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Abstract 

 

The rapid bone destruction of the acute Charcot foot is well documented. 

Osteoclasts are the principal cells responsible for bone resorption but their activation and 

function in Charcot osteoarthropathy remain unresolved.  

I hypothesised that aberrantly activated osteoclasts play a key role in the 

pathological bone destruction of the acute Charcot foot. I studied the role of receptor 

activator of nuclear factor-kβ ligand (RANKL), as an osteoclastic activator in Charcot 

osteoarthropathy. I also assessed the role of the proinflammatory cytokines tumour 

necrosis factor-α (TNF-α) and interleukin-6 (IL-6) on osteoclastic activity by using 

neutralising antibodies (anti-TNF-α and anti-IL-6). 

I introduced for the first time in the field of Charcot osteoarthropathy a well-

established osteoclast culture assay together with a novel method to quantitate 

resorption on bone discs, namely surface profilometry.  

I demonstrated the usefulness of these methods as novel techniques to 

investigate osteoclastic activity in Charcot osteoarthropathy. My studies revealed that in 

the presence of macrophage-colony stimulating factor (M-CSF), a survival factor, and 

RANKL, osteoclastic precursors derived from patients with acute Charcot 

osteoarthropathy exhibited increased resorbing activity. This activity was attenuated by 

osteoprotegerin (OPG), a decoy receptor for RANKL, confirming the role of RANKL as 

an osteoclast activator. The addition of anti-TNF-α to M-CSF+RANKL-treated cultures 

led to a significant reduction in the area of resorption (at and below surface) of resorbed 

bone discs and reversed the aberrant erosion profile. The addition of anti-IL-6 to M-

CSF+RANKL-treated cultures resulted only in reduction of the area of resorption at the 

surface. 
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My observations shed light on the pathogenesis of increased osteoclastic activity 

in acute Charcot osteoarthropathy and have pointed out several possible cellular targets 

that may be important for planning future therapies in this devastating condition. 
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Chapter 1 Charcot osteoarthropathy in diabetes 

 

1.1 Introduction 

Charcot osteoarthropathy is one of the most challenging foot complications in 

diabetes in the 21st century. Its pathogenesis is not fully understood and its management 

is at best symptomatic. Common predisposing and precipitating factors include 

neuropathy and increased mechanical forces, fracture and bone resorption, trauma and 

inflammation. 

The frequent presentation of vascular calcification and increased osteoclastic 

activity in patients with diabetic neuropathy has brought attention to a novel cytokine 

pathway receptor activator of nuclear factor-kβ (RANK) ligand (RANKL)/ osteoprotegerin 

(OPG) which is known to mediate both processes. Although there is now evidence to 

confirm the role of RANKL as a mediator of vascular calcification in Charcot 

osteoarthropathy (Ndip, Williams et al. 2011), its role as an osteoclastic activator is 

unknown. Furthermore, bone resorption in Charcot osteoarthropathy may be modulated 

by inflammation via proinflammatory cytokines (Jeffcoate, Game et al. 2005). Cytokines 

of particular interest include tumour necrosis factor-α (TNF-α) and interleukin-6 (IL-6) as 

their concentrations are raised in the sera of patients presenting with acute active 

disease (Petrova, Dew et al. 2015), (Uccioli, Sinistro et al. 2010) but their role as 

osteoclastogenic modulators is unknown. 

My main hypothesis is that aberrantly activated osteoclasts play a key role in the 

pathological bone destruction of the acute Charcot foot and my main objective was to 

study the cellular mechanism of increased osteoclastic activity, and in particular the role 

of RANKL, TNF-α and IL-6. I have explored osteclastogenesis using a classical 

resorption pit assay to generate functional human osteoclasts in vitro together with a 

novel technique to quantitate resorption on bone discs using surface profilometry. Both 
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methods have been used for the first time in the field of Charcot osteoarthropathy and 

have been proposed by the author.  

The introduction of this thesis aims to inform the reader of how existing 

predisposing and precipitating factors known to trigger Charcot osteoarthropathy can 

modulate these cytokine pathways and argue a case for pathological osteoclast 

activation within this paradigm.    

 

1.2 The Charcot foot in diabetes 

Neuropathic bone and joint disease bears the name of the French neurologist, 

Jean Marie Charcot, who initially reported this condition in tabes dorsalis in 1868. The 

association with diabetes was described by Jordan in 1936 and in the 21st century 

Charcot joints are most frequently seen in patients with diabetes.  

The true incidence of Charcot osteoarthropathy in diabetes is unknown, as there 

are no large epidemiological studies. Sinha et al cited a prevalence of 1:680 of people 

with diabetes developing this condition (Sinha, Munichoodappa et al. 1972). The acute 

active osteoarthropathy usually presents unilaterally. Involvement of the contralateral 

foot is not uncommon and has been noted to occur in up to 39 % of the cases (Sanders 

and Frykberg 2001).  

Although considered a rare complication of diabetes, Charcot osteoarthropathy is 

quite often overlooked. Evidence of radiological changes associated with Charcot 

osteoarthropathy has been reported in up to 10% of patients with diabetes and 

neuropathy (Cavanagh, Young et al. 1994). Recent advances in imaging modalities have 

facilitated the diagnosis at an earlier stage when the conventional radiographs are 

normal and this may be also linked with the considerable underreporting of this condition 

(Rogers, Frykberg et al. 2011). Thus Charcot osteoarthropathy could be much more 

common than previously thought.  
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Charcot osteoarthropathy is associated with significant morbidity (Fabrin, Larsen 

et al. 2000). A novel data mining approach has identified more than 100 associations 

with a significant temporal relationship to the development of Charcot foot (Munson, 

Wrobel et al. 2014). Patients with this condition require considerable long-term support 

and their prognosis is poor. In a summary of 15 published reports, there were 11 deaths 

in 301 patients in a 2.5 year follow up, partial or complete foot amputation occurred in 

20/301, whereas 83/301 patients had mobility limitations (Sinacore and Withrington 

1999) leading to the characterisation of patients with Charcot osteoarthropathy as "frail 

patients with fragile feet" (Fabrin, Larsen et al. 2000). Thus an improved understanding 

of the pathogenesis of Charcot osteoarthropathy is essential as these patients have 

reduced quality of life and even increased mortality (Dhawan, Spratt et al. 2005), (Gazis, 

Pound et al. 2004), (van Baal, Hubbard et al. 2010). 

Charcot osteoarthropathy typically affects the joints of the foot and ankle in 

diabetes. Rare presentations include osteoarthropathy of the knee or wrist (Petrova and 

Edmonds 2008). Charcot osteoarthropathy affects both type 1 and type 2 diabetes. 

Patients with type 1 diabetes present at a younger age when they are in their fourth or 

fifth decades whereas in type 2 diabetes, it occurs during their sixth and seventh 

decades (Petrova, Foster et al. 2004). Duration of diabetes is significantly longer in type 

1 diabetes compared to type 2 diabetes and in some cases Charcot osteoarthropathy 

may be the initial manifestation of previously unrecognised type 2 diabetes (Petrova, 

Foster et al. 2004), (Pedersen, Madsen et al. 1993). A relative preponderance of type 1 

diabetes compared with type 2 diabetes has been recorded (Petrova, Foster et al. 2004) 

and recently, it was shown that the odds ratio of a patient with type 1 diabetes to develop 

Charcot osteoarthropathy is 3.9 times greater that the odds ratio of a patient with type 2 

diabetes (Ross, Mendicino et al. 2013). 

 



 

23 
 

1.2.1 Theories on the pathogenesis of Charcot osteoarthropathy in diabetes 

Two fundamental theories have been put forward to explain the 

aetiopathogenesis of this condition.  

The first, formulated by Charcot himself, also known as the French theory, or the 

“neuro-trophic theory”, suggests that the bone and joint changes seen in tabes dorsalis 

are a result of a spinal cord lesion. He believed that the impaired nutritive trophic 

regulation alters the sympathetic tone, leading to vasodilation and increased blood flow. 

Charcot also highlighted the importance of inflammation. He postulated that hyperaemia 

(inflammation) due to abnormal neurovascular control leads to increased bone resorption 

and osteopenia ultimately resulting in bone and joint destruction.  

