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Fracture-healing is a complex multi-stage process that usually progresses flawlessly, resulting in restoration of bone

architecture and function. Regrettably, however, a considerable number of fractures fail to heal, resulting in delayed

unions or non-unions. This may significantly impact several aspects of a patient’s life.
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1. Introduction

Fracture is a very frequent cause of morbidity with one third of males and one half of females being affected globally, at

least once in their lifetime. Even though most fractures recover uneventfully, 2–11% of fractures, depending on which long

bone has been traumatized, fail to unite, resulting in non-unions . Importantly, this may strongly affect many aspects of

the patient’s life leading to financial, family-related, and psychological issues. Indeed, it has been reported that the

average direct cost of long bone non-union treatment is USD 11,333 (USA), USD 11,800 (Canada), and GBP 29,204 (UK)

. Not surprisingly, the socioeconomic burden imposed on the healthcare system by fractures has pushed the scientific

community towards a synchronized effort to delve deeper and shed light upon the mechanisms of fracture repair to

develop novel more effective therapeutic interventions for the successful management of bone injuries  For this to be

achieved, a multidisciplinary approach employing different scientific specializations (i.e., medicine, biology, biomechanics,

material sciences) is vital.

Fractures result in disruption of bone continuity, which in turn leads to changes in bone microenvironment and

homeostasis. The process of fracture-healing aims at bridging the gap between the bone parts and at ensuring that

injured bone will regain its pre-fracture structural and functional characteristics. To achieve this, a series of cellular and

molecular events that recapitulate normal bone development take place. Two major types of fracture-healing processes

have been recognized: (a) the primary (direct) healing, during which skeletal stem cells (SSC) directly differentiate into

osteoblasts mirroring intramembranous bone formation; and (b) the secondary (indirect) healing that recapitulates mainly

endochondral bone formation, since SSC transform to chondroblasts, which are gradually replaced by bone-forming

osteoblasts .

2. The Catabolic Phase of Fracture-Healing

The catabolic phase of fracture-healing is accomplished by the bone-resorbing cells of the skeleton, the osteoclasts (OCL)

( Figure 1 ). OCL are “surface cells” and as such, they must tightly attach bone surfaces, through specialized integrin

(mainly ανβ3) adhesions, to exert their function. Cell membrane infoldings, rich in actin filaments, called ruffled border, are

responsible for the attachment of OCL to bone surfaces and mark the area to be resorbed. Acid-secreting H+-ATPases 

assist acid secretion to the resorption (Howship’s) lacunae, which is further enhanced by chloride-proton exchange and

chloride channels . OCL secret specific acid proteinases, namely cathepsins K and matrix metalloproteases (MMP)-9

and -13 that degrade collagen and other ECM constituents. Bone debris is removed primarily by vacuolar trafficking .
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Figure 1. The catabolic phase of fracture-healing is characterized by reshaping of the hard (boney) callus. The RANK-

RANKL axis has a central role in the differentiation, maturation and activation of bone-resorbing osteoclasts (original

magnification 10×).

The function of OCL is under the direct and/or indirect control of endocrine/systemic (calcitonin, PTH) and local

(paracrine) factors. It has been previously mentioned that OCL differentiation, proliferation and maturation relies upon the

RANK-RANKL/OPG axis and m-CSF-dependent pathways .

OCL participates in several steps of fracture-healing. More specifically, during the early, inflammatory phase, osteoclastic

activity is peaking due to the need for removal of excess debris and extracellular matrix from the wounded area. This

process is mediated by neutrophil-derived pro-inflammatory cytokines such as TNF-a, IL-6, CCl-2, which recruit

macrophages and activate signaling pathways that promote osteoclastic activity . During indirect fracture-healing, OCL

remove calcified cartilage from the injured area paving the way towards bone synthesis. Some authors use the term

“chondroclasts” to describe these cartilage-destroying multinucleate giant cells; nonetheless it is now widely accepted that

these cells share the same morphological and molecular feature with their bone-resorbing counterparts, the OCL. Finally,

during the catabolic phase of fracture repair, OCL degrade and remove the excess of bony (hard) callus, reshape bone

and eventually restore the pre-fracture architectural and functional features of the bones. Even though the anabolic phase

of fracture-healing is completed in about 10–12 days, the catabolic phase lasts from 1 month to 2 years . Interestingly,

several studies and animal models have shown that inhibition of OCL has minor effect on cartilage but major effect on

bone callus remodeling .

As with anabolic phase, the catabolic phase of fracture repair is also strongly influenced by mechanical stimulation.

Indeed, reduced mechanical stimulation results in enhanced production of pro-inflammatory cytokines such as IL-6, TNF-α

by osteoblasts, directly promoting osteoclast differentiation and maturation. In addition, low levels of mechanical loading

lead in over-production of m-CSF and increase the RANKL/OPG ratio, favoring osteoclast activation and hence bone

resorption .

