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Abstract

Summary—Bone healing involves complex biological pathways and interactions among various 

cell types and microenvironments. Among them, the monocyte–macrophage–osteoclast line-age 

and the mesenchymal stem cell–osteoblast lineage are critical, in addition to an initial 

inflammatory microenvironment. These cellular interactions induce the necessary inflammatory 

milieu and provide the cells for bone regeneration and immune modulation. Increasing age is 

accompanied with a rise in the basal state of inflammation, potentially impairing osteogenesis.

The translational potential of this article—Translational research has shown multiple 

interactions between inflammation, ageing, and bone regeneration. This review presents recent, 

relevant considerations regarding the effects of inflammation and ageing on bone healing.
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Introduction

The global population is ageing at a rate that the United Nations describes as 

“unprecedented, without parallel in human history” [1]. Indeed, by 2050, the population 

aged 65 years and older in the United States is expected to reach 89 million—more than 

double its total of 40.5 million in 2010. Along with this growing elderly population comes 

an inevitable proliferation of chronic ageing-related diseases, which will greatly impact 

health care systems for decades [2]. One such disease, osteoporosis, is responsible for over 

1.5 million fractures each year, many of which necessitate total joint replacements (TJRs) as 

treatment. The incidence of both osteoporosis and osteoporotic fractures increases with age; 

the lifetime risk of a postmenopausal woman sustaining an osteoporotic fracture has been 

estimated as one in two. Similarly, one in every three men over the age of 75 years will 

suffer from osteoporosis. The total cost of short- and long-term care of these fractures is 

over $10 billion annually. This, combined with the ageing population, projects the economic 

burden of osteoporosis to reach $240 billion by 2040 [3].
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Regarding the underlying mechanisms of ageing and diminishing bone mass, the previous 

“estrogen-centric” school of thought has been cast aside. Deficiency of sex steroids does 

indeed expedite the process of losing bone mass, but it has more recently been shown that 

bone loss commences as early as the third decade of life in both men and women. Studies 

suggest that age-related changes, such as oxidative stress-induced osteocyte death, are 

fundamental mechanisms of bone density loss and strength reduction [4]. As the body ages, 

the balance between removal of old bone and formation of new bone becomes reciprocally 

negative, leading to osteoporosis [5]. On a more microscopic level, aged mesenchymal stem 

cells (MSCs; precursors to the bone-forming osteoblasts) have demonstrated reduced 

proliferation, differentiation, and osteogenic potential [6–8].

Osteoarthritis is another ageing-related condition that will increase in prevalence with the 

ageing population. TJRs, such as total hip and knee replacements, are also very successful 

treatments for patients with end-stage joint arthritis who have failed conservative 

management [9]. Close to 1 million TJRs are performed annually in the United States; over 

4 million are projected annually by 2030. Concurrently, total hip and knee revisions are 

estimated to grow by 137% and 601% in the same span, respectively [10]. With regards to 

complications of TJRs, advanced age is associated with both higher infection rate and more 

frequent implant dislocation, both of which can lead to revision surgeries [11]. The lifetime 

of a TJR implant is estimated at 15–25 years of use, with failure generally occurring owing 

to slow, progressive, subtle inflammation at the bone-implant interface. This inflammation is 

caused by innate immune cells such as macrophages, which are activated by implant wear 

debris. This slowly developing bone loss is known as “aseptic loosening” and is a common 

cause of TJR revision surgeries [12]. “Septic loosening” may also occur in a similarly slow 

manner, owing to bacterial-induced inflammation which leads to periprosthetic bone loss 

and implant dislodgement from the underlying bone bed [13].

Systemic inflammation has also been shown to delay fracture healing and lead to 

complications such as non-unions [14]. The role of inflammation in bone growth and healing 

should not be cast purely in a negative light, however. Though proinflammatory cytokines 

such as tumour necrosis factor alpha (TNF-α) and interleukin (IL)-1 are known to directly 

lead to joint and bone destruction in arthritis patients, a period of inflammation is 

unequivocally compulsory for proper fracture healing [15,16]. Whereas the inflammation 

seen in severe foreign body reactions and some bone pathologies may be lengthy and 

unregulated, the therapeutic inflammation in fracture healing is brief and closely regulated 

[16].