The second theory, also known as the German theory or the “neuro-traumatic 

theory” was proposed by Volkman and Virchow. They attributed the joint destruction to 

external trauma and repetitive stress, which is quite often unperceived by the patient due 

to loss of proprioception and pain sensation. The patient continues to traumatise the 

bones and soft tissue. This can lead to joint swelling and ligament stretching, resulting in 

joint laxity (Lee, Blume et al. 2003). Ultimately, the inflammatory response to injury leads 

to hyperaemia, soft tissue swelling and bone and joint destruction. 

The pathways to bone and joint destruction according to both theories are 

presented schematically below (Figure 1-1). 
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Figure 1-1 Pathways of development of Charcot osteoarthropathy: neuro-trophic and 

neuro-traumatic theories 

 

1.2.2 Classification and presentation 

The evolution of the Charcot foot was documented by Eichenholtz in 1966. In his 

monograph “Charcot joints” he described a cohort of 68 patients in whom Charcot joints 

were associated with diabetes (n=12), syphilis (n=34), alcoholism (n=4), syringomyelia 

(n=3) and leprosy (n=1), (Chantelau and Grutzner 2014). Based on the X-rays, he 

summarised the changes into three stages: (1) development, (2) coalescence and (3) 

reconstruction and reconstitution (Table 1-1). 
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Table 1-1 Eichenholtz’s description of the natural course of the Charcot joint (radiological 

features and foot presentation) 

Stages Radiological features Foot presentation 

(appearance)  

Stage of development Debris  

Fragmentation 

Disruption 

Dislocations 

Redness 

Swelling 

Warmth  

Bounding pulses 

Stage of coalescence Sclerosis 

Absorption of fine debris 

Fusion of most large fragments 

No redness 

Reduced swelling 

No warmth 

Stage of reconstruction 

and reconstitution 

Lessened sclerosis 

Rounding of major fragments 

Attempts at reformation of joint 

architecture 

Ultimate foot deformity 

Rocker bottom 

deformity 

Medial convexity 

Ankle subluxation 

 

The anatomical sites of bone and joint involvement have been classified into five 

patterns (Sanders and Frykberg’s classification), (Table 1-2). 

 

Table 1-2 Sanders and Frykberg’s anatomical classification 

Pattern Bone and joint involvement  

Pattern I Metatarsal/ phalangeal joints 

Pattern II Metatarsal/ tarsal joints (Lisfranc joints) 

Pattern III Midtarsal joints (Chopart joints) 

Pattern IV Ankle and subtalar joint 

Pattern V Calcaneum 
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Data from a web-based survey of 288 new cases of acute Charcot foot registered 

from 76 different centres in the UK and Ireland within 20 months reported that the 

majority of lesions were in the mid-foot and hind foot and the distribution of the lesions is 

presented schematically (Figure 1-2), (Game, Catlow et al. 2012).  

 

Figure 1-2 Charcot disease in the UK (CDUK) study: distribution of lesions 

 

The Charcot foot is usually characterised by a unilateral redness and swelling 

following minor trauma which may remain unnoticed by the patient, (Figure 1-3A). 

Patients may present early in the acute active phase with normal X-ray or later when 

there may be already existing deformity and typical radiological changes of bone and 

joint destruction, (Figure 1-3B, C), (Petrova and Edmonds 2008).  
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Figure 1-3 Clinical and radiological presentation of acute Charcot osteoarthropathy in 

diabetes.  

Acutely inflamed and swollen foot (A) with classical radiographic features of Charcot 

osteoarthropathy. The anterior-posterior view (B) shows increased space between the first 

and second metatarsal bases associated with severe metatarsal/ tarsal dislocation on the 

lateral view with rocker bottom foot deformity (C)  

 

The X-ray negative stage is now well recognised, and it is often referred to Stage 

0, or sometimes called “the incipient Charcot foot” (Yu and Hudson 2002), (Chantelau 

2005). Imaging modalities including technetium diphosphonate bone scan, magnetic 

resonance imaging (MRI) and positron emission tomography–computed tomography 

(PET-CT) scanning have enabled the detection of early signs of inflammation and 

underlying bone damage before overt bone and joint destruction has occurred (Rogers, 

Frykberg et al. 2011), (Chantelau and Poll 2006), (Ruotolo, Di Pietro et al. 2013). 

Recognition and management at this stage could arrest disease activity and prevent foot 

deformity (Chantelau 2005).  

This X-ray negative / MRI positive stage of inflammatory bone marrow oedema 

has been included into the recently proposed modified classification of Charcot 

osteoarthropathy (Chantelau and Grutzner 2014) in addition to the Eichenholtz’s stages 

I-III.  

The acute active osteoarthropathy is divided into a low severity stage (grade 0) or 

high severity stage (grade 1) according to the absence or presence of cortical fracture 

(Chantelau and Grutzner 2014).  

(A) (B) (C) 
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Grade 0 is characterised by mild inflammation, soft tissue oedema, normal X-ray but 

abnormal MRI scan showing evidence of microfracture, bone marrow oedema and bone 

bruising (Figure 1-4), (Chantelau and Grutzner 2014).  

Grade 1 is characterised by severe inflammation, soft tissue oedema, abnormal 

X-ray with macrofractures and abnormal MRI scan showing evidence of macrofracture, 

bone marrow oedema and bone bruising (Figure 1-4), (Chantelau and Grutzner 2014). 

 

 

Figure 1-4 Categories of Charcot osteoarthropathy based on MRI scan (active 

osteoarthropathy) 

 

Once the inflammation has resolved, the osteoarthropathy is deemed inactive. In 

both categories (grade 0 and grade 1), there is no evidence of inflammation both 

clinically and on MRI scan (absence of significant bone marrow oedema), (Figure 1-5). 

However, in grade 1 the foot has progressed to severe deformity and there is a 
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radiological evidence of healed macrofractures. In contrast, in grade 0, there is no 

deformity and the X-ray remains normal (Figure 1-5), (Chantelau and Grutzner 2014).  

 

 

Figure 1-5 Categories of Charcot osteoarthropathy based on MRI scan (inactive 

osteoarthropathy) 

 

Early recognition of Charcot osteoarthropathy when the X-ray is normal is 

extremely important (Petrova and Edmonds 2008), (Chantelau 2005) and this has been 

emphasised in the recent task force document (Rogers, Frykberg et al. 2011). If not 

recognised and managed at this stage, extensive irreversible bone and joint destruction 

can occur (Chantelau 2005) associated with severe foot deformity (Figure 1-3 B, C), 

leading to ulceration and possible amputation (Rogers, Frykberg et al. 2011).  
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1.2.3 Management of Charcot osteoathropathy 

Current standard of care includes casting immobilisation until the inflammation 

subsides, the fractures heal and the deformity stabilises (Petrova and Edmonds 2008), 

(Petrova and Edmonds 2013). Patients require close follow up to monitor reduction of 

inflammation (infrared skin thermometry) and healing of fractures (Rogers, Frykberg et 

al. 2011). Anti-resorptive therapies including bisphosphonates and calcitonin have been 

used with some success as an adjunct to standard therapy (Petrova and Edmonds 2013) 

although according to others evidence to support their use is weak (Richard, Almasri et 

al. 2012). Thus an improved understanding of the mechanisms involved in the process of 

rapid bone destruction is essential for improved management of this condition (Petrova 

and Edmonds 2013), (Jeffcoate 2005). 

 

1.3 Predisposing and precipitating factors 

Well established predisposing and precipitating factors of Charcot 

osteoarthropathy include neuropathy and increased mechanical forces, bone resorption 

and fractures, trauma and inflammation.  

 

1.3.1 Neuropathy  

Diabetic neuropathy is a common complication of diabetes and affects almost 

20% of the patients (Boulton, Vinik et al. 2005). It is associated not only with the 

development of foot ulceration but also with Charcot osteoarthropathy. In fact, 

neuropathy is the common denominator for all conditions that present with Charcot joints 

including tabes dorsalis, syringomyelia, leprosy, congenital sensory, familial amyloid 

neuropathy and toxic polyneuropathies, such as alcohol and human immunodeficiency 

virus (HIV) -induced (Shibuya, La Fontaine et al. 2008), (Young, Neiderer et al. 2012). 

