metaphyseal healing. The fracture healing was compared at the inflammatory stage (left), callus formation stage (center), and 

remodeling stage (right). 
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Table 1. Changes in fracture healing in the ovariectomized animals. 

 Diaphysis  Metaphysis 

Estrogen injection ― ＋ ― ＋ 

Inflammation stage     

Neutrophils ↑ [20,60] ND ↑ [20] ND 

Inflammatory cytokines ↑ [60,61] ND ND ND 

     

Callus formation stage     

Cartilaginous callus → [57,65] ↑ [57] NA NA 

  → [62]*   

Periosteal callus (bony) ↓ [57,59,65]  ↑ [57,62]* NA NA 

Medullary callus ↓ [59] ↑ [20]      ↓ [20,47,48]  → [20] 

    ↑ [47,48]* 

Osteogenic markers ↓ [59] ND ↓ [20] ND 

     

Remodeling stage     

Bone mineral density ↓ [59] ↑ [20] ↓ [20] ↑ [20] 

Bone strength ↓ [57,65]  ↑ [57] ↓ [48] ND 

Fracture healing was compared between the ovariectomized- and Sham-animals. Ovariectomy causes many changes in 

the events of fracture healing and delays the healing (Estrogen injection −). The estrogen injection to the ovariectomized 

animals after bone fracture partially recovers the delay (Estrogen injection +). The references are shown in parentheses. 

Abbreviations: ↑ increased; ↓ decreased; → no change; * estrogen was administered before the bone injury; ND, not 

determined; NA, not applicable. 

4.5. Phenotypes of Estrogen Receptor Alpha Knockout Mice 

The comparison of fracture healing between the diaphysis and metaphysis indicates 

that the former is more severely affected by ovariectomy [20]. Here, we discuss this issue 

based on the phenotypes of the cortical and cancellous bones of the long bones of female 

mice with a cell-specific deletion of ERα [68]. Mice with deleted ERα in the osteoclasts via 

Ctsk-Cre [69] and LysM-Cre expression [70] exhibited attenuated bone mass in the 

cancellous bone but not in the cortical bone. These phenotypes are similar to those 

observed in the OVX mice, suggesting that estrogen regulates cancellous bone mass via 

osteoclastic bone resorption. However, deletion of ERα in the osteoblast progenitors via 

Prrx1-Cre and Sp7-Cre expression decreases the bone mass of the cortical bone due to 

decreased periosteal bone formation, without affecting the cancellous bone mass [71]. 

Therefore, estrogen plays a critical role in osteoblast differentiation in the periosteal region 

of the cortical bone. Do these results coincide with the observations during fracture 

healing in the OVX mice? Ovariectomy attenuates the formation of the periosteal bony 

callus during diaphyseal healing [57,65]. In metaphyseal healing, ovariectomy promotes 

the endosteal callus formation but inhibits the medullary callus formation, as described 

above. These observations support the notion that estrogen deficiency decreases the 

periosteal callus formation via osteoblastogenesis in diaphyseal healing and attenuates 
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medullary callus formation via osteoclastogenesis in metaphyseal healing. Fracture 

healing involves bone regeneration; hence, osteoblasts might play a more important role 

than osteoclasts during healing. This probably explains the severe effect of ovariectomy 

on diaphyseal healing compared to metaphyseal healing. Therefore, facilitating 

osteoblastogenesis without inhibiting osteoclastogenesis may be more effective for 

fracture healing in osteoporosis patients. 

5. Cells Involved in Fracture Healing 

Fracture healing is an outcome of the complex actions of multiple cells at distinct 

stages. Both endochondral and intramembranous ossification processes involve stages of 

inflammation, bony callus formation, and remodeling. Here, we have summarized the 

roles of macrophages, osteoblasts, and osteoclasts at the respective stages. 

5.1. Macrophages 

Macrophages play a pivotal role in bone maintenance in the physiological state [72]. 

The Lys-M Cre/macrophage Fas-induced apoptosis (Mafia) mice (macrophage-depleted 

mice) at 3 months of age showed a significant decrease in the thickness and BMD of the 

cortical bone in the diaphysis and the number of cancellous bones and BMD in the 

metaphysis compared to the control, due to a deterioration in the proliferation of the 

osteoblast progenitors and the differentiation of the osteoblasts in the LysM Cre/Mafia 

mice. During fracture healing, the macrophages secrete various inflammatory cytokines, 

contributing to hematoma formation during the inflammation stage [10,30]. The secreted 

cytokines are also involved in the proliferation of SSCs, differentiation of osteoblasts, and 

differentiation of osteoclasts. The bone-resident macrophages (osteomas) are in direct 

contact with osteoblasts on the bone surfaces during diaphyseal healing in mice [73]. The 

in vivo macrophage depletion experiments using the transgenic Mafia mouse or 

clodronate liposome delivery demonstrated that the resident macrophages promote the 

formation of medullary callus in intramembranous ossification. Inflammatory 

macrophages are required for the formation of cartilaginous callus, and both 

inflammatory and resident macrophages are required for the formation of bony callus in 

the endochondral ossification during diaphyseal healing in a mouse flexible plate fracture 

gap model [74]. This is consistent with the finding that diaphysis healing in LysM 

Cre/Mafia mice exhibited reduced cartilaginous and bony callus in an osteotomy model 

stabilized with an intramedullary pin fracture model [75]. In the diaphyseal healing in a 

mouse intramedullary pin fracture model, a macrophage subset switch from M1 

(inflammatory) to M2 (anti-inflammatory) is coupled with the transition from the 

cartilaginous callus to the woven bone callus in the endochondral ossification [76]. Thus, 

macrophages are involved not only in the cartilaginous and bony callus formation in the 

endochondral ossification but also in the bony callus formation during intramembranous 

ossification. 

In the inflammatory stage, many cells assemble at the injured site and secrete pro-

inflammatory and anti-inflammatory cytokines and growth factors, leading to 

complicated pharmacological interventions for fracture healing [77]. Antibiotics, 

anticoagulants, and non-steroidal anti-inflammatory drugs (NSAIDs) elicit negligible or 

negative effects on fracture healing. In a mouse drill hole and screw model, indomethacin 

and dexamethasone were reported to inhibit diaphyseal healing, whereas they showed 

minimal effects on the metaphyseal healing [18,19]. Therefore, these drugs may be useful 

in elucidating the mechanism of site-specific differences in fracture healing.  

5.2. Osteoblasts 

A medullary callus appears in both diaphyseal and metaphyseal healing processes 

in a mouse drill hole model. Although the dynamics of the periosteal callus in 

endochondral ossification have been well elucidated, the dynamics of medullary callus 
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have been elusive. Here, we summarize the current knowledge on the formation and 

disappearance of medullary callus. 

The differentiation of SSCs into osteoblasts is the main mechanism of medullary 

callus formation. The lineage specification of SSCs is regulated by the specific 

transcription factors in response to the chemical, physical, and biological cues [78,79]. 

Although physical cues, including matrix stiffness [80], the micro-geometrical pattern of 

the matrix [81], and fluid shear stress [2] are known to determine the differentiation of 

osteoblasts from SSCs in vitro, the significance of these factors in fracture healing has been 

elusive. There exists an alternative route for osteoblast differentiation, that is, 

transdifferentiation of chondrocytes into the osteoblasts. Transdifferentiation occurs in 

the periosteal callus during fracture healing [82], but not in the endosteal and medullary 

callus. Bone graft healing experiments showed that SSCs at the periosteum, endosteum, 

and bone marrow form the bony callus at the respective site, indicating the importance of 

a site-specific environment [27]. The inverse orientation graft experiments further suggest 

the plasticity and priority of local SSCs for the formation of a prospective bony callus. 

Indeed, when the bone marrow or endosteum is removed before fracture, the amount of 

medullary callus decreases in non-stabilized fracture healing [9,27]. These results coincide 

with the idea that osteoblast progenitors that form the bony callus are derived from the 

proximal pool but not from the distant pool. In contrast, the transplanted SSCs are 

systemically transported to the site-specific niche at the fracture site and contribute to the 

formation of cartilaginous and bony callus in a stabilized mouse tibia fracture model [83]. 