With increased age, individuals develop a persistent, low-grade, subclinical proinflammatory 

status [17]. Previous studies have found elevated circulating proinflammatory marker levels 

with age [18]. High levels of TNF-α, inducible nitric oxide synthase, IL-1β, and interferon-

γ (INF-γ) have been observed when aged macrophages were challenged with IFN-γ or 

lipopolysaccharide [19–21]. Likewise, Smallwood et al. [22] found that aged macrophages 

have increased nitric oxide production under resting conditions, and are susceptible to 

oxidative damage. Since inflammation is known to lead to failure of TJR implants via 

aseptic loosening and other causes, it is particularly worrisome that our ageing population 

may require many more TJR operations, while simultaneously hosting a proinflammatory 

Gibon et al. Page 2

J Orthop Translat. Author manuscript; available in PMC 2017 October 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



state which is unfavourable for TJR implant survival. There is an obvious need for the ability 

to therapeutically modulate the inflammatory response post-operatively to reduce the 

occurrences of aseptic loosening and subsequent implant failure.

Inflammation and bone

Inflammation is generally regarded as pathologic and detrimental to wound healing. 

However, inflammation is a natural response to injury and stress, and, when appropriately 

modulated, is essential for normal bone repair and homeostasis.

Inflammation and fracture healing

Fracture healing can be described in three characteristic phases: inflammatory, repair, and 

remodelling [23]. In this section, we will focus on the inflammatory phase, which lasts 3 

days in mice, 4 days in rats, and up to 1 week in humans [23–25]. Acute injury results in 

bone, vascular, and local soft tissue damage, and resident tissue macrophages and other cells 

initiate an inflammatory cascade. Within the fracture gap, a fracture haematoma forms to act 

as a scaffold for recruited polymorphonuclear neutrophils (PMNs) to clear the area of dead 

cells and debris and secrete chemokines, notably CCL2 (chemokine ligand 2) and IL-6, to 

attract macrophages [23,26–29]. These PMNs exert their effects and die quickly, and their 

prolonged activation and presence is detrimental to fracture healing [28,30].

Resident macrophages called osteomacs and recruited macrophages are pivotal for 

intramembranous and endochondral ossification, respectively [31,32]. From this 

inflammatory milieu, macrophages are polarised to a predominantly proinflammatory M1 

phenotype early, and increasingly assume the anti-inflammatory phenotype as healing 

progresses [33]. Macrophages can be polarised to the M1 phenotype by IFN-γ and 

lipopolysaccharide, and have increased expression of inducible nitric oxide synthase, CCR7 

(C–C chemokine receptor type 7), and HLA-DR (Human Leukocyte Antigen – antigen D 

Related) [34,35]. Macrophages can be polarized to M2 by IL-4, and M2 macrophages are 

characterised by increased expression of CD206 (Cluster of Differentiation 206), Ym1 

(eosinophil chemotactic factor), CD163, CCL1, CCL18, FIZZ1 (Found in Inflammatory 

Zone protein), arginase 1, and chitotriosidase [36,37]. During fracture healing, the M1-to-

M2 transition is likely mediated by both macrophage autocrine signalling and paracrine 

signalling from other cells at the fracture site, including MSCs. MSCs are known to exert an 

anti-inflammatory effect and polarise macrophages towards the M2 phenotype for the 

resolution of inflammation and initiation of repair [38–41]. Although the natural healing 

process moves towards an anti-inflammatory environment, acute inflammation is important 

for fracture repair, as it stimulates angiogenesis and promotes proliferation and 

differentiation of MSCs towards osteoblasts [31,42,43]. Studies have shown that M1 

macrophages promote osteogenesis of MSCs and that this effect can be enhanced by precise 

M1-to-M2 transition either 72 h or 96 h after coculture [44–46]. Moreover, M2 macrophages 

survive longer than M1 macrophages, highlighting that the proosteogenic effects of M1 

macrophages are exerted early and transiently in osteogenesis [47].
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After a variable time of macrophage activity, lymphocytes migrate to the fracture site, 

initiate the adaptive immune response, and secrete large amounts of proinflammatory 

cytokines, such as IL-1, IL-6, and receptor activator of nuclear factor kappa-B ligand 

(RANKL) [23,31,42,43]. The effects of these and other inflammatory cytokines on bone are 

reviewed extensively by Claes et al. [23] and Thomas and Puleo [48].