The presence of nerve damage is a required feature for the development of the 

characteristic bone and joint damage and involves either the spinal cord or the peripheral 
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nerves (Mabilleau and Edmonds 2010). Early experimental models have demonstrated 

that bone and joint destruction occur shortly after sectioning of the posterior nerve root 

(Mabilleau and Edmonds 2010). However, dogs, in whom, a combination of gangliotomy 

and transection of the cruciate ligament was carried out, developed more severe bone 

destruction compared to dogs subjected to gangliotomy alone. Thus the importance of 

peripheral neuropathy in association with trauma in the pathogenesis of this condition is 

established. 

Standard tests to detect nerve damage demonstrate a variable degree of 

impairment in patients with Charcot osteoarthropathy. Numbness of the extremity is one 

of the most frequently reported symptoms although it is not always easy to quantify it by 

testing fine touch (Meyer 1992). Abnormal vibration sensation to 128 cycle/sec  tuning 

fork was noted in 93% of patients with Charcot osteoarthropathy- 70% had diminished 

sensation and in 20% it was absent (Meyer 1992). Decreased ankle jerks were noted in 

25% and were absent in 30% (Meyer 1992).  

Nerve damage in Charcot osteoarthropathy could affect the large myelinated 

fibres (Aα), the small myelinated fibres (Aδ) and the unmyelinated fibres (C-fibres). In a 

study, which reported the presence of a global neuropathy in patients with Charcot 

osteoarthropathy, there was impaired sensation to hot and cold (small fibre neuropathy) 

and also reduced vibration threshold (large fibre neuropathy) when compared to controls 

(Young, Marshall et al. 1995). This study also demonstrated that nerve conduction 

velocity was similar between the Charcot and non-Charcot foot suggesting that the foot 

involvement was precipitated by the site of trauma (Young, Marshall et al. 1995). A 

further study of patients presenting with unilateral Charcot osteoarthropathy 

demonstrated that pinprick, light touch and temperature sensations were not significantly 

different between the affected and non-affected foot (Valabhji, Marshall et al. 2012). 

However, the level of attenuation of vibration sensation was more proximal in the 

affected compared with the unaffected limb, suggesting that an asymmetrical attenuation 
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of vibration sensation may predict the side that will develop a Charcot joint (Valabhji, 

Marshall et al. 2012). 

Patients also exhibit abnormal pain sensation. A recent cross-sectional study 

demonstrated that perception thresholds for cutaneous pressure pain (using calibrated 

von-Frey-hairs with sharp non-injuring tip) but not for deep pressure pain (using 

Algometer II) were significantly elevated in patients with chronic Charcot feet (Chantelau, 

Wienemann et al. 2012). Although this study has shown the presence of diminished 

nociceptive C-fibre function at the skin level, it is not clear why musculoskeletal pressure 

pain perception threshold was preserved in Charcot osteoarthropathy and also in 

patients with diabetic neuropathy (Chantelau, Wienemann et al. 2012).  

In our observations we reported that sensory perception threshold to hot and cold 

was significantly raised in the non-Charcot foot of type 1 and type 2 patients with 

osteoarthropathy compared with type 1 and type 2 control patients (Petrova, Foster et al. 

2005) Vibration perception threshold was also raised in the non-Charcot foot in both type 

1 and type 2 diabetes compared with controls, but only reached statistical significance in 

type 2 diabetes (Petrova, Foster et al. 2005).  

Abnormal threshold to pain, hot and cold stimuli suggest that there may be a 

selective small fibre sensory loss associated with the development of Charcot 

osteoarthropathy (Stevens, Edmonds et al. 1992), predominantly in type 1 diabetes. A 

similar dissociation with impaired pain and temperature thresholds (small fibres) but 

preserved light touch and vibration (large fibres) has been noted in Charcot joints 

associated with syringomyelia (Miller 2001). However, other reports stress the 

importance of both small and large fibre global neuropathy in association with 

osteoarthropathy in both type 1 and type 2 diabetes (Young, Marshall et al. 1995). 

However, the role of neuropathy in the pathogenesis of Charcot osteoarthropathy is 

universal although further studies are needed to determine the specific neurological 

deficit in this devastating condition.   
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1.3.2 Trauma 

Patients with diabetic neuropathy have limited joint mobility, increased plantar 

pressures and abnormal gait allowing them to frequently traumatise their feet (Mueller, 

Zou et al. 2008), (Katoulis, Ebdon-Parry et al. 1997), (Wrobel and Najafi 2010). In a 

recent cohort of 288 cases of Charcot foot, a third of patients recalled a particular 

episode of preceding trauma (Game, Catlow et al. 2012), whilst in others, the 

development of Charcot osteoarthropathy has been noted short after foot surgery or after 

an episode of foot ulcer of infection (Game, Catlow et al. 2012). However, in the majority 

of cases, trauma is trivial and is quite often unperceived by the patient due to the 

underlying neuropathy.   

Recent studies of the physiology of the cholinergic anti-inflammatory pathway 

indicate that the nervous system via the inflammatory reflex of the vagus nerve can 

control cytokine release in response to trauma (Tracey 2007). Afferent signals carried in 

the vagus nerve can activate an efferent response that inhibits cytokine release and this 

is called the cholinergic anti-inflammatory pathway. It is mediated primarily by nicotinic 

acetylcholine receptor on tissue macrophages and leads to decreased production of 

proinflammatory cytokines and thus prevents tissue injury (Wang, Yu et al. 2003).  

A similar pathway may exist to protect the bone and joint tissue. It is well 

documented that both sympathetic and sensory nerve fibres are present in periosteum 

and bone (Hill and Elde 1991), (Hohmann, Elde et al. 1986) , (Konttinen, Imai et al. 

1996) and form dense parallel networks around blood vessels adjacent to bone 

trabeculae, in close contact to bone cells (Goto, Yamaza et al. 1998), (Hara-Irie, 

Amizuka et al. 1996), (Serre, Farlay et al. 1999). Experimental and clinical studies have 

shown increasing evidence for a neural control of bone development, growth, turnover 

and repair (Cherruau, Facchinetti et al. 1999), (Edoff, Hellman et al. 1997), (Hill, Turner 

et al. 1991), (Hukkanen, Konttinen et al. 1995), (Li, Ahmad et al. 2001), (Ramnemark, 

Nyberg et al. 1999).  
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In the limb without neuropathy the intact nerve supply and cholinergic anti-

inflammatory pathway may be protective and the consequences of trauma are limited 

and do not progress to bone and joint damage (Mabilleau and Edmonds 2010), 

(Schaper, Huijberts et al. 2008). In the Charcot limb, trauma results in exaggerated 

inflammation due to the loss of the sensory neuropeptide and the cholinergic anti-

inflammatory pathway (Mabilleau and Edmonds 2010), (Schaper, Huijberts et al. 2008). 

This leads to osteolysis and pathological bone and joint damage.  

 

 

Figure 1-6 The role of neuropathy in Charcot osteoarthropathy  

(Adapted from Mabilleau G, Edmonds ME: Role of neuropathy on fracture healing in 

Charcot neuro-osteoarthropathy. J Musculoskelet Neuronal Interact 2010;10: 84-91) 
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1.3.3 Bone resorption and fractures  

Trauma on the background of neuropathy also leads to fracture and the 

importance of fracture as a trigger event for the development of Charcot 

osteoarthropathy is well recognised (Young, Marshall et al. 1995), (Johnson 1967), 

(Cundy, Edmonds et al. 1985).  

Fractures are often juxta- articular and can cause the joint to become unstable 

and subjected to abnormal stress which will result in erosion of bone and cartilage. Early 

observations of Charcot joints in diabetes have reported that “fractures are the earliest 

sign of impending joint derangement and neurorthropathy” (El-Khoury and Kathol 1980). 

Fractures of significant magnitude were responsible for initiating joint changes in the 

majority of the 118 cases of Charcot foot reported by Johnson (Johnson 1967). In this 

classical review, he clearly demonstrated that fractures are the harbinger of the Charcot 

foot (Johnson 1967). These fractures are not painful because of the underlying 

peripheral neuropathy and the patient, who is unaware of the condition, is able to tolerate 

walking. Eventually, a stage with multiple fractures, bony fragmentation and loss of 

normal foot architecture develops i.e. the Charcot foot.  