The site-specific SSCs have been shown to have different properties. The mouse SSCs 

present on the endosteum have a stronger osteogenic potential than those in the central 

bone marrow [84]. The metaphysis with a rich cancellous bone harbors more SSCs than 

the diaphysis [84]. In addition, the metaphysis has more CD31high/endomucinhigh-positive 

vessels that contain abundant osteoprogenitor cells than those in the diaphysis [85]. The 

different sources of SSCs may independently contribute to the formation of the medullary 

callus. The differentiated osteoblasts at distinct sites exhibit different characteristics. The 

primary osteoblasts from rat calvaria and femur show differences in mineralization and 

gene expression in response to stimuli [86]. The importance of a geometrical factor for the 

behavior of medullary callus is shown during bone union in a rat osteotomy model [52]. 

When the fracture gap was 1 mm, the two medullary callus outside the gap formed 

endosteal bridging; however, when the gap was 5 mm, the medullary callus failed to form 

endosteal bridging, but closed the marrow cavities, resulting in bone nonunion. This 

indicates that the distance of the fracture gap determines the behavior of osteoblasts in the 

medullary callus. Curiously, the role of medullary callus in the intramembranous 

ossification has not been seriously pursued. Undoubtedly, a part of the medullary callus 

transforms to the cancellous bone at the late stage of fracture healing. The callus appears 

to confer stability to the unstable fracture site during healing. This idea is supported by 

the fact that the size of the medullary callus correlates with bone strength [87]. Future 

studies are needed to clearly define the role of the medullary callus during fracture 

healing. 

Parathyroid hormone (PTH), approved for osteoporosis therapy, is expected to 

improve fracture healing. Abaloparatide, a PTH receptor agonist, increases callus size and 

callus bridging in a rat diaphysis femoral fracture model [88]. Teriparatide, human PTH 

(1-34), has positive or no effects on fracture healing rate and bone union [89,90]. The other 

group reported improved functional outcomes but not fracture healing rate [91]. 

Teriparatide enhances the osseous union after lumbar interbody fusion for osteoporosis-

associated lumbar degenerative disorders [92]. Therefore, anabolic drugs appear to be 

useful in clinical applications.  
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5.3. Osteoclasts 

As described in Section 1, osteoclasts are indispensable for bone remodeling. 

Therefore, osteoclasts are also expected to function in the remodeling of the broken bones 

and bony callus during fracture healing. Indeed, both cartilaginous and bony callus 

formed after fracture completely degenerated before the completion of fracture healing. 

Antiresorptive drugs such as alendronate and denosumab (a RANKL inhibitor) delay the 

removal of cartilage and bony callus with a concomitant increase in mechanical stiffness 

during rat femur fracture healing [93]. However, alendronate has been reported to have 

no effect on the human distal radius fracture healing [94] or cause a slight delay in healing 

[95]. Similarly, denosumab does not affect human non-vertebral fracture healing [96], 

whereas it improves screw fixation in rat tibial fractures [97] and human pedicle screw 

fixation [98]. Therefore, antiresorptive drugs that effectively treat bone diseases such as 

osteoporosis are less effective against fracture healing. 

The nature of osteoclasts in the diaphysis and metaphysis during fracture healing has 

not been explored. The site-specific heterogeneity of osteoclasts has been reported from 

the progenitors to the phenotypes of mature osteoclasts [99]. Future studies may reveal 

the site-specific heterogeneity of osteoclasts in response to the microenvironment and 

external factors during fracture healing. 

6. Hox Code in Skeleton 

6.1. Cortical Bone versus Cancellous Bone 

The arguments so far raise the question of whether the difference in fracture healing 

between the diaphysis and metaphysis can be explained by the properties of cortical and 

cancellous bone. The cortical bone differs from the cancellous bone in many ways. First, 

the cortical bone has a higher BMD than cancellous bone in the radius and tibial diaphysis 

[100] and lumbar vertebrae in humans [101]. In mouse tibial metaphysis, the cortical BMD 

is approximately four-fold higher than that of the cancellous bone [102]. Second, there is 

a clear difference in the dynamics of the two bones. The cancellous bone has a two-fold 

higher bone turnover than the periosteal and intracortical regions of the cortical bone in 

the ilium of postmenopausal women [103]. Exceptionally, the endosteal region of cortical 

bone shows a higher turnover than cancellous bone. High bone turnover is a risk factor 

for fractures [103]. The adaptation of cortical bone to mechanical load differs from that of 

the cancellous bone [104]. The cortical bone adopts the load in a dose-dependent manner, 

whereas the cancellous bone is nearly insensitive to the load in a mouse tibial axial 

compression loading model. Lastly, both the cortical and cancellous bones in a long bone 

are generated by a less-understood mechanism downstream of primary ossification 

during embryogenesis [105]. The mechanism of intramembranous ossification in the 

calvaria may differ from that of metaphyseal healing. At present, precise knowledge of 

the intramembranous ossification at distinct sites during development remains elusive. 

Apart from the issues on cortical versus cancellous bones, it is clear that the genetic 

code somehow specifies the formation of a given bone at a specified location during 

development. One such code is the Hox gene, a subset of homeobox-domain-containing 

transcription factors, originally found in the fruit fly Drosophila [106]. The mutation in the 

Hox gene causes homeotic transformation, formation of a given organ in an incorrect 

place. Hox genes are arranged collinearly in a cluster, and their expression 

spatiotemporally coincides with the formation of body segments along the anterior-

posterior axis during Drosophila embryogenesis. Thus, Hox genes provide positional 

information of the body plan of an embryo but do not form a specific segment or organ. 
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6.2. Hox Genes in Skeleton  

In humans, 39 HOX genes are found and arranged in four gene clusters: HOXA, 

HOXB, HOXC, and HOXD [107]. Because these genes have functional redundancy 

between the paralogous groups, it is difficult to define their function by activating or 

inactivating a single gene. Nonetheless, extensive studies using compound mutants have 

revealed that Hox genes work in specifying the skeleton of the vertebrate embryos during 

development. In mice, the axial vertebrae from cervical to caudal are patterned by Hox4 

to Hox11. The limb is divided into three segments: stylopod (humerus, femur), zeugopod 

(radius/ulna, tibia/fibula), and an autopod (wrist/forepaw, ankle/hind paw). These 

segments are specified by Hox9, Hox10, Hox11, Hox12, and Hox13, respectively [108]. In 

the rib cage, the rib and sternum are derived from the somatic mesoderm and lateral plate 

mesoderm, respectively. Hox5, Hox6, and Hox9 specify the rib pattern from the cranial to 

caudal regions [109]. In contrast, the three Hox genes pattern the sternum in a non-linear 

manner. These results suggest that Hox genes are indispensable for the normal patterning 

of the mouse skeleton during development. Interestingly, Hox genes are expressed in the 

adult skeleton in the same pattern established during development [110], raising the 

possibility that Hox genes also function in the adult skeleton. This notion is demonstrated 

by examining the phenotypes of mice with conditionally deleted Hox11 gene at the adult 

stage [111]. The Hox11 deletion at the adult stage causes a transformation of the normal 

lamellar bone into an abnormal woven bone-like matrix of disorganized collagens in the 

cortical bone of the ulna, whereas it induces no change in the cortical bone of the humerus. 

The results suggest that Hox genes specify the global pattern of the mammalian skeleton 

during embryogenesis and also act as a factor in bone remodeling at a specific site in 

adults. 

6.3. Hox Genes in Fracture Healing 

Hox genes are also involved in fracture healing. The Hoxa2 and Hoxd9 mRNAs were 

upregulated throughout fracture healing (day 2 to day 21) in a rat femur-controlled fixed 

model [112]. Both the Hox proteins are expressed in the osteoprogenitors at the 

periosteum, fibrocartilage, and osteoblasts in the newly formed woven bone in the 

fracture callus. The expression of Hox genes during mouse femur diaphysis healing was 

studied using global transcriptional analysis [113]. The expression of Hoxa3, Hoxa4, 

Hoxa10, Hoxb1, Hoxb13, Hoxc6, Hoxc10, Hoxd3, and Hoxd13 showed a biphasic peak at day 

3 and day 14 or 21 after a fracture. Hoxa1, Hoxa2, Hoxa4, Hoxa5, Hoxb3, Hoxb6, Hoxb9, 

Hoxc5, Hoxd3, and Hoxd9 were upregulated at the late stage (days 14 and 21 after fracture), 

whereas Hoxa4, Hoxa11, Hoxb2, Hoxb8, and Hoxc8 are upregulated during healing. 