Inhibition of this inflammatory phase disrupts bone formation and increases the risk of 

complications (e.g., nonunion). For example, cyclooxygenase-2 (COX-2) is highly expressed 

after a fracture, and one of its metabolites, prostaglandin E2, is known to play a role in the 

inflammatory phase of healing and in promoting MSC and periosteal progenitor 

differentiation into osteoblasts [49–52]. Studies have shown that inhibition of COX-2 and 

prostaglandin E2 by nonsteroidal anti-inflammatory drugs (NSAIDs) and selective COX-2 

inhibitors in vitro and in the clinical setting is detrimental to bone healing [53–55]. In a 

retrospective review of human femoral fractures, Giannoudis et al. [56] found that patients 

who had nonunions of fractures were more likely to have been treated with NSAIDs. 

However, in the craniofacial setting, NSAID use is widely prescribed and has been shown to 

promote the success of endosseous implants [57]. These differences highlight the context-

specific effects of COX-2 and inflammation.

In addition to these molecular factors, biomechanical conditions at the fracture site modulate 

the early inflammatory environment. Moderate interfragmentary movement enhances 

endochondral ossification, whereas fractures with flexible fixation have prolonged 

inflammation with an abundance of cytotoxic T cells, other leukocytes, and M1 

macrophages [58–60]. Similarly, rigid fixation has been shown to increase macrophage 

recruitment and reduce macrophage residency at the fracture site, leading to improved bone 

formation [60].

This early inflammatory phase stimulates angiogenesis and promotes proliferation and 

differentiation of MSCs towards osteoblasts [31,42,43]. Studies have shown that M1 

macrophages in particular promote osteogenesis of MSCs and that this effect can be 

enhanced by precise and timely M1-to-M2 transition [44–46]. These findings highlight that 

an early and transient period of inflammation is required for bone repair. Figure 1 shows an 

overview of the bone fracture healing process.

Excess inflammation

Although early and transient inflammation is essential for proper bone healing, chronic 

systemic inflammation is detrimental to bone remodelling and fracture healing. A variety of 

chronic inflammatory states such as rheumatoid arthritis (RA), chronic obstructive 

pulmonary disease, diabetes mellitus, systemic lupus erythematous, and even periprosthetic 

wear particles from TJRs are characterised by bone loss and secondary osteoporosis [23,61]. 

With an excess of proinflammatory cytokines such as IL-1, IL-6, and TNF, the delicate 

balance between bone resorption and formation is disturbed and shifted towards 

osteoclastogenesis [23]. Figure 2 shows several factors that impair bone healing.
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In inflammatory environments, immune cells from both the innate and adaptive immune 

responses are activated. For example, in RA and periodontal disease, dendritic cells can form 

aggregates with T cells in inflammatory foci that alter RANK–RANKL signalling towards 

bone resorption [62]. These same dendritic cells can further exacerbate bone resorption by 

transdifferentiating into osteoclasts [63]. Similarly, T cells are found in greater proportion in 

fracture calluses isolated from fractures with delayed healing [23,60]. Conversely, 

Recombination activating gene 1- knockout (Rag1) mice that lack B and T cells have better 

fracture healing than immune-competent mice [64]. Together, these findings suggest that 

activation of the adaptive immune system is detrimental to fracture healing.

Disease-specific changes can also alter bone homeostasis. In RA, osteoarthritis, and diabetes 

mellitus, surrounding adipose tissue can dynamically contribute to inflammation and lead to 

dysfunctional bone homeostasis [65]. It has been shown that leptin, adiponectin, and resistin 

mediate inflammation in arthritis and contribute to inflammation and degeneration of the 

joints [65]. Similarly, the formation of advanced glycation end-products in diabetes mellitus 

as a result of nonenzymatic glycosylation has been shown to upregulate secretion of 

inflammatory cytokines, increase osteoclast-mediated resorption, and inhibit osteoblast 

activity [48,66–68].