“Bone weakness”, as an underlying cause for these pathological fractures was 

proposed by Charcot himself.  Several investigations have explored whether this 

condition is a “late sequela of osteoporosis” in diabetic neuropathy (Childs, Armstrong et 

al. 1998).  

Using radiographic morphometry as a method of assessing bone mass, Cundy 

demonstrated diminished cortical bone mass in both hands and feet in patients with 

severe neuropathy (Cundy, Edmonds et al. 1985).. This study also showed that 

metatarsal fractures were strongly associated with the subsequent development of 

Charcot osteoarthropathy (Cundy, Edmonds et al. 1985). In a further study, a fracture 

pattern of Charcot osteoarthropathy, which was more frequently seen in the ankle and 

forefoot, was associated with a reduced bone mineral density (BMD) of the femoral neck 

of the contralateral limb, whilst a dislocation pattern was associated with a normal BMD 
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(Herbst, Jones et al. 2004). Furthermore, the odds ratio for patients with osteopenia to 

develop fracture pattern opposed to dislocation pattern was 9.5, confirming the role of 

reduced BMD. 

In Charcot osteoarthropathy osteopenia more frequently affects the peripheral 

rather than the axial skeleton. A study, which reported data on BMD measurements at 

several sites, showed reduced stiffness in the calcaneum of the Charcot and non-

Charcot foot (Bem, Jirkovska et al. 2010). In addition, BMD in the femoral neck but not in 

the lumbar spine was reduced in Charcot patients compared with controls. In patients 

with acute Charcot osteoarthropathy, BMD in calcaneum of the affected Charcot foot 

was significantly lower compared with the BMD at the lumbar spine and the femoral neck 

(Bem, Jirkovska et al. 2010). In another series, patients with Charcot osteoarthropathy 

had a significantly reduced BMD in the lower limbs but relatively preserved BMD in the 

spine when compared with patients with diabetic neuropathy, (Young, Marshall et al. 

1995). A further study confirmed that the reduction of BMD was limited to the affected 

foot and does not affect BMD of the spine and hip (Christensen, Bulow et al. 2010). 

These studies indicate that in the acute Charcot foot there is a focal reduction in BMD 

which could be a result of the destructive nature of the osteoarthropathy and could be 

modulated by local factors. Nevertheless there may be an underlying reduction in BMD, 

present in both feet that predisposes to fracture. 

The association between diabetes and osteopenia in Charcot osteoarthropathy is 

more marked in type 1 rather than in type 2 diabetes (Petrova, Foster et al. 2005). 

Evidence of a pre-existing osteopenia was more frequently noted in Type 1 diabetes 

(Petrova, Foster et al. 2005). This reduction in BMD may be associated with neuropathy, 

which can lead to osteopenia not only in the calcaneum but also in femoral neck and 

distal limb (Rix, Andreassen et al. 1999). Moreover, there was a correlation between 

BMD of the lower limb and nerve conduction velocity, which is a further evidence to 

support the association between BMD and neuropathy (Young, Marshall et al. 1995).  



 

37 
 

Despite these discrepancies of the presence of osteopenia in type 1 and type 2 

diabetes, the risk of fracture is increased in both presentations. Fractures in type 1 

diabetes are more frequently associated with reduced BMD and are often spontaneous. 

History of trauma is rarely reported and in the majority of cases, fractures develop during 

normal daily activities (Kathol, el-Khoury et al. 1991). In type 2 diabetes, fractures result 

from alteration of weight bearing and load in the foot (Clasen 2000). Obesity in diabetic 

patients with neuropathy could lead to increased loading of the foot, although no 

relationship between elevated body mass index and acute Charcot osteoarthropathy was 

found in a recent case control study (Ross, Mendicino et al. 2013). However, mechanical 

pressures are significantly elevated in patients with neuropathy and the highest peak 

plantar pressures were reported in patients with Charcot osteoarthropathy in the affected 

and also in the contralateral foot (Armstrong and Lavery 1998). Patients with type 2 

diabetes have increased risk of fractures that is mainly attributed to the increased risk of 

falling (Hofbauer, Brueck et al. 2007). Patients who report falls have multiple risk factors 

including neuropathy, impaired balance, advanced age, and a history of coronary 

disease (Schwartz, Hillier et al. 2002).  

 

1.3.4 Inflammation 

Inflammation has been long recognised as an important feature of the acute 

Charcot foot. Charcot himself pointed out its importance and postulated that hyperaemia 

(inflammation) due to abnormal neurovascular control results in bone and joint 

destruction. Clinical signs of the underlying inflammation are swelling and warmth. 

Although evidence of soft tissue inflammation can be noted on foot and ankle 

radiographs, in patients presenting at stage 0, radiographs may be normal (Yu and 

Hudson 2002). However, at this stage a triphasic disphosphonate bone scan shows 

increased uptake in all three phases namely blood flow, early blood pooling and delayed 

bony phase (Figure 1-7).   

 



 

38 
 

 

Figure 1-7 Foot radiograph and a triphasic technetium-99m-methylene disphosphonate 

bone scan of a patient presenting with a hot swollen left foot; 

Normal alignment of the mid-foot with no bone and joint damage of the tarsometatarsal 

joints noted on the oblique (A) and anterior-posterior view (B) of the left foot radiograph.  

The bone scan shows an asymmetrical blood flow (left foot > right foot) with acute 

inflammation in the left foot together with a focal increased uptake in the mid-foot (blood 

flow and early blood pool images), (red arrows), (A, B); increased bone turnover 

associated with a mid-foot lesion at the delayed uptake image (red arrow), (B).  

In addition, there is radiological evidence of healed fractures of the 1
st

 and 2
nd

 toes (blue 

arrows), associated with increased bone turnover noted only at the delayed uptake images 

of the bone scan (blue arrows).  

 

A normal foot radiograph does not rule out Charcot osteoarthropathy and further 

imaging can reveal the extent of pathology. The MRI scan of the same patient revealed 

subchondral bone marrow oedema and enhancement at the 2nd and 3rd tarsometatarsal 

joint noted on the T1, (Figure 1-8A), short tau inversion recovery (STIR) sequence with 

fat suppression (Figure 1-8B) and also after gadolinium, (Figure 1-8C). 
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Figure 1-8 Magnetic resonance imaging of a patient presenting at Stage 0 Charcot 

osteoarthropathy.  

Abnormal MRI scan showing subchondral oedema with enhancement (red arrows) noted at 

the 2
nd

 and 3
rd

 tarsometatarsal joints on the T1 (A), STIR sequence with fat suppression (B) 

and post gadolinium (Post Gad), (C).  

 

At presentation, the affected foot is usually more than 2°C warmer compared with 

the  non-affected foot (Armstrong, Todd et al. 1997), (McCrory, Morag et al. 1998). 

During the treatment phase, there is a gradual cooling (on average 0.022±0.0005°C per 

day or 2.1°C for every 100 days), (McCrory, Morag et al. 1998). In addition to skin foot 

temperatures, quantitative bone scanning techniques have been also used to assess 

healing and a strong correlation between temperature difference and the ratio of isotope 

uptake has been reported (McGill, Molyneaux et al. 2000). More recently, dynamic MRI 

scans have been used to quantitate inflammation at presentation and also on follow up 

(Zampa, Bargellini et al. 2011). There was a strong agreement between clinical and MRI 

findings in definite lesion healing, which was associated with a significant reduction of 

the contrast medium uptake rate in all patients with improved clinical findings (Zampa, 

Bargellini et al. 2011).  

Foot inflammation and swelling characterise the acute active phase (Eichenholtz 

stage I) and subside in the stage of coalescence (Eichenholtz stage II). Foot swelling 

and skin foot temperatures are traditionally monitored within the course of the disease to 

(A) (B) (C) 

   
 

T1

F 
STIR Post Gad 
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assess healing (Armstrong and Lavery 1997). Recently, using Fluorine-18 

Fluorodeoxyglucose (F-18 FDG) PET/CT it was shown that an inflammatory state may 

precede bone damage in patients presenting with Charcot osteoarthropathy (Pickwell, 

van Kroonenburgh et al. 2011). 