Surprisingly, many Hox genes are upregulated during diaphysis healing. Since the results 

appear to contradict the concept of region-specific expression of Hox genes in the skeleton, 

the significance of diverse expression of Hox genes in this study needs further 

examination. 

The diaphysis healing in Hox11-deficient mice ulna shows reduced chondrogenesis 

and delayed ossification, resulting in the delayed bone union in an unstabilized model 

[110]. In contrast, the diaphysis healing in the Hox11-deficient mouse femurs showed no 

abnormalities. Hox11 is specifically expressed in SSCs at the periosteum of the adult ulna. 

The conditional deletion of Hox11 in adult mice prevents the terminal differentiation of 

osteoblasts at the endosteal surface of the cortical bone of the ulna [111]. Furthermore, 

osteocytes cannot form the lacuno-canalicular network in the ulna of the Hox11-deleted 

mice. These results suggest that Hox11 functions in the adult bone in a region-specific 

manner. Hox11 positively regulates the differentiation of chondrocytes and osteoblasts 

but not the maintenance and proliferation of SSCs. Hox11-deficient SSCs show defects in 

chondrocyte and osteoblast differentiation in vitro [114]. Finally, Hox11-expressing cells 

are proposed to serve as region-specific SSCs throughout animal life [115]. 
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Do region-specific SSCs also work in the heterologous place? Leucht et al. challenged 

this question [116]. All bones in the body originate from the neural crest or mesoderm 

during development. The interchangeability of the two cells was tested using heterotopic 

transplantation experiments. Periosteum prepared from the neural crest-derived 

mandible was grafted to the injury site of the mesoderm-derived tibia, and vice versa. In 

this assay, homotopic grafting was found to heal the injury of the tibia and mandible via 

intramembranous ossification. The tibial defect transplanted with mandible-derived 

periosteum healed via intramembranous ossification. The mandibular defect transplanted 

with the tibial periosteum healed via endochondral ossification. Lineage-tracing 

experiments confirmed that the newly formed cartilage and bone were derived from the 

transplanted cells. Thus, SSCs in the tibial periosteum differentiate into chondrocytes at 

the mandibular defect. The SSCs in the tibial periosteum express Hoxa11, whereas those 

in the mandibular periosteum are Hox-negative. The transplanted tibial cells maintained 

their Hoxa11-positive status in the Hox-negative mandibular environment. In contrast, the 

Hox-negative mandibular cells transplanted into the tibia began to express Hoxa11 7 days 

after transplantation, suggesting a change in the Hox status in response to the 

environment. The relationship between Hox expression and the fate of SSCs was 

examined among four different origins of SSCs [117]. The periosteum from the frontal 

bone, parietal bone, hyoid, and tibia contain neural crest-derived Hox-negative, 

mesoderm-derived Hox-negative, neural crest-derived Hox-positive, and mesoderm-

derived Hox-positive SSCs, respectively. SSCs isolated from adult bones retain the 

embryonic Hox status. Hierarchical cluster analysis of the transcriptome indicated that 

transcriptional profiles of four SSCs were well separated into two clusters defined by the 

Hox expression status. In an in vivo scratch injury assay, the Hox-positive (hyoid and tibia) 

periosteum produces osteoblasts, whereas the Hox-negative (frontal and parietal) 

periosteum forms the chondrocytes and osteoblasts. In the in vitro differentiation assay, 

the Hox-negative periosteum showed higher potential for osteogenic differentiation, 

whereas the Hox-positive cells exhibited higher capability for chondrogenic and 

adipogenic differentiation. FACS analysis showed that the Hox-positive cells expressed 

more markers for primitive stem cells than the Hox-negative cells. These results suggest 

that Hox status, rather than developmental cell lineage, determines the fate of the SSCs.  

The regulatory mechanism of osteoblastogenesis by Hox genes has not yet been 

elucidated. In in vitro osteoblastogenesis, the HoxA cluster expression is regulated by 

epigenetic mechanisms, such as promoter methylation [118]. The microRNA-23a cluster 

regulates the HoxA cluster expression at various stages of osteoblast differentiation [119]. 

In contrast, bone morphogenetic protein 2 induces Hoxa10, which results in the activation 

of Runx2, a key osteogenic transcription factor [120]. Interestingly, Hoxa10 directly 

activates osteogenic genes, such as alkaline phosphatase and osteocalcin, independent of 

Runx2. In non-osteoblastic cells, Hox genes regulate the activity of genes such as Myb, 

Sox4 [121], β3 integrin [122], TGF-β2 [123], and FGF-2 [124]. The proteins encoded by these 

genes are known to be involved in osteoblast differentiation. Apart from the role of Hox 

in osteoblastogenesis, Hox genes are also involved in hematopoiesis [125] and 

angiogenesis [126]. Therefore, decoding the Hox code in the skeleton has prospects for 

understanding the principle of regeneration of bone fractures. 

7. Perspectives 

In this review, we summarized the differences in fracture repair between the 

diaphysis and metaphysis, and these differences may have clinical importance. In 

diaphyseal healing, a bony callus in the periosteal region is a clinical criterion [127], 

whereas metaphyseal healing is assessed by the medullary callus [128]. When a periosteal 

callus is formed, the assessment of the medullary callus becomes difficult because the 

medullary callus within the bone marrow overlaps with the periosteal callus. 

Accordingly, the role of the medullary callus appears to be underestimated in fracture 

healing. This review focused on the formation of medullary callus from the SSCs. In 
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fracture healing, the SSCs originate from three distinct sites: the periosteum, endosteum, 

and bone marrow. SSCs from different sites have different osteogenic potentials, leading 

to the idea of region-specific SSCs. The heterogeneity of SSCs has been studied in terms 

of the developmental cell lineage and the environment, the so-called niche. Lineage-

tracing experiments with immunofluorescence discriminate the three types of stromal 

progenitors at different stages of differentiation in the mouse bone marrow [54]. This 

review attempted to relate the Hox genes with the heterogeneity of SSCs. Although the 

significance of Hox genes in skeletogenesis is widely recognized, the role of Hox 

expression in the adult bone has been elusive until recently. Because fracture healing is a 

process of tissue regeneration, it is not surprising that the stimulus of fracture changes the 

expression of Hox genes and provides positional information to the fractured bone during 

regeneration. The positional cue specified by the Hox gene is effective on one bone or more 

during development. Such long-range effects cannot explain the heterogeneity of SSCs in 

the periosteum, endosteum, and bone marrow of the fracture site. In the future, a detailed 

analysis of the transcriptome of these SSCs will provide insights into the novel role of the 

Hox genes in fracture healing. Because the differentiation of SSCs is regulated by various 

physical and biochemical factors, it would be interesting to know the relationship between 

these factors and Hox expression. Moreover, elucidation of the mechanism of regulation 

of stemness of SSCs in vitro will be instrumental for the future clinical use of SSCs in cell 

therapy and regenerative medicine. 

Author Contributions: Investigation, S.I.; Supervision, M.N.; Writing—original draft, S.I., and J.T.; 

Writing—reviewing and editing, J.T. and M.N. All authors have read and agreed to the published 

version of the manuscript.  

Funding: A part of this work was funded by JSPS KAKENHI grant number 20K19546. 

Institutional Review Board Statement: The study was conducted in accordance with the guidelines 

of the Declaration of Helsinki and approved by the Institutional Review Board of the Animal Care 

Committee of Showa University (Protocol code 16017 approved April 1, 2016, and 12015 approved 

April 1, 2020). 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Acknowledgments: S.I. would like to express the greatest appreciation to Sakie Inoue and Hikari 

Inoue for supporting his research. 

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

References 

1. Su, N.; Yang, J.; Xie, Y.; Du, X.; Chen, H.; Hong, Z.; Chen, L. Bone function, dysfunction and its role in diseases including critical 

illness. Int. J. Biol. Sci. 2019, 15, 776–787, doi:10.7150/ijbs.27063. 

2. Wittkowske, C.; Reilly, G.C.; Lacroix, D.; Perrault, C.M. In Vitro Bone Cell Models: Impact of Fluid Shear Stress on Bone 

Formation. Front. Bioeng. Biotechnol. 2016, 4, doi:10.3389/fbioe.2016.00087. 