Ageing itself has also been considered a chronic inflammatory state. The phenomenon of 

“inflamm-ageing” has been described, as many cells, including macrophages, show 

increased responsiveness and hypersensitivity to inflammatory signals [69]. Beyond intrinsic 

cellular changes, this preactivated inflammatory resting state may contribute to impaired 

fracture healing with age. This topic is reviewed thoroughly by Gibon et al. [69].

In addition to chronic inflammatory diseases, wear particles from prosthetic devices (e.g., 

total knee and hip replacements) can cause local chronic inflammation that results in 

osteolysis. Macrophages, especially proinflammatory M1 macrophages, play a key role in 

mediating periprosthetic inflammation, cellular recruitment, and bone resorption [70,71]. 

Studies have shown that immunomodulation of these macrophages with IL-4 (which 

promotes anti-inflammatory M2 polarisation) may enhance osteogenesis by reducing the 

detrimental effects of prolonged inflammation mediated by M1 macrophages [45,71].

Unlike chronic inflammatory states, acute systemic inflammation (e.g., polytrauma, sepsis) 

is characterised by specific activation of PMNs and macrophages [72]. As noted previously, 

PMNs are thought to negatively impact bone formation, while neutropenia in animals has 

been shown to improve fracture repair [30]. In polytrauma, a complex inflammatory cascade 

is initiated and is characterised by overactivation of PMNs, rapid release of proinflammatory 

cytokines, and complement activation [30,72]. Because of this severe systemic inflammatory 

environment, fracture repair is significantly impaired in polytrauma patients.

Modulation of inflammation

Given this information, precise temporal control of inflammation is essential for normal 

skeletal health and repair. In addition to traditional anti-inflammatory therapies (e.g., 

NSAIDs, corticosteroids) that are detrimental to bone, other methods of immunomodulation 
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show promise for the resolution of inflammation to promote osteogenesis and 

reestablishment of the osteoclast–osteoblast balance. Several groups have shown that MSCs 

have anti-inflammatory properties, and MSCs have already been used in the clinic for 

cardiovascular regenerative applications [38,73,74]. MSCs promote M2 polarisation of 

macrophages and show promise in mediating inflammation following injury [38,39,41]. 

Similarly, we have shown that inducing M1-to-M2 polarisation in macrophage-MC3T3 and 

macrophage-MSC cocultures after 72 h or 96 h can promote enhanced osteogenesis [45]. 

This precise timing and dynamic regulation of “good inflammation” may further be 

modulated by lipoxins, resolvins, and protectins, which act as inflammation “stop signals” 

[75]. These agents have been used to treat infection and peritonitis caused by Toxoplasma 
gondii and Angiostrongylus costaricensis in vitro and as protection for periodontitis [76–79].

Bone and ageing

Ageing affects the bone at the macroscopic and microscopic levels. This section will focus 

on the effect of ageing on bone cells with an emphasis on bone marrow MSCs.

Ageing and fracture healing

Fracture in the ageing skeleton is a concerning issue, both clinically and for the health care 

system in general. The effects of ageing on bone healing is multifactorial [80]. Bone healing 

is a complex process which requires local signalling molecules, systemic signalling 

molecules, octeoprogenitor cells, efficient genetic machinery, and a viable blood 

microcirculation. However, in a study using aged rats, Prisby et al. [81] have shown that 

ageing reduces blood flow. The authors showed that aged rats had reduced femoral blood 

flow by 45% in the diaphyseal marrow. The reduction in endothelium-dependent 

vasodilation was mediated through impairment of the nitric oxide synthase pathway, a 

prominent vasodilator. In a small animal fracture model (mice), Lopas et al. [82] quantified 

gene expression and multiple other parameters of the integrity of the bone callus. 

Interestingly, Oserix and Sox9 gene expression were much more upregulated in young mice 

at 10 days and 20 days postfracture. However, geriatric mice produced a less robust callus, 

with decreased bone volume, density, and content, and a delay in peak bone formation. 