A further study noted increased blood flow associated with weakened but not 

absent venoarteriolar sympathetic axon reflex in Charcot patients and suggested that 

hyperaemia is more likely to be secondary to local inflammatory response to trauma 

(Christensen, Simonsen et al. 2011). The acute inflammatory response to trauma in 

acute Charcot osteoarthropathy is local as it is not usually associated with a rise in 

systemic markers of inflammation (Petrova, Moniz et al. 2007). Furthermore, 

inflammation is closely linked to bone and joint destruction and a recent 

immunohistochemistry of surgical specimens from Charcot patients has shown that bone 

resorption takes place in inflammatory environment with increased expression of 

proinflammatory cytokines (IL-1, IL-6 and TNF-α), (Baumhauer, O'Keefe et al. 2006). 

The role of cytokines as modulators of bone resorption has become central to a 

recent theory comprising well established characteristic factors (neuropathy - abnormal 

loading – trauma – increased force – dislocation/ fracture) and possible cellular pathways 

that could be involved (Jeffcoate, Game et al. 2005), (Figure 1-9).   
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Figure 1-9 The role of the proinflammatory cytokines in the cause of acute Charcot foot in 

diabetes  

(Adapted from Jeffcoate WJ, Game F, Cavanagh PR: The role of proinflammatory cytokines 

in the cause of neuropathic osteoarthropathy (acute Charcot foot) in diabetes. Lancet 

2005;366: 2058-2061) 

 

1.4 Recent theory in the pathogenesis of Charcot osteoarthropathy 

Recently, attention has been drawn towards two cellular pathways as possible 

drivers of the rapid bone destruction that occurs in the diabetic neuropathic foot 

(Jeffcoate, Game et al. 2005). These include uncontrolled release of proinflammatory 

cytokines (IL-1, IL-6, and TNF-α) and the osteoclastic activator RANKL. The latter 

mediates medial arterial calcification in Charcot osteoarthropathy (Ndip, Williams et al. 

2011). RANKL is also the key mediator of osteoclast formation and activation, although 

its role as an osteoclastogenic factor in Charcot osteoarthropathy is unknown. It has 

been hypothesised that proinflammatory cytokines can up-regulate RANKL and thereby 

osteoclastic activity (Jeffcoate, Game et al. 2005), (Figure 1-9).  
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1.5 Osteoclastic activity in acute Charcot osteoarthropathy 

Clinical studies have confirmed that the acute active stage of Charcot 

osteoarthropathy is associated with increased osteoclastic activity.  Serum 

concentrations of bone resorption markers are raised in patients with Charcot 

osteoarthropathy (Gough, Abraha et al. 1997), (Piaggesi, Rizzo et al. 2002) and there is 

evidence of osteopenia of the acute Charcot foot in both type 1 and type 2 diabetes 

(Petrova, Foster et al. 2005), (Jirkovska, Kasalicky et al. 2001).  

The cellular mechanisms of this increased function are unknown and recently I 

hypothesised that the severe bone and joint destruction of the acute Charcot foot was 

driven by aberrantly activated osteoclasts.   

 

1.5.1 Osteoclastogenesis and the role of RANKL 

Osteoclasts have been shown to be the principal cell type responsible for bone 

resorption (Teitelbaum 2000). These tissue specific multi-nucleated cells are derived by 

differentiation of monocyte/ macrophage precursor cells at or near the bone surface 

(Boyle, Simonet et al. 2003). Osteoclastic precursors circulate in the blood in the 

monocytic fraction (Fujikawa, Quinn et al. 1996). Subtypes of monocytes which express 

the cluster of differentiation (CD) markers CD14, CD11b and CD61 exhibit 90-, 30- and 

20-fold higher osteoclast formation capacity in contrast to CD15+ and CD169+ 

monocytes which can hardly generate osteoclasts (Husheem, Nyman et al. 2005). Two 

cytokines are both necessary and sufficient for osteoclastogenesis: RANKL, and 

macrophage-colony stimulating factor (M-CSF), (Figure 1-10). 
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Figure 1-10 Haematopoiesis from multi-potent stem cell 
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RANKL, a cytokine from the TNF-ligand superfamily is expressed on a variety of 

cell types (bone forming osteoblasts, T lymphocytes, dendritic cells, endothelial cells and 

fibroblasts). RANKL binds to its target RANK, expressed on mononuclear osteoclastic 

precursors, induces NF-kβ signalling, resulting in NF-kβ translocation to the nucleus and 

drives osteoclastogenesis (Boyce and Xing 2008). RANKL has been shown to stimulate 

the fusion of pre-osteoclasts, the attachment of the osteoclasts to bone and it is also an 

important factor for their activation and survival (Kostenuik 2005). M-CSF, a 

hematopoietic growth factor, is an essential cytokine required for proliferation and 

survival of mononuclear cells and it acts via its receptor c-fms (Yasuda, Shima et al. 

1998).   

In the presence of RANKL and M-CSF osteoclast precursors undergo various 

stages of proliferation, fusion and differentiation before they become fully functionally 

active, mature osteoclasts (Figure 1-11).  
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Figure 1-11 Schematic diagram of osteoclastogenesis.  

Haematopoietic precursor cells differentiate into mature osteoclasts in the presence of M-CSF and RANKL after cell fusion of multiple (10-20) individual 
mononuclear cells. The process is regulated by OPG which acts as a decoy receptor for RANKL. In contact with bone, the multi-nuclear osteoclast 
undergoes cytodifferentiation and activation; Adapted from Boyle WJ, Simonet WS, Lacey DL: Osteoclast differentiation and activation. Nature 2003; 
423(6937): 337-342 . 
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These large multi-nucleated cells express a series of osteoclast markers, 

including tartrate-resistant acid phosphatase (TRAP), cathepsin K, calcitonin receptor 

and β3-intergrin (Boyle, Simonet et al. 2003), (Henriksen, Bollerslev et al. 2011). To 

degrade mineralised matrix, these cells have a unique cytoskeleton. In contact with 

bone, they form ruffled membrane and actin rings, characteristic of actively resorbing 

osteoclasts (Teitelbaum 2007). RANKL stimulates osteoclast activation by inducing 

secretion of protons and lytic enzymes into a sealed resorption zone formed between the 

basal surface of the osteoclast and the bone surface, (Figure 1-12), (Boyle, Simonet et 

al. 2003). The secreted protons in the resorption lacuna activate TRAP and cathepsin K 

which are essential for the degradation of bone mineral and collagen matrix (Boyle, 

Simonet et al. 2003). The resorbed material is then removed by uptake and transcytosis 

through the osteoclasts, (Figure 1-12). After completing the resorption, osteoclasts 

undergo apoptosis or migrate and perform a further round of resorption.  

 

 

Figure 1-12 Schematic diagram of activation of bone resorption 

Multi-nucleated osteoclasts adhere to bone and undergo cytodifferentiation by forming a 

ruffled membrane. RANKL stimulates osteoclast activation by inducing secretion of 

protons, cathepsin K (CATK) and TRAP into the resorption lacuna. The degraded bone 

mineral and collagen are removed by uptake and transcytosis through the osteoclasts. 

 

The effects of RANKL are physiologically counterbalanced by osteoprotegerin 

(OPG). The latter is a TNF receptor superfamily member glycoprotein acting as a soluble 

decoy receptor for RANKL. It is secreted by a variety of cells including stromal cells, B 
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lymphocytes and dendritic cells. OPG blocks the interaction between RANKL-RANK 

thereby counteracting the osteoclatogenic activity (Boyce and Xing 2008). OPG and 

RANKL are important for osteoclast regulation. The balance between RANKL and OPG 

determines osteoclast functions. Expression of RANKL and OPG is coordinated to 

regulate bone resorption and density and acts negatively to control the activation state of 

RANK on osteoclasts.  