3. Kenkre, J.; Bassett, J. The bone remodelling cycle. Ann. Clin. Biochem. Int. J. Lab. Med. 2018, 55, 308–327, 

doi:10.1177/0004563218759371. 

4. Kitaura, H.; Marahleh, A.; Ohori, F.; Noguchi, T.; Shen, W.-R.; Qi, J.; Nara, Y.; Pramusita, A.; Kinjo, R.; Mizoguchi, I. Osteocyte-

Related Cytokines Regulate Osteoclast Formation and Bone Resorption. Int. J. Mol. Sci. 2020, 21, 5169, doi:10.3390/ijms21145169. 

5. Udagawa, N.; Koide, M.; Nakamura, M.; Nakamichi, Y.; Yamashita, T.; Uehara, S.; Kobayashi, Y.; Furuya, Y.; Yasuda, H.; 

Fukuda, C.; et al. Osteoclast differentiation by RANKL and OPG signaling pathways. J. Bone Miner. Metab. 2021, 39, 19–26, 

doi:10.1007/s00774-020-01162-6. 

6. Matsuo, K.; Irie, N. Osteoclast–osteoblast communication. Arch. Biochem. Biophys. 2008, 473, 201–209, 

doi:10.1016/j.abb.2008.03.027. 

7. Mills, L.A.; Aitken, S.A.; Simpson, A.H.R.W. The risk of non-union per fracture: Current myths and revised figures from a 

population of over 4 million adults. Acta Orthop. 2017, 88, 434–439, doi:10.1080/17453674.2017.1321351. 

8. Baker, C.E.; Moore-Lotridge, S.N.; Hysong, A.A.; Posey, S.L.; Robinette, J.P.; Blum, D.M.; Benvenuti, M.A.; Cole, H.A.; Egawa, 

S.; Okawa, A.; et al. Bone Fracture Acute Phase Response—A Unifying Theory of Fracture Repair: Clinical and Scientific 

Implications. Clin. Rev. Bone Miner. Metab. 2018, 16, 142–158, doi:10.1007/s12018-018-9256-x. 



Int. J. Mol. Sci. 2021, 22, 9299 16 of 20 
 

 

9. Amsel, S.; Maniatis, A.; Tavassoli, M.; Crosby, W.H. The significance of intramedullary cancellous bone formation in the repair 

of bone marrow tissue. Anat. Rec. 1969, 164, 101–111. 

10. Bahney, C.S.; Zondervan, R.L.; Allison, P.; Theologis, A.; Ashley, J.W.; Ahn, J.; Miclau, T.; Marcucio, R.S.; Hankenson, K.D. 

Cellular biology of fracture healing. J. Orthop. Res. 2019, 37, 35–50, doi:10.1002/jor.24170. 

11. Salhotra, A.; Shah, H.N.; Levi, B.; Longaker, M.T. Mechanisms of bone development and repair. Nat. Rev. Mol. Cell Biol. 2020, 

21, 696–711, doi:10.1038/s41580-020-00279-w. 

12. Inoue, S.; Otsuka, H.; Takito, J.; Nakamura, M. Decisive differences in the bone repair processes of the metaphysis and diaphysis 

in young mice. Bone Reports 2018, 8, 1–8, doi:10.1016/j.bonr.2017.11.003. 

13. Inoue, S.; Fujikawa, K.; Matsuki-Fukushima, M.; Nakamura, M. Repair processes of flat bones formed via intramembranous 

versus endochondral ossification. J. Oral Biosci. 2020, 62, 52–57, doi:10.1016/j.job.2020.01.007. 

14. Wang, D.; Gilbert, J.R.; Zhang, X.; Zhao, B.; Ker, D.F.E.; Cooper, G.M. Calvarial Versus Long Bone: Implications for Tailoring 

Skeletal Tissue Engineering. Tissue Eng. Part B Rev. 2020, 26, 46–63, doi:10.1089/ten.teb.2018.0353. 

15. Driessen, J.H.M.; Hansen, L.; Eriksen, S.A.; van Onzenoort, H.A.W.; Henry, R.M.A.; van den Bergh, J.; Abrahamsen, B.; 

Vestergaard, P.; de Vries, F. The epidemiology of fractures in Denmark in 2011. Osteoporos. Int. 2016, 27, 2017–2025, 

doi:10.1007/s00198-016-3488-8. 

16. Yoshida, Y.; Matsubara, H.; Fang, X.; Hayashi, K.; Nomura, I.; Ugaji, S.; Hamada, T.; Tsuchiya, H. Adipose-derived stem cell 

sheets accelerate bone healing in rat femoral defects. PLoS ONE 2019, 14, e0214488, doi:10.1371/journal.pone.0214488. 

17. Chen, W.T.; Han, D.C.; Zhang, P.X.; Han, N.; Kou, Y.H.; Yin, X.F.; Jiang, B.G. A special healing pattern in stable metaphyseal 

fractures. Acta Orthop. 2015, 86, 238–242, doi:10.3109/17453674.2014.1003127. 

18. Sandberg, O.; Aspenberg, P. Different effects of indomethacin on healing of shaft and metaphyseal fractures. Acta Orthop. 2015, 

86, 243–247, doi:10.3109/17453674.2014.973328. 

19. Sandberg, O.H.; Aspenberg, P. Glucocorticoids inhibit shaft fracture healing but not metaphyseal bone regeneration under 

stable mechanical conditions. Bone Jt. Res. 2015, 4, 170–175, doi:10.1302/2046-3758.410.2000414. 

20. Inoue, S.; Fujikawa, K.; Matsuki-Fukushima, M.; Nakamura, M. Effect of ovariectomy induced osteoporosis on metaphysis and 

diaphysis repair process. Injury 2021, 52, 1300–1309, doi:10.1016/j.injury.2021.02.020. 

21. Hart, N.H.; Newton, R.U.; Tan, J.; Rantalainen, T.; Chivers, P.; Siafarikas, A.; Nimphius, S. Biological basis of bone strength: 

Anatomy, physiology and measurement. J. Musculoskelet. Neuronal Interact. 2020, 20, 347–371, doi:10.1007/BF03342632. 

22. Wang, Q.; Wang, X.F.; Iuliano-Burns, S.; Ghasem-Zadeh, A.; Zebaze, R.; Seeman, E. Rapid growth produces transient cortical 

weakness: A risk factor for metaphyseal fractures during puberty. J. Bone Miner. Res. 2010, 25, 1521–1526, doi:10.1002/jbmr.46. 

23. Compston, J.E.; McClung, M.R.; Leslie, W.D. Osteoporosis. Lancet 2019, 393, 364–376, doi:10.1016/S0140-6736(18)32112-3. 

24. Williams, J.N.; Li, Y.; Valiya Kambrath, A.; Sankar, U. The Generation of Closed Femoral Fractures in Mice: A Model to Study 

Bone Healing. J. Vis. Exp. 2018, doi:10.3791/58122. 

25. Histing, T.; Garcia, P.; Holstein, J.H.; Klein, M.; Matthys, R.; Nuetzi, R.; Steck, R.; Laschke, M.W.; Wehner, T.; Bindl, R.; et al. 

Small animal bone healing models: Standards, tips, and pitfalls results of a consensus meeting. Bone 2011, 49, 591–599, 

doi:10.1016/j.bone.2011.07.007. 

26. Gunderson, Z.J.; Campbell, Z.R.; McKinley, T.O.; Natoli, R.M.; Kacena, M.A. A comprehensive review of mouse diaphyseal 

femur fracture models. Injury 2020, 51, 1439–1447, doi:10.1016/j.injury.2020.04.011. 

27. Colnot, C. Skeletal cell fate decisions within periosteum and bone marrow during bone regeneration. J. Bone Miner. Res. 2009, 

24, 274–282, doi:10.1359/jbmr.081003. 

28. Sandberg, O.H.; Tätting, L.; Bernhardsson, M.E.; Aspenberg, P. Temporal role of macrophages in cancellous bone healing. Bone 

2017, 101, 129–133, doi:10.1016/j.bone.2017.04.004. 

29. Schell, H.; Duda, G.N.; Peters, A.; Tsitsilonis, S.; Johnson, K.A.; Schmidt-Bleek, K. The haematoma and its role in bone healing. 