Similarly, Wang et al. [83] investigated age-related genes that affected bone healing using a 

fracture model in aged rats. Their investigation revealed four potential age-related genes: 

secreted phosphoprotein 1, integrin-binding sialoprotein, tenscin trophinin, and collagen 
type IIIα3, as well as the extracellular matrix receptor interaction pathway as a potential 

age-related process during bone repair. On the cellular level, Matsumoto et al. [84] showed a 

higher number of alkaline phosphatase positive osteoblasts in a broken rib of young mice 

than in older mice. Moreover, the number of tartrate-resistant acid phosphatase positive 

osteoclasts was significantly higher in aged mice. More importantly, they also showed a 

significant decrease in sonic hedgehog protein secretion in older mice. These different 

studies underline the complex biological processes taking place in ageing bone.
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Ageing and periosteal cells

The role of the periosteum has been well recognized as a critical factor for bone healing 

[85–87]. The periosteum is a reservoir of MSCs known as periosteum-derived progenitor 

cells (PDPCs). They can be found in the inner cambium layer of the periosteum [88]. Their 

potential for bone healing is well established and studies have shown their key role in 

endogenous bone repair and remodelling [89–91]. Ferretti et al. [92] compared PDPCs from 

eight human donors aged 16–28 years and 63–92 years; aged PDPCs exhibited significant 

changes. Two critical cell cycle proteins (Ki67 and p53 (Tumor protein p53)) had 

significantly lower expression in aged PDPCs using immunohistochemistry, indicating 

senescence. Nitric oxide production was found to be higher in aged PDPCs as a result of 

elevated oxidative damage to these cells. Using Quantitative Real-Time Polymerase Chain 

Reaction (qRT-PCR), the authors investigated noteworthy genes involved in osteogenesis. A 

significant increase in IL-6 messenger RNA was detected in samples from a 92-year-old, as 

well as a higher RANKL/Osteoprotegerin (OPG) ratio. Taken together, these data indicate 

ageing-related changes in PDPCs, with a trend towards bone resorption. In a mouse fracture 

model, Yukata et al. [93] assessed bone healing and the effect of recombinant human 

parathyroid hormone 1–34 (PTH1-34) on bone healing in young and aged mice. A 

transverse tibial osteotomy was performed and fixed with an intramedullary needle. Mice 

were then allocated into two groups receiving either hPTH1-34 or a saline solution control. 

Their results showed greater width of the newly formed periosteal regenerative tissue in 

young mice, and the effect of the PTH1-34 was higher in the young mice, both the control 

and PTH1-34 treated groups, compared with the old mice. Furthermore, expression of the 

the cell cycle regulator cyclin D1 was significantly lower in aged mice, as were the 

osteoblast genes Runx2, Osterix, and Osteocalcin. Al-Qtaitat et al. [94] investigated age-

related changes within the periosteum microstructure. They assessed numerous periosteum 

characteristics in young and aged porcine mandibles. In aged animals, the periosteum was 

thinner, had fewer collagen type III fibres, and was more prone to calcify and harden, which 

can jeopardise its functional properties. Overall, the effect of ageing on periosteal MSCs 

tends to mitigate their bone healing function, but more studies are needed to further 

understand details of the various implicated mechanisms.

Conclusion

Taken together, it is clear that precise temporal, spatial, and contextual regulation of 

inflammation is key to normal bone homeostasis and repair. As such, a more granular 

understanding of the complex and often contradictory role of inflammation in skeletal health 

is needed to develop effective therapies for a variety of disease states. Modulation of 

macrophage polarisation and MSC–macrophage crosstalk through local and targeted 

interventions towards a microenvironment that favours bone healing represents a potential 

strategy to optimise bone healing in the elderly.
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Figure 1. 
The three phases of bone healing. COX-2 = cyclooxygenase-2; IL1,6 = interleukin 1 & 6; 

M1 = M1 macrophages; M2 = M2 macrophages; MΦ = macrophage; MSCs = mesenchymal 

stem cells; PGE2 = prostaglandin E2; RANKL = receptor activator of nuclear factor kappa-

B ligand.
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Figure 2. 
Factors impairing bone healing. COPD = chronic obstructive pulmonary disease; COX-2 = 

cyclooxygenase-2; IL 1,6 = interleukin 1 & 6; M1 = M1 macrophage; NSAIDs = 

nonsteroidal antiinflammatory drugs; PGE2 = prostaglandin E2; RA = rheumatoid arthritis; 

RANKL = receptor activator of nuclear factor kappa-B ligand; TNF = tumour necrosis 

factor.
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