In addition to bone, this signalling pathway also plays a role in vascular 

calcification. The first evidence to suggest this association comes from animal knock-out 

studies. Transgenic mice overexpressing OPG develop osteopetrosis (Simonet, Lacey et 

al. 1997) and conversely, OPG knockout mice develop severe osteoporosis (Bucay, 

Sarosi et al. 1998). These mice also develop arterial calcification of the aorta, which is 

also mediated via this signalling pathway. There is evidence that calcified arteries of 

OPG knockout mice mice express RANKL and RANK, proteins not normally present in 

non-calcified arteries (Min, Morony et al. 2000). Similarly, a study in atherosclerotic 

human arteries has shown the presence of OPG and RANKL in advanced calcified 

lesions (Dhore, Cleutjens et al. 2001). It is well known that there is a high clinical 

prevalence and coincidence of arterial calcification and cardiovascular disease in 

patients with osteoporosis and such association has been noted in patients with diabetes 

(Petrova and Shanahan 2014). This common presentation of vascular calcification and 

pathological osteolysis in diabetic neuropathy has led to a hypothesis that both 

processes could be a result of RANKL up-regulation (Jeffcoate 2004)  

 

1.5.2 RANKL/OPG signalling pathway as a mediator of vascular calcification in 

diabetes 

The first evidence to suggest the association between vascular calcification and 

neuropathy in diabetes comes from clinical observations (Edmonds, Morrison et al. 

1982). Foot and ankle radiographs of diabetic foot patients showed typical “pipe-stem 

or tramline” appearance of continuous parallel lines of calcification of foot and leg 
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arteries (Edmonds, Morrison et al. 1982). Histological examination of the peripheral 

artery specimens from diabetic patients with neuropathy revealed medial calcification, 

characterised by the presence of calcified elastic fibres in the mildly affected arteries, to 

extensive calcium deposits and areas of true bone formation in the advanced lesions 

(Shanahan, Cary et al. 1999).  

The association between diabetic neuropathy and vascular calcification extends 

to neuropathy-related complications including foot ulceration, osteomyelitis and Charcot 

osteoarthropathy. Vascular calcification in peripheral arteries was reported in 54% of 

patients presenting with uncomplicated foot ulcer and in 66% of patients with 

osteomyelitis (Sharma, Scammell et al. 2010). Charcot osteoarthropathy, is a condition 

in which vascular calcification is particularly common (Sharma, Scammell et al. 2010) 

and in some cohorts, it has been observed in up to 90% of cases (Sinha, 

Munichoodappa et al. 1972). There is evidence to suggest that the RANKL/OPG 

signalling pathway is up-regulated in patients with Charcot osteoarthropathy who exhibit 

elevated serum levels of RANKL, OPG and RANKL/OPG ratio (Ndip, Williams et al. 

2011). Furthermore high serum OPG is significantly associated with the presence of 

vascular calcification in foot and leg arteries in neuropathic patients (Edmonds, Korzon-

Burakowska et al. 2009).  

In the vasculature histological examination of tibial peripheral artery specimens 

from Charcot patients, undergoing surgery has identified positive RANKL staining in both 

medial and intimal calcified areas, which were not present in non-calcified areas or in 

specimens from control subjects (Ndip, Williams et al. 2011). Moreover, vascular smooth 

muscle cells from Charcot patients treated with RANKL showed a greater capacity to 

mineralise and this increased osteoblastic differentiation was inhibited by OPG, 

confirming the role of RANKL in the process of calcification (Ndip, Williams et al. 2011). 

In bone, evidence from a pilot in vitro study has shown that newly formed osteoclasts, 

derived from patients with Charcot osteoarthropathy, exhibit extensive resorbing activity 

in the presence of M-CSF and RANKL, a response which is attenuated by OPG 
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(Mabilleau, Petrova et al. 2008). Thus in the vessel wall, progenitor cells differentiate into 

osteoblast-like cells, depositing mineralised matrix, whereas in bone, the enhanced 

osteoclastic activation results in osteolysis and severe bone damage (Alexander 2009).   

Hence RANKL and OPG are identified as key players in the pathogenesis of both 

vascular calcification and bone loss in Charcot osteoarthropathy. Factors that can 

upregulate RANKL in diabetes are neuropathy and inflammation.  

 

1.5.3 Neuropathy and RANKL 

It is possible that upregulation of RANKL could be triggered by the loss of nerve-

derived peptides, e.g. calcitonin gene-related peptide (CGRP), (Jeffcoate 2004). The 

latter is a neuropeptide that acts as a neurotransmitter in small fibres (C-fibres), 

(Pittenger and Vinik 2003). Local innervation plays a modulating role in bone growth, 

repair and remodelling. The terminal structure of the osseous CGRP-containing nerves 

directly contact osteoblasts, osteoclasts, and the periosteal lining cells, and are a source 

of local CGRP, which can act as a local modulator of bone metabolism. CGRP increases 

osteoblastic cyclic adenosine monophosphate via its action on bone specific CGRP 

receptors (Bjurholm, Kreicbergs et al. 1992) thus stimulating osteogenesis (Bernard and 

Shih 1990). Osseous CGRP-containing fibres are also involved in pathologic events in 

bone. The density of CGRP fibres is increased near sites of post-fracture osteogenesis 

(healing callus) and is decreased at the stumps of non-union (Santavirta, Konttinen et al. 

1992). Evidence from bone marrow macrophage cultures has shown that CGRP inhibits 

RANKL induced NF-κB activation, down-regulates osteoclastic genes like TRAP and 

cathepsin K and decreases the number of TRAP-positive cells and RANKL-mediated 

bone resorption (Wang, Shi et al. 2010).  

Thus CGRP deficiency in small fibre neuropathy may lead to impaired 

osteogenesis and delayed fracture healing, and also increased RANKL-mediated 

osteoclastic activity leading to Charcot osteoarthropathy. 
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1.5.4 Inflammation and RANKL 

Trauma on the background of neuropathy may trigger an exaggerated cytokine 

response with release of proinflammatory cytokines (Jeffcoate, Game et al. 2005). In 

such pathological conditions with excessive activation of the immune system, 

osteoclastic activity becomes deregulated due to increased production of pro-

inflammatory cytokines by activated T-cells. In neuropathy, it is possible that there is a 

misbalance between the production of pro-osteoclastogenic cytokines (IL-1β, IL-6, IL-8, 

IL-11, IL-17 and TNF-α) and anti-osteoclastogenic mediators (IL-4, IL-10, IL-13, IL-18, 

Interferon-γ and Interferon-β), (Zupan, Jeras et al. 2013). It has been recently shown that 

blood monocytes from patients with acute Charcot osteoarthropathy spontaneously 

produced detectable amounts of TNF-α, IL-1β, IL-6 but not IL-4 and IL-10 (Uccioli, 

Sinistro et al. 2010). When stimulated with lipopolysaccharide, monocytes from Charcot 

patients had enhanced production of TNF-α, IL-1β, IL-6 but less IL-4 and IL-10 

compared with monocytes from diabetic control and healthy control subjects (Uccioli, 

Sinistro et al. 2010). In patients with acute Charcot osteoarthropathy, the concentrations 

of TNF-α and IL-6 in the serum were raised (Petrova, Dew et al. 2015) although their role 

in osteoclastogenesis is unknown.  

The proinflammatory cytokines can target osteoclasts directly or indirectly by 

modulating the RANKL/OPG signalling pathway. TNF-α enhances expression of RANKL 

by stromal cells and also experimental work has demonstrated synergism in their action 

on osteoclastic precursors (Lam, Takeshita et al. 2000), (Kobayashi, Takahashi et al. 

2000), (Fuller, Murphy et al. 2002). IL-6 enhances RANKL and OPG expression but also 

directly stimulates osteoclast differentiation (Zupan, Jeras et al. 2013), (Kudo, Sabokbar 

et al. 2003). In addition to trauma, bone fracture itself triggers a coordinated healing 

cytokine response with induction of pro-inflammatory cytokines, including IL-1 and TNF-

α. RANKL is also increased in fracture healing (Kon, Cho et al. 2001).  



 

51 

Thus it is important to study RANKL-mediated osteoclastic activity and its 

interaction with inflammation to achieve a better understanding of the pathogenesis of 

this condition.   

 

1.6 Hypothesis and proposed work 

I have hypothesised that aberrantly activated osteoclasts play a key role in the 

pathological bone destruction that is seen in the acute Charcot foot.  