J. Exp. Orthop. 2017, 4, 5, doi:10.1186/s40634-017-0079-3. 

30. Loi, F.; Córdova, L.A.; Pajarinen, J.; Lin, T.; Yao, Z.; Goodman, S.B. Inflammation, fracture and bone repair. Bone 2016, 86, 119–

130, doi:10.1016/j.bone.2016.02.020. 

31. Schlickewei, C.W.; Kleinertz, H.; Thiesen, D.M.; Mader, K.; Priemel, M.; Frosch, K.-H.; Keller, J. Current and Future Concepts 

for the Treatment of Impaired Fracture Healing. Int. J. Mol. Sci. 2019, 20, 5805, doi:10.3390/ijms20225805. 

32. Wu, M.; Chen, G.; Li, Y.-P. TGF-β and BMP signaling in osteoblast, skeletal development, and bone formation, homeostasis and 

disease. Bone Res. 2016, 4, 16009, doi:10.1038/boneres.2016.9. 

33. Charoenlarp, P.; Rajendran, A.K.; Iseki, S. Role of fibroblast growth factors in bone regeneration. Inflamm. Regen. 2017, 37, 10, 

doi:10.1186/s41232-017-0043-8. 

34. Hu, K.; Olsen, B.R. Vascular endothelial growth factor control mechanisms in skeletal growth and repair. Dev. Dyn. 2017, 246, 

227–234, doi:10.1002/dvdy.24463. 

35. Könnecke, I.; Serra, A.; El Khassawna, T.; Schlundt, C.; Schell, H.; Hauser, A.; Ellinghaus, A.; Volk, H.D.; Radbruch, A.; Duda, 

G.N.; et al. T and B cells participate in bone repair by infiltrating the fracture callus in a two-wave fashion. Bone 2014, 64, 155–

165, doi:10.1016/j.bone.2014.03.052. 

36. Ono, T.; Okamoto, K.; Nakashima, T.; Nitta, T.; Hori, S.; Iwakura, Y.; Takayanagi, H. IL-17-producing γδT cells enhance bone 

regeneration. Nat. Commun. 2016, 7, 1–9, doi:10.1038/ncomms10928. 

37. 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, doi:10.1016/j.bone.2017.06.008. 



Int. J. Mol. Sci. 2021, 22, 9299 17 of 20 
 

 

38. Mizoguchi, T.; Ono, N. The diverse origin of bone-forming osteoblasts. J. Bone Miner. Res. 2021, jbmr.4410, doi:10.1002/jbmr.4410. 

39. Supakul, S.; Yao, K.; Ochi, H.; Shimada, T.; Hashimoto, K.; Sunamura, S.; Mabuchi, Y.; Tanaka, M.; Akazawa, C.; Nakamura, T.; 

et al. Pericytes as a source of osteogenic cells in bone fracture healing. Int. J. Mol. Sci. 2019, 20, 1–14, doi:10.3390/ijms20051079. 

40. Julien, A.; Kanagalingam, A.; Martínez-Sarrà, E.; Megret, J.; Luka, M.; Ménager, M.; Relaix, F.; Colnot, C. Direct contribution of 

skeletal muscle mesenchymal progenitors to bone repair. Nat. Commun. 2021, 12, 2860, doi:10.1038/s41467-021-22842-5. 

41. Lin, W.; Xu, L.; Zwingenberger, S.; Gibon, E.; Goodman, S.B.; Li, G. Mesenchymal stem cells homing to improve bone healing. 

J. Orthop. Transl. 2017, 9, 19–27, doi:10.1016/j.jot.2017.03.002. 

42. 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, 

1–15, doi:10.1038/s41467-018-03124-z. 

43. Chondroid Bone, Secondary Cartilage and Metaplasia; Beresford, W.A., Ed.; Urban& Schwarzenberg: Baltimore, Maryland, 1981; 

ISBN 978-0806702612. 

44. Yokoi, H.; Take, Y.; Uchida, R.; Magome, T.; Shimomura, K.; Mae, T.; Okamoto, T.; Hanai, T.; Chong, Y.; Sato, S.; et al. Vibration 

acceleration promotes endochondral formation during fracture healing through cellular chondrogenic differentiation. PLoS 

ONE 2020, 15, e0229127, doi:10.1371/journal.pone.0229127. 

45. Kates, S.L.; Ackert-Bicknell, C.L. How do bisphosphonates affect fracture healing? Injury 2016, 47, S65–S68, doi:10.1016/S0020-

1383(16)30015-8. 

46. Jarry, L.; Uhthoff, H.K. Differences in healing of metaphyseal and diaphyseal fractures. Can. J. Surg. 1971, 14, 127–135. 

47. Stuermer, E.K.; Sehmisch, S.; Rack, T.; Wenda, E.; Seidlova-Wuttke, D.; Tezval, M.; Wuttke, W.; Frosch, K.H.; Stuermer, K.M. 

Estrogen and raloxifene improve metaphyseal fracture healing in the early phase of osteoporosis. A new fracture-healing model 

at the tibia in rat. Langenbeck’s Arch. Surg. 2010, 395, 163–172, doi:10.1007/s00423-008-0436-x. 

48. Kolios, L.; Hoerster, A.K.; Sehmisch, S.; Malcherek, M.C.; Rack, T.; Tezval, M.; Seidlova-Wuttke, D.; Wuttke, W.; Stuermer, K.M.; 

Stuermer, E.K. Do estrogen and alendronate improve metaphyseal fracture healing when applied as osteoporosis prophylaxis? 

Calcif. Tissue Int. 2010, 86, 23–32, doi:10.1007/s00223-009-9318-7. 

49. Jingushi, S.; Joyce, M.E.; Bolander, M.E. Genetic expression of extracellular matrix proteins correlates with histologic changes 

during fracture repair. J. Bone Miner. Res. 1992, 7, 1045–55. 

50. Han, D.; Han, N.; Xue, F.; Zhang, P. A novel specialized staging system for cancellous fracture healing, distinct from traditional 

healing pattern of diaphysis corticalfracture? Int. J. Clin. Exp. Med. 2015, 8, 1301–1304. 

51. Tätting, L.; Sandberg, O.; Bernhardsson, M.; Ernerudh, J.; Aspenberg, P. Different composition of leucocytes in cortical and 

cancellous bone healing in a mouse model. Bone Jt. Res. 2018, 7, 620–628, doi:10.1302/2046-3758.712.BJR-2017-0366.R2. 

52. Hoerth, R.M.; Seidt, B.M.; Shah, M.; Schwarz, C.; Willie, B.M.; Duda, G.N.; Fratzl, P.; Wagermaier, W. Mechanical and structural 

properties of bone in non-critical and critical healing in rat. Acta Biomater. 2014, 10, 4009–4019, doi:10.1016/j.actbio.2014.06.003. 

53. Yu, Y.Y.; Lieu, S.; Lu, C.; Colnot, C. Bone morphogenetic protein 2 stimulates endochondral ossification by regulating periosteal 

cell fate during bone repair. Bone 2010, 47, 65–73, doi:10.1016/j.bone.2010.03.012. 

54. Mizoguchi, T.; Pinho, S.; Ahmed, J.; Kunisaki, Y.; Hanoun, M.; Mendelson, A.; Ono, N.; Kronenberg, H.M.; Frenette, P.S. Osterix 

marks distinct waves of primitive and definitive stromal progenitors during bone marrow development. Dev. Cell 2014, 29, 340–

349, doi:10.1016/j.devcel.2014.03.013. 

55. Yousefzadeh, N.; Kashfi, K.; Jeddi, S.; Ghasemi, A. Ovariectomized rat model of osteoporosis: A practical guide. EXCLI J. 2020, 

19, 89–107, doi:10.17179/excli2019-1990. 

56. Zhou, S.; Wang, G.; Qiao, L.; Ge, Q.; Chen, D.; Xu, Z.; Shi, D.; Dai, J.; Qin, J.; Teng, H.; et al. Age-dependent variations of 

cancellous bone in response to ovariectomy in C57BL/6J mice. Exp. Ther. Med. 2018, 15, 3623–3632, doi:10.3892/etm.2018.5839. 

57. Beil, F.T.; Barvencik, F.; Gebauer, M.; Seitz, S.; Rueger, J.M.; Ignatius, A.; Pogoda, P.; Schinke, T.; Amling, M. Effects of estrogen 

on fracture healing in mice. J. Trauma-Inj. Infect. Crit. Care 2010, 69, 1259–1265, doi:10.1097/TA.0b013e3181c4544d. 