3. The Role of Bone Marrow Fat in Fracture-Healing Process

Despite the prevailing view that adipose tissue is just a metabolically blunt, space occupying tissue, it is now well

established that it exhibits significant metabolic activity and participates in vital physiological functions of the body,

including response to endocrine and inflammatory stimuli. According to the classical concept, there are two types of

adipose tissue: the white (WAT) and brown adipose tissue (BAT) that have distinct origin and different morphology and

function.

From a micromorphological perspective, white adipocytes are spherical with centrally situated endocytoplasmic lipid

droplet that pushes nucleus towards cell periphery. WAT regulates the balance between energy/nutritional availability and

nutritional needs of the body, acting as a storehouse of excess calories. Moreover, it protects non-fatty tissues from toxic

accumulation of nutrients . WAT can communicate with other organs via endocrine mechanisms mediated by a variety

fat-specific cytokines called lipokines .
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In recent years, a third category of adipose tissue that shares common features with both WAT and BAT, has been

described. For obvious reasons, it is called “brite” or “beige” adipose tissue (BrAT). Brite adipocytes originate from Myf5-

precursors, similarly to WAT; nevertheless, they are multivacuolated cells, rich in UCP1 expressing mitochondria. For this

reason, it is believed that BrAT are morphologically and functionally closer to BAT. Notably, BrAT has greater thermogenic

capacity than BAT, resulting in higher UCP1 levels .

Low-grade chronic inflammation has also significant impact on the regulation of osteoclast function. More specifically,

activated T-lymphocytes promote the synthesis of RANKL and prevent the production of OPG by osteoblasts, resulting in

osteoclastic activation and maturation . Notably, in skeleton, bone marrow adipocytes can induce osteoclastogenesis

via RANK-RANKL-dependent and -independent mechanisms . Additionally, the inflammatory ecosystem induces the

synthesis of MCP1 (monocyte chemoattractant protein 1), a cytokine involved in the activation of several osteoclast-

related signaling pathways, such as the JAK-STAT . The effect of bone marrow BAT and WAT on bone metabolism has

not been thoroughly investigated. Nonetheless, ample evidence indicates that the presence of BrAT and/or the conversion

of WAT to BAT, have an anabolic effect on bones, which can be attributed, at least in part, to cytokines such as IL-1 and to

modifications of sympathetic nervous system . Very recent studies have shown that HDL deficiency is associated with

reduced bone mass and decreased expression of specific BAT-related genes, suggesting a mechanistic link between

HDL, bone marrow fat and bone metabolism .

4. Adipogenesis, Osteogenesis and Fracture-Healing

Noteworthy, mounting body of evidence over the past few years has pointed out that bone marrow adipose tissue greatly

influences bone homeostasis and function. As a matter of fact, lipoblasts and osteoblasts represent the two sides of the

same coin and thus, increased levels of one cell type are associated with decreased levels of the other. In line with that,

increased marrow adiposity is followed by reduced bone mass, a phenomenon that is governed by a series of complex

cellular and molecular events. LBL secrete factors such as chemerin, resistin, visfatin, leptin, adiponectin and omentin-1

that affect SSC program enhancing adipogenesis, while impeding osteoblastogenesis . Others suggest that these

molecules exert a direct action on hematopoietic stem cells HSC promoting osteoclastogenesis. In the same vein, bone

marrow adipocytes synthesize RANKL, further contributing to OCL differentiation and maturation . The augmented

levels of inflammatory cytokines and free fatty acid from BM adipocytes enhance the lipogenic shift of SSC and

osteoclastogenesis, affecting the susceptibility of bones to fractures, and their ability for fracture repair.

The tight connection between bone homeostasis and bone marrow adiposity is further reinforced by recent studies having

investigated the role of HDL in the configuration of BM microenvironment. These studies have shown that HDL deficiency

results in elevated BM adiposity and reduced bone mass, an effect that is mainly attributed to suppressed

osteoblastogenesis, since osteoclast number and function remain unaffected .

Since bone marrow adiposity affects bone marrow microenvironment and skeletal biology, it could be speculated that it

also affects the susceptibility of bone to fractures as well as its ability for uneventful healing. In fact, there are several

research findings that support this speculation. Elevated BM adiposity is associated with the development of a pro-

inflammatory microenvironment, which as mentioned previously, promotes lipo- and osteoclastogenesis resulting in

reduced bone mass and hence increased susceptibility of bones to fractures. In addition, pathological conditions (i.e.,

diabetes type II, ageing, osteoporosis, HDL deficiency, metabolic syndrome) characterized by increased marrow adiposity

and by a switch towards WAT, further increase the pro-inflammatory milieu of BM and hence, the capability of bone to

recover from fractures, for all the reasons that have been addressed earlier in this paper.

Unraveling the molecular interface between bone and fat, it is likely to lead to the development of novel pharmaceutical

agents (such as HDL-directed molecules) that could modify bone marrow microenvironment and accelerate fracture-

healing progress.
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