My main objectives are: 

1. To assess the role of RANKL as an osteoclastic activator in patients with acute 

Charcot osteoarthropathy 

2. To assess the role of TNF-α on RANKL-mediated osteoclastic activity in patients 

with acute Charcot osteoarthropathy by using neutralising antibodies to TNF-α 

(anti-TNF-α) 

3. To assess the role of IL-6 on RANKL-mediated osteoclastic activity in patients 

with acute Charcot osteoarthropathy by using neutralising antibodies to IL-6 (anti-

IL-6) 

To achieve these goals, I introduced for the first time in the field of Charcot 

osteoarthropathy, a well-established osteoclast culture assay. The technique to generate 

functional human osteoclasts from peripheral blood monocytes (PBMCs), (Sabokbar and 

Athanasou 2003) in the presence of M-CSF and soluble RANKL has been validated as a 

useful tool to determine the cellular mechanisms involved in the process of osteoclast 

formation and resorption in physiological and pathological conditions. This technique has 

been used in a variety of conditions including rheumatoid arthritis and psoriatic arthritis 

but such studies have not been carried out in Charcot osteoarthropathy. A detailed 

description of the osteoclast culture assay is presented in Chapter 2.  

In addition to this in vitro assay, I introduced a novel method to quantitate resorption 

on bone discs, namely surface profilometry. This technique provided a new perspective 
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for measuring osteoclastic activity and was used to evaluate erosion patterns and pit 

parameters of resorbed bone discs under different culture treatments. Details on surface 

profilometry and applied methodology are described in Chapter 3. 

Using traditional osteoclastic culture assays (as described in Chapter 2) together with 

surface profilometry (as described in Chapter 3), I studied osteoclastogenesis in patients 

with Charcot osteoarthropathy, diabetic patients and healthy control subjects.  

My experimental work falls into three parts. 

Experimental cultures with M-CSF+RANKL with and without the addition of OPG 

(Chapter 4) 

Experimental cultures with M-CSF+RANKL+anti-TNF-α with and without the addition of 

OPG (Chapter 5) 

Experimental cultures with M-CSF+RANKL+anti-IL-6 with and without the addition of 

OPG (Chapter 6) 

Chapters 4, 5 and 6 provide information on the study groups, methods, statistical 

analyses, results and relevant discussion.  

Chapter 7 summarises the main conclusions and future perspectives of the proposed 

work. 

 

1.7 Expected outcome 

It is hoped that these studies will elucidate the cellular mechanisms of increased 

osteoclastic activity in acute Charcot osteoarthropathy. A better understanding of the 

mechanisms leading to severe bone and joint destruction of the acute Charcot foot could 

become a basis for pharmacological intervention with new therapies and improved 

management of this condition.  



 

53 
 

Chapter 2 Generation of functional human osteoclasts in vitro 

 

2.1 Introduction 

The breakthrough discovery of RANKL in 1998, which was identified as 

osteoblast produced ligand promoting osteoclast differentiation, has facilitated the 

establishment of an in vitro system to generate bone-resorbing osteoclasts without the 

need of co-culture of osteoblasts or stromal cells and haematopoietic cells (Susa, Luong-

Nguyen et al. 2004), (Marino, Logan et al. 2014).  

This chapter describes the technique to generate functional human osteoclasts in 

vitro from peripheral blood mononuclear cells (PBMCs). It explains in detail the 

methodology of cell isolation, culture set up and long-term cell culture maintenance. The 

different culture conditions and cell treatments are described. The main staining 

protocols, together with illustrations of each technique, are presented. For each section, 

detailed information on the required consumables, preparation of stock solutions and 

storage is provided. 

 

2.2 Collection of blood samples  

Blood samples from patients and controls were obtained by venepucture of the 

anticubital vein following standard sterile procedure. All samples were taken in the 

Diabetic Foot Clinic at King’s College Hospital. Blood was taken into four 10 ml 

ethylenediaminetetraacetic acid (EDTA) tubes (BD Vacutainer - K2E 18.0 mg, Ref 

367525) for each subject. Blood samples were stored overnight at 4 °C and processed 

on the next day within 24 hours of collection. All subjects had been informed verbally for 

the purpose of the study and had been given a patient information sheet. All subjects 

had agreed to take part in the study and signed a written informed consent.  
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2.3 Cell culture  

Cell culture work was set up and carried out in Professor Shanahan’s laboratory 

in James Black Centre, King’s College London. All cell culture experiments were carried 

out in the microbiological safety cabinet (MSC) under appropriate aseptic conditions and 

health and safety requirements. 

A list of the osteoclast culture specific consumables, manufacturers and 

instructions for the preparation of stock solutions and storage is presented in the table 

below (Table 2-1). 
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Table 2-1 Osteoclast culture assay consumables 

Consumables  Manufacturer Preparation Storage 

α-minimum essential medium (α MEM)  Lonza, Wokingham, UK Ready to use  4°C 

Penicillin / Streptomycin  Sigma- Aldrich Ltd, Poole, UK aliquot in 5 ml -20°C 

L-Glutamine  Sigma- Aldrich Ltd, Poole, UK aliquot in 5 ml -20°C 

Foetal bovine serum (FBS)  Lonza Ltd, Wokingham, UK aliquot in 50 ml -20°C 

Phosphate buffered saline (PBS) Sigma- Aldrich Ltd, Poole, UK Ready to use 4°C 

Trypan blue solution in PBS (0.4%)  Sigma- Aldrich Ltd, Poole, UK Ready to use RT* 

Bovine bone discs in 70% ethanol Immunodiagnostics Systems, Boldon, UK Mark one side of the bone disc with F 4°C 

Recombinant human M-CSF 25 μg  R&D Systems Europe Ltd, Abingdon, UK Add 25 ml of osteoclast medium to vial; mix and aliquot -20°C 

Recombinant human sRANKL10 μg  PeproTech EC Ltd London, UK Add 1 ml of osteoclast medium to vial, mix and aliquot -20°C 

Recombinant human OPG 25 µg  R&D Systems Europe, Ltd, Abingdon, UK Add 5 ml of osteoclast medium to vial; mix and aliquot -20°C 

Anti-human TNF-α antibody 1mg (anti-TNF-α) R&D Systems Europe, Ltd, Abingdon, UK Add 1 ml of PBS to vial; mix and aliquot -20°C  

Anti-human IL-6 neutralising antibody 1 mg 

(anti-IL6) 

R&D Systems Europe, Ltd, Abingdon, UK Add 1 ml of PBS to vial; mix and aliquot -20°C 

Osteoclast culture medium  500 ml α-MEM + 5ml Penicillin (50 U/ml) /Streptomycin (50 µg/ml) 

+ 5ml L-Glutamine (2mM)+ 50 ml FBS (10%); Use within 6 weeks 

4°C  

 

*RT - room temperature 
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2.3.1 Cell isolation 

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood 

and cultured on plastic for 17 days in 24-well plates to assess osteoclast formation 

and on bovine bone discs set up in 96-well plates to assess osteoclast resorption. 

Blood was diluted with α-minimal essential medium (α-MEM) in 1:1 (i.e. 20 ml of 

blood was diluted in 20 ml of α-MEM). After mixing well, the diluted blood was 

layered over an equivalent volume of histopaque (20 ml of diluted blood layered over 

20 ml of histopaque). The automatic pipette was set at the lowest flow to avoid the 

mixing of the two layers. Samples were centrifugated into a temperature controlled 

centrifuge (4°C, 2300 rounds per minute (rpm) for 25 minute). After the gradient 

centrifugation, the following layers from top to bottom were noted: haemolysed blood, 

PBMC interface, histopaque and red blood cells. The PBMC interface layer was 

gently aspirated and transferred into a universal containing 5 ml of plain α-MEM. 

Cells were washed with 20 ml of α-MEM (final volume) and centrifuged at 4°C, 1500 

rpm for 15 minutes. After the centrifugation, the cell pellet was noted at the conic 

bottom of the universal. The supernatant was discarded. The pellet was resuspended 

in 2 ml of α-MEM and cells were washed with 20 ml of α-MEM (final volume). After a 

second round of centrifugation (1500 rpm, 4°C for 15 minutes), the pellet was 

resuspended in 2 ml of osteoclast culture medium (α-MEM, supplemented with 

Penicillin 50 U/ml / Streptomycin (50 µg/ml), L-Glutamine (2mM) and 10% heat-

inactivated FBS.  