58. Namkung-Matthai, H.; Appleyard, R.; Jansen, J.; Hao Lin, J.; Maastricht, S.; Swain, M.; Mason, R..; Murrell, G.A..; Diwan, A..; 

Diamond, T. Osteoporosis influences the early period of fracture healing in a rat osteoporotic model. Bone 2001, 28, 80–86, 

doi:10.1016/S8756-3282(00)00414-2. 

59. He, Y.X.; Zhang, G.; Pan, X.H.; Liu, Z.; Zheng, L.; Chan, C.W.; Lee, K.M.; Cao, Y.P.; Li, G.; Wei, L.; et al. Impaired bone healing 

pattern in mice with ovariectomy-induced osteoporosis: A drill-hole defect model. Bone 2011, 48, 1388–1400, 

doi:10.1016/j.bone.2011.03.720. 

60. Haffner-Luntzer, M.; Fischer, V.; Prystaz, K.; Liedert, A.; Ignatius, A. The inflammatory phase of fracture healing is influenced 

by oestrogen status in mice. Eur. J. Med. Res. 2017, 22, 1–11, doi:10.1186/s40001-017-0264-y. 

61. Haffner-Luntzer, M.; Kemmler, J.; Heidler, V.; Prystaz, K.; Schinke, T.; Amling, M.; Kovtun, A.; Rapp, A.E.; Ignatius, A.; Liedert, 

A. Inhibition of midkine augments osteoporotic fracture healing. PLoS ONE 2016, 11, 1–12, doi:10.1371/journal.pone.0159278. 

62. Spiro, A.S.; Khadem, S.; Jeschke, A.; Marshall, R.P.; Pogoda, P.; Ignatius, A.; Amling, M.; Beil, F.T. The SERM raloxifene 

improves diaphyseal fracture healing in mice. J. Bone Miner. Metab. 2013, 31, 629–636, doi:10.1007/s00774-013-0461-x. 

63. Fischer, V.; Kalbitz, M.; Müller-Graf, F.; Gebhard, F.; Ignatius, A.; Liedert, A.; Haffner-Luntzer, M. Influence of Menopause on 

Inflammatory Cytokines during Murine and Human Bone Fracture Healing. Int. J. Mol. Sci. 2018, 19, 2070, 

doi:10.3390/ijms19072070. 



Int. J. Mol. Sci. 2021, 22, 9299 18 of 20 
 

 

64. Chen, T.Y.; Zhang, Z.M.; Zheng, X.C.; Wang, L.; Huang, M.J.; Qin, S.; Chen, J.; Lai, P.L.; Yang, C.L.; Liu, J.; et al. Endogenous n-

3 polyunsaturated fatty acids (PUFAs) mitigate ovariectomy-induced bone loss by attenuating bone marrow adipogenesis in 

FAT1 transgenic mice. Drug Des. Devel. Ther. 2013, 7, 545–552, doi:10.2147/DDDT.S45263. 

65. Chung, S.L.; Leung, K.S.; Cheung, W.H. Low-magnitude high-frequency vibration enhances gene expression related to callus 

formation, mineralization and remodeling during osteoporotic fracture healing in rats. J. Orthop. Res. 2014, 32, 1572–1579, 

doi:10.1002/jor.22715. 

66. Ding, W.G.; Zhang, Z.M.; Zhang, Y.H.; Jiang, S.D.; Jiang, L.S.; Dai, L.Y. Changes of substance P during fracture healing in 

ovariectomized mice. Regul. Pept. 2010, 159, 28–34, doi:10.1016/j.regpep.2009.11.004. 

67. Thormann, U.; Khawassna, T.E.; Ray, S.; Duerselen, L.; Kampschulte, M.; Lips, K.; Von Dewitz, H.; Heinemann, S.; Heiss, C.; 

Szalay, G.; et al. Differences of bone healing in metaphyseal defect fractures between osteoporotic and physiological bone in 

rats. Injury 2014, 45, 487–493, doi:10.1016/j.injury.2013.10.033. 

68. Manolagas, S.C.; O’Brien, C.A.; Almeida, M. The role of estrogen and androgen receptors in bone health and disease. Nat. Rev. 

Endocrinol. 2013, 9, 699–712, doi:10.1038/nrendo.2013.179. 

69. Nakamura, T.; Imai, Y.; Matsumoto, T.; Sato, S.; Takeuchi, K.; Igarashi, K.; Harada, Y.; Azuma, Y.; Krust, A.; Yamamoto, Y.; et 

al. Estrogen Prevents Bone Loss via Estrogen Receptor α and Induction of Fas Ligand in Osteoclasts. Cell 2007, 130, 811–823, 

doi:10.1016/j.cell.2007.07.025. 

70. Martin-Millan, M.; Almeida, M.; Ambrogini, E.; Han, L.; Zhao, H.; Weinstein, R.S.; Jilka, R.L.; O’Brien, C.A.; Manolagas, S.C. 

The Estrogen Receptor-α in Osteoclasts Mediates the Protective Effects of Estrogens on Cancellous But Not Cortical Bone. Mol. 

Endocrinol. 2010, 24, 323–334, doi:10.1210/me.2009-0354. 

71. Almeida, M.; Iyer, S.; Martin-Millan, M.; Bartell, S.M.; Han, L.; Ambrogini, E.; Onal, M.; Xiong, J.; Weinstein, R.S.; Jilka, R.L.; et 

al. Estrogen receptor-α signaling in osteoblast progenitors stimulates cortical bone accrual. J. Clin. Invest. 2013, 123, 394–404, 

doi:10.1172/JCI65910. 

72. Muñoz, J.; Akhavan, N.S.; Mullins, A.P.; Arjmandi, B.H. Macrophage Polarization and Osteoporosis: A Review. Nutrients 2020, 

12, 2999, doi:10.3390/nu12102999. 

73. Alexander, K.A.; Chang, M.K.; Maylin, E.R.; Kohler, T.; Müller, R.; Wu, A.C.; Van Rooijen, N.; Sweet, M.J.; Hume, D.A.; Raggatt, 

L.J.; et al. Osteal macrophages promote in vivo intramembranous bone healing in a mouse tibial injury model. J. Bone Miner. 

Res. 2011, 26, 1517–1532, doi:10.1002/jbmr.354. 

74. Raggatt, L.J.; Wullschleger, M.E.; Alexander, K.A.; Wu, A.C.K.; Millard, S.M.; Kaur, S.; Maugham, M.L.; Gregory, L.S.; Steck, R.; 

Pettit, A.R. Fracture Healing via Periosteal Callus Formation Requires Macrophages for Both Initiation and Progression of Early 

Endochondral Ossification. Am. J. Pathol. 2014, 184, 3192–3204, doi:10.1016/j.ajpath.2014.08.017. 

75. Vi, L.; Baht, G.S.; Whetstone, H.; Ng, A.; Wei, Q.; Poon, R.; Mylvaganam, S.; Grynpas, M.; Alman, B.A. Macrophages Promote 

Osteoblastic Differentiation In Vivo: Implications in Fracture Repair and Bone Homeostasis. J. Bone Miner. Res. 2015, 30, 1090–

1102, doi:10.1002/jbmr.2422. 

76. Schlundt, C.; El Khassawna, T.; Serra, A.; Dienelt, A.; Wendler, S.; Schell, H.; van Rooijen, N.; Radbruch, A.; Lucius, R.; 

Hartmann, S.; et al. Macrophages in bone fracture healing: Their essential role in endochondral ossification. Bone 2018, 106, 78–

89, doi:10.1016/j.bone.2015.10.019. 

77. Pountos, I.; Georgouli, T.; Blokhuis, T.J.; Pape, H.C.; Giannoudis, P.V. Pharmacological agents and impairment of fracture 

healing: What is the evidence? Injury 2008, 39, 384–394, doi:10.1016/j.injury.2007.10.035. 

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

doi:10.12659/MSMBR.901142. 

79. Chen, Q.; Shou, P.; Zheng, C.; Jiang, M.; Cao, G.; Yang, Q.; Cao, J.; Xie, N.; Velletri, T.; Zhang, X.; et al. Fate decision of 

mesenchymal stem cells: Adipocytes or osteoblasts? Cell Death Differ. 2016, 23, 1128–1139, doi:10.1038/cdd.2015.168. 

80. Engler, A.J.; Sen, S.; Sweeney, H.L.; Discher, D.E. Matrix Elasticity Directs Stem Cell Lineage Specification. Cell 2006, 126, 677–

689, doi:10.1016/j.cell.2006.06.044. 

81. Fu, J.; Liu, X.; Tan, L.; Cui, Z.; Liang, Y.; Li, Z.; Zhu, S.; Zheng, Y.; Kwok Yeung, K.W.; Chu, P.K.; et al. Modulation of the 

mechanosensing of mesenchymal stem cells by laser-induced patterning for the acceleration of tissue reconstruction through 

the Wnt/β-catenin signaling pathway activation. Acta Biomater. 2020, 101, 152–167, doi:10.1016/j.actbio.2019.10.041. 

82. Hu, D.P.; Ferro, F.; Yang, F.; Taylor, A.J.; Chang, W.; Miclau, T.; Marcucio, R.S.; Bahney, C.S. Cartilage to bone transformation 

during fracture healing is coordinated by the invading vasculature and induction of the core pluripotency genes. Development 

2017, 144, 221–234, doi:10.1242/dev.130807. 

83. 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, 

doi:10.1002/stem.103. 

84. Siclari, V.A.; Zhu, J.; Akiyama, K.; Liu, F.; Zhang, X.; Chandra, A.; Nah, H.D.; Shi, S.; Qin, L. Mesenchymal progenitors residing 

close to the bone surface are functionally distinct from those in the central bone marrow. Bone 2013, 53, 575–586, 

doi:10.1016/j.bone.2012.12.013. 

85. 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, 1–13, 

doi:10.1038/ncomms13601. 



Int. J. Mol. Sci. 2021, 22, 9299 19 of 20 
 

 

86. Gharibi, B.; Ghuman, M.S.; Cama, G.; Rawlinson, S.C.F.; Grigoriadis, A.E.; Hughes, F.J. Site-specific differences in osteoblast 

phenotype, mechanical loading response and estrogen receptor-related gene expression. Mol. Cell. Endocrinol. 2018, 477, 140–

147, doi:10.1016/j.mce.2018.06.011. 

87. Bernhardsson, M.; Sandberg, O.; Aspenberg, P. Experimental models for cancellous bone healing in the rat. Acta Orthop. 2015, 

86, 745–750, doi:10.3109/17453674.2015.1075705. 

88. Lanske, B.; Chandler, H.; Pierce, A.; Brown, J.; Ominsky, M.; Kostenuik, P.; Hattersley, G. Abaloparatide, a PTH receptor agonist 

with homology to PTHrP, enhances callus bridging and biomechanical properties in rats with femoral fracture. J. Orthop. Res. 

2019, 37, 812–820, doi:10.1002/jor.24254. 

89. Kim, S.-M.; Kang, K.-C.; Kim, J.W.; Lim, S.-J.; Hahn, M.H. Current Role and Application of Teriparatide in Fracture Healing of 

Osteoporotic Patients: A Systematic Review. J. Bone Metab. 2017, 24, 65, doi:10.11005/jbm.2017.24.1.65. 

90. Yoon, B.-H.; Kim, K.-C. Does Teriparatide Improve Fracture Union? A Systematic Review. J. Bone Metab. 2020, 27, 167–174, 

doi:10.11005/jbm.2020.27.3.167. 

91. Eastman, K.; Gerlach, M.; Piec, I.; Greeves, J.; Fraser, W. Effectiveness of parathyroid hormone (PTH) analogues on fracture 

healing: A meta-analysis. Osteoporos. Int. 2021, doi:10.1007/s00198-021-05847-0. 

92. Ebata, S.; Takahashi, J.; Hasegawa, T.; Mukaiyama, K.; Isogai, Y.; Ohba, T.; Shibata, Y.; Ojima, T.; Yamagata, Z.; Matsuyama, Y.; 

et al. Role of Weekly Teriparatide Administration in Osseous Union Enhancement within Six Months After Posterior or 

Transforaminal Lumbar Interbody Fusion for Osteoporosis-Associated Lumbar Degenerative Disorders. J. Bone Jt. Surg. 2017, 

99, 365–372, doi:10.2106/JBJS.16.00230. 

93. Gerstenfeld, L.C.; Sacks, D.J.; Pelis, M.; Mason, Z.D.; Graves, D.T.; Barrero, M.; Ominsky, M.S.; Kostenuik, P.J.; Morgan, E.F.; 

Einhorn, T.A. Comparison of Effects of the Bisphosphonate Alendronate Versus the RANKL Inhibitor Denosumab on Murine 

Fracture Healing. J. Bone Miner. Res. 2009, 24, 196–208, doi:10.1359/jbmr.081113. 

94. Duckworth, A.D.; McQueen, M.M.; Tuck, C.E.; Tobias, J.H.; Wilkinson, J.M.; Biant, L.C.; Pulford, E.C.; Aldridge, S.; Edwards, 

C.; Roberts, C.P.; et al. Effect of Alendronic Acid on Fracture Healing: A Multicenter Randomized Placebo-Controlled Trial. J. 

Bone Miner. Res. 2019, 34, 1025–1032, doi:10.1002/jbmr.3679. 

95. Rozental, T.D.; Makhni, E.C.; Day, C.S.; Bouxsein, M.L. Improving Evaluation and Treatment for Osteoporosis Following Distal 

Radial Fractures. J. Bone Jt. Surgery-American Vol. 2008, 90, 953–961, doi:10.2106/JBJS.G.01121. 

96. Adami, S.; Libanati, C.; Boonen, S.; Cummings, S.R.; Ho, P.-R.; Wang, A.; Siris, E.; Lane, J. Denosumab Treatment in 

Postmenopausal Women with Osteoporosis Does Not Interfere with Fracture-Healing. J. Bone Jt. Surg. 2012, 94, 2113–2119, 

doi:10.2106/JBJS.K.00774. 

97. Bernhardsson, M.; Sandberg, O.; Aspenberg, P. Anti-RANKL treatment improves screw fixation in cancellous bone in rats. 

Injury 2015, 46, 990–995, doi:10.1016/j.injury.2015.02.011. 

98. Tani, S.; Ishikawa, K.; Kudo, Y.; Tsuchiya, K.; Matsuoka, A.; Maruyama, H.; Emori, H.; Yamamura, R.; Hayakawa, C.; Sekimizu, 

M.; et al. The effect of denosumab on pedicle screw fixation: A prospective 2-year longitudinal study using finite element 

analysis. J. Orthop. Surg. Res. 2021, 16, 219, doi:10.1186/s13018-021-02360-2. 

99. Takito, J.; Nakamura, M. Heterogeneity and Actin Cytoskeleton in Osteoclast and Macrophage Multinucleation. Int. J. Mol. Sci. 

2020, 21, 6629, doi:10.3390/ijms21186629. 

100. Wilks, D.C.; Winwood, K.; Gilliver, S.F.; Kwiet, A.; Chatfield, M.; Michaelis, I.; Sun, L.W.; Ferretti, J.L.; Sargeant, A.J.; Felsenberg, 

D.; et al. Bone mass and geometry of the tibia and the radius of master sprinters, middle and long distance runners, race-walkers 

and sedentary control participants: A pQCT study. Bone 2009, 45, 91–97, doi:10.1016/j.bone.2009.03.660. 

101. Haidekker, M.A.; Andresen, R.; Werner, H.J. Relationship Between Structural Parameters, Bone Mineral Density and Fracture 

Load in Lumbar Vertebrae, Based on High-Resolution Computed Tomography, Quantitative Computed Tomography and 

Compression Tests. Osteoporos. Int. 1999, 9, 433–440, doi:10.1007/s001980050168. 

102. Strube, A.; Suominen, M.I.; Rissanen, J.P.; Mumberg, D.; Klar, U.; Halleen, J.M.; Käkönen, S.-M. The anti-tumor agent sagopilone 

shows antiresorptive effects both in vitro and in vivo. Osteoporos. Int. 2011, 22, 2887–2893, doi:10.1007/s00198-010-1486-9. 

103. Parfitt, A.M. Misconceptions (2): Turnover is always higher in cancellous than in cortical bone. Bone 2002, 30, 807–809, 

doi:10.1016/S8756-3282(02)00735-4. 

104. Weatherholt, A.M.; Fuchs, R.K.; Warden, S.J. Cortical and trabecular bone adaptation to incremental load magnitudes using the 

mouse tibial axial compression loading model. Bone 2013, 52, 372–379, doi:10.1016/j.bone.2012.10.026. 

105. Long, F.; Ornitz, D.M. Development of the Endochondral Skeleton. Cold Spring Harb. Perspect. Biol. 2013, 5, a008334, 

doi:10.1101/cshperspect.a008334. 

106. Lewis, E.B. A gene complex controlling segmentation in Drosophila. Nature 1978, 276, 565–570, doi:10.1038/276565a0. 

107. McGinnis, W.; Krumlauf, R. Homeobox genes and axial patterning. Cell 1992, 68, 283–302, doi:10.1016/0092-8674(92)90471-N. 

108. Wellik, D.M. Hox10 and Hox11 Genes Are Required to Globally Pattern the Mammalian Skeleton. Science 2003, 301, 363–367, 

doi:10.1126/science.1085672. 

109. McIntyre, D.C.; Rakshit, S.; Yallowitz, A.R.; Loken, L.; Jeannotte, L.; Capecchi, M.R.; Wellik, D.M. Hox patterning of the 

vertebrate rib cage. Development 2007, 134, 2981–2989, doi:10.1242/dev.007567. 

110. Rux, D.R.; Song, J.Y.; Swinehart, I.T.; Pineault, K.M.; Schlientz, A.J.; Trulik, K.G.; Goldstein, S.A.; Kozloff, K.M.; Lucas, D.; 

Wellik, D.M. Regionally Restricted Hox Function in Adult Bone Marrow Multipotent Mesenchymal Stem/Stromal Cells. Dev. 

Cell 2016, 39, 653–666, doi:10.1016/j.devcel.2016.11.008. 



Int. J. Mol. Sci. 2021, 22, 9299 20 of 20 
 

 

111. Song, J.Y.; Pineault, K.M.; Dones, J.M.; Raines, R.T.; Wellik, D.M. Hox genes maintain critical roles in the adult skeleton. Proc. 

Natl. Acad. Sci. USA 2020, 117, 7296–7304, doi:10.1073/pnas.1920860117. 

112. Gersch, R.P.; Lombardo, F.; McGovern, S.C.; Hadjiargyrou, M. Reactivation of Hox gene expression during bone regeneration. 

J. Orthop. Res. 2005, 23, 882–890, doi:10.1016/j.orthres.2005.02.005. 

113. Bais, M.; McLean, J.; Sebastiani, P.; Young, M.; Wigner, N.; Smith, T.; Kotton, D.N.; Einhorn, T.A.; Gerstenfeld, L.C. 

Transcriptional Analysis of Fracture Healing and the Induction of Embryonic Stem Cell–Related Genes. PLoS ONE 2009, 4, 

e5393, doi:10.1371/journal.pone.0005393. 

114. Rux, D.R.; Song, J.Y.; Pineault, K.M.; Mandair, G.S.; Swinehart, I.T.; Schlientz, A.J.; Garthus, K.N.; Goldstein, S.A.; Kozloff, K.M.; 

Wellik, D.M. Hox11 Function Is Required for Region-Specific Fracture Repair. J. Bone Miner. Res. 2017, 32, 1750–1760, 

doi:10.1002/jbmr.3166. 

115. Pineault, K.M.; Song, J.Y.; Kozloff, K.M.; Lucas, D.; Wellik, D.M. Hox11 expressing regional skeletal stem cells are progenitors 

for osteoblasts, chondrocytes and adipocytes throughout life. Nat. Commun. 2019, 10, 1–15, doi:10.1038/s41467-019-11100-4. 

116. 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, doi:10.1242/dev.023788. 

117. Bradaschia-Correa, V.; Leclerc, K.; Josephson, A.M.; Lee, S.; Palma, L.; Litwa, H.P.; Neibart, S.S.; Huo, J.C.; Leucht, P. Author 

Correction: Hox gene expression determines cell fate of adult periosteal stem/progenitor cells. Sci. Rep. 2020, 10, 3220, 

doi:10.1038/s41598-020-59764-z. 

118. da Silva, R.A.; Fuhler, G.M.; Janmaat, V.T.; da Fernandes, C.J.; da Silva Feltran, G.; Oliveira, F.A.; Matos, A.A.; Oliveira, R.C.; 

Ferreira, M.R.; Zambuzzi, W.F.; et al. HOXA cluster gene expression during osteoblast differentiation involves epigenetic 

control. Bone 2019, 125, 74–86, doi:10.1016/j.bone.2019.04.026. 

119. Godfrey, T.C.; Wildman, B.J.; Beloti, M.M.; Kemper, A.G.; Ferraz, E.P.; Roy, B.; Rehan, M.; Afreen, L.H.; Kim, E.; Lengner, C.J.; 

et al. The microRNA-23a cluster regulates the developmental HoxA cluster function during osteoblast differentiation. J. Biol. 

Chem. 2018, 293, 17646–17660, doi:10.1074/jbc.RA118.003052. 

120. Hassan, M.Q.; Tare, R.; Lee, S.H.; Mandeville, M.; Weiner, B.; Montecino, M.; van Wijnen, A.J.; Stein, J.L.; Stein, G.S.; Lian, J.B. 

HOXA10 Controls Osteoblastogenesis by Directly Activating Bone Regulatory and Phenotypic Genes. Mol. Cell. Biol. 2007, 27, 

3337–3352, doi:10.1128/MCB.01544-06. 

121. Huang, Y.; Sitwala, K.; Bronstein, J.; Sanders, D.; Dandekar, M.; Collins, C.; Robertson, G.; MacDonald, J.; Cezard, T.; Bilenky, 

M.; et al. Identification and characterization of Hoxa9 binding sites in hematopoietic cells. Blood 2012, 119, 388–398, 

doi:10.1182/blood-2011-03-341081. 

122. Bei, L.; Lu, Y.; Bellis, S.L.; Zhou, W.; Horvath, E.; Eklund, E.A. Identification of a HoxA10 Activation Domain Necessary for 

Transcription of the Gene Encoding β3 Integrin during Myeloid Differentiation. J. Biol. Chem. 2007, 282, 16846–16859, 

doi:10.1074/jbc.M609744200. 

123. Shah, C.A.; Wang, H.; Bei, L.; Platanias, L.C.; Eklund, E.A. HoxA10 Regulates Transcription of the Gene Encoding Transforming 

Growth Factor β2 (TGFβ2) in Myeloid Cells. J. Biol. Chem. 2011, 286, 3161–3176, doi:10.1074/jbc.M110.183251. 

124. Shah, C.A.; Bei, L.; Wang, H.; Platanias, L.C.; Eklund, E.A. HoxA10 Protein Regulates Transcription of Gene Encoding Fibroblast 

Growth Factor 2 (FGF2) in Myeloid Cells. J. Biol. Chem. 2012, 287, 18230–18248, doi:10.1074/jbc.M111.328401. 

125. Alharbi, R.A.; Pettengell, R.; Pandha, H.S.; Morgan, R. The role of HOX genes in normal hematopoiesis and acute leukemia. 

Leukemia 2013, 27, 1000–1008, doi:10.1038/leu.2012.356. 

126. Boudreau, N.J.; Varner, J.A. The Homeobox Transcription Factor Hox D3 Promotes Integrin α5β1 Expression and Function 

during Angiogenesis. J. Biol. Chem. 2004, 279, 4862–4868, doi:10.1074/jbc.M305190200. 

127. Leow, J.M.; Clement, N.D.; Tawonsawatruk, T.; Simpson, C.J.; Simpson, A.H.R.W. The radiographic union scale in tibial (RUST) 

fractures: Reliability of the outcome measure at an independent centre. Bone Jt. Res. 2016, 5, 116–121, doi:10.1302/2046-

3758.54.2000628. 

128. Frank, T.; Osterhoff, G.; Sprague, S.; Garibaldi, A.; Bhandari, M.; Slobogean, G.P. The Radiographic Union Score for Hip (RUSH) 

Identifies Radiographic Nonunion of Femoral Neck Fractures. Clin. Orthop. Relat. Res. 2016, 474, 1396–1404, doi:10.1007/s11999-

015-4680-4. 

 