A schematic approach of the cell isolation is presented (Figure 2-1). 
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Figure 2-1 Isolation of PBMCs from whole blood 

(A) Blood sample collected in EDTA blood tubes; (B) Blood diluted in α-MEM, (1:1); (C) Diluted blood layered over histopaque (1:1); (D) 

Samples after centrifugation (25 minutes, 4°C, 2300 rpm); (E) The arrows denote the layers after centrifugation; The PBMC interface (red arrow) 

was removed and transferred into a universal containing α-MEM; Cells were washed twice in α-MEM and centrifugated (15 minutes, 4°C, 1500 

rpm); (F) Black arrow denotes the PBMC pellet after the second round of centrifugation. 
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Cells were counted using haemocytometer. Initially, 10 µl of cell suspension 

was mixed with 10 µl of 0.4% trypan blue solution on parafilm in the MSC. The 

chamber of the haemocytometer was loaded with 10 µl of diluted sample. Cells were 

counted at X100 magnification under light microscopy. The cell concentration was 

calculated and 2x106 cells were cultured on plastic (24-well plates) and 5x105 cells 

were cultured on bovine bone discs in the 96-well plates in duplicate to assess 

osteoclast formation and resorption respectively. After the addition of the cell 

suspension to the required wells, all plates were incubated at 37°C, 5% CO2 for 2 

hours. 

The appropriate number of 24-well and 96-well plates/ subject was set up in 

advance. For 24-well plates, 1 ml of osteoclast culture medium was added to each 

well. For 96-well plates, one bovine bone disc together with 250 µl of osteoclast 

culture medium was added. Initially, the appropriate number of bone discs was 

removed from the vial and placed in a sterile Petri dish to dry in the MSC. One side of 

the bovine bone discs was marked with F with a pencil tip sterilised in 70% ethanol. 

Using sterile forceps, one disc with the F-side face down was placed into a 96-well (1 

disc/ well), followed by the addition of 100 µl of osteoclast culture medium. The 

prepared plates were stored in the incubator (at 37 °C; 5% CO2). Prior to the addition 

of the cell suspension to the 96-wells, the plate base was examined to check whether 

all bovine bone discs were in the wells with the “F-side”, facing down to ensure that 

cells are cultured on the non-marked side.   

Parallel cultures to assess osteoclast formation on plastic and osteoclast 

resorption on bovine discs were set up for each subject.  
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2.3.2 Culture set up 

After 2 hours incubation at 37°C, plate wells and bovine bone discs were 

washed to remove non-adherent cells and then maintained in osteoclast culture 

medium, under 7 main culture treatment conditions (Figure 2-2). 
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Figure 2-2 Cell culture treatments 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

Cell culture 1: 25 ng/ml M-CSF (added at day 0) 

CELL CULTURE TREATMENTS IN OSTEOCLAST MEDIUM (1ML) 

Cell culture 2: 25 ng/ml M-CSF + 100 ng/ml soluble RANKL (added at day 7) 

Cell culture 3: 25 ng/ml M-CSF + 100 ng/ml soluble RANKL + 250 ng/ml OPG (added at day 7) 

Cell culture 5: 25 ng/ml M-CSF + 100 ng/ml soluble RANKL + 10 µg/ml anti-TNFα + 250 ng/ml OPG  

Cell culture 7: 25 ng/ml M-CSF + 100 ng/ml soluble RANKL + 10µg/ml anti-IL6 + 250 ng/ml OPG  

Cell culture 4: 25 ng/ml M-CSF + 100 ng/ml soluble RANKL + 10 µg/ml anti-TNFα (added at day 0) 

Cell culture 6: 25 ng/ml M-CSF + 100 ng/ml soluble RANKL + µg/ml anti-IL6 10 (added at day 0) 
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The appropriate volume of osteoclast culture medium was initially pre-warmed at 

37° and then supplemented with the appropriate volume from the stock solutions of the 

required treatment agents. Example of the preparation of cell culture treatment 2 at day 7 

is presented below (2-A) 

 

2-A  

𝐶𝑒𝑙𝑙 𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 2 =

(25µ𝑙  𝑀𝐶𝑆𝐹 + 10 µ𝐿 𝑅𝐴𝑁𝐾𝐿 + 965 µ𝑙 𝑜𝑓 𝑜𝑠𝑡𝑒𝑜𝑐𝑙𝑎𝑠𝑡 𝑚𝑒𝑑𝑢𝑖𝑚)𝑥 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑤𝑒𝑙𝑙𝑠  

 

Culture medium was refreshed every 3-4 days. Initially, it was aspirated from the 

well and then 1 ml of fresh culture medium, supplemented with the appropriate cytokines 

was added to each well from the 24-well plate and 250 µl were added to each well from 

the 96-well plate. A summary of the cell culture is presented (Figure 2-3).   
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Figure 2-3 Summary of cell culture experiment 

 

2.3.3 Characterisation of osteoclast cultures 

Osteoclast formation was assessed at day 17 after tartrate-resistant acid 

phosphatase (TRAP) staining of the 24-wells. The functional ability of newly-generated 

osteoclasts to carry out resorption was assessed on bovine bone discs assessed at day 

21. Resorption pits were identified after toluidine blue staining of bovine bone discs. 

Actin ring formation on bovine bone discs, as a marker of actively resorbing osteoclasts, 

was identified after FitC- phalloidin staining. 
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2.3.3.1  TRAP staining 

List of chemicals and preparation of the solutions required for TRAP staining is 

provided (Table 2-2). Initially, cells were washed with PBS and fixed with 10% formalin 

for 10 minutes. The fixative was discarded and the cells were washed three times with 

PBS. The staining solution was added (solution A: solution B - in ratio 1:1) and plates 

were incubated in the dark at 37°C for 2±0.5 hours. The principle of TRAP staining is 

based on the simultaneous coupling reaction using naphtol AS-BI-phosphate as 

substrate and fast violet B as the diazonium salt which results in the formation of 

insoluble deposits. After 1.5 hours of incubation, the staining was checked every 30 

minutes and once all wells showed evidence of purple colouring, the staining solution 

was removed and each well was washed three times with PBS, followed by 30 minutes 

incubation in 0.4% sodium fluoride solution. Finally, plates were washed twice with PBS 

and once with distilled water and were left to dry at RT overnight. Stained plates were 

kept at 4°C in the dark for long-term storage and further investigation.  
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Table 2-2 TRAP staining assay consumables 

Consumables Manufacturer Preparation Storage 

Acetic acid Sigma- Aldrich Ltd, Poole, UK 0.2 M Acetic acid solution =0.353 ml of acetic acid + 30 ml of PBS RT 

Sodium acetate Sigma- Aldrich Ltd, Poole, UK 0.2 M Sodium acetate solution = 1.64g of sodium acetate + 40ml of PBS RT 

Tartaric acid Sigma- Aldrich Ltd, Poole, UK Used to prepare acetate-tartrate buffer RT 

Naphtol AS-BI Phosphate Sigma- Aldrich Ltd, Poole, UK Used in solution A -20°C 

Fast violet B salt Sigma- Aldrich Ltd, Poole, UK Used in solution B 4°C 

Dimethyl sulfoxide (DMSO) Sigma- Aldrich Ltd, Poole, UK Ready to use RT 

Sodium fluoride  Sigma- Aldrich Ltd, Poole, UK Sodium fluoride solution = 0.4g sodium fluoride +100 ml PBS RT 

Acetate-tartrate buffer  14.8 ml Acetic acid solution + 35.2 ml Sodium acetate solution + 50 ml 

Distilled  water  

Add 0.194g of tartaric acid to every 100 ml of buffer and adjust to pH 5. 

RT 

Solution A  

 

 10 mg naphtol AS-BI phosphate + 0.5 ml DMSO + 15ml acetate-tartrate 

buffer (pH 5); aliquot and freeze 

-20°C 

Solution B  20 mg fast violet B + 0.5ml DMSO + 15 ml acetate tartrate buffer (pH 5); 

aliquot and freeze 

-20°C 
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Osteoclast formation was assessed using light microscopy. TRAP-positive cells 

with more than 3 nuclei were identified as osteoclasts (Figure 2-4A). The total number of 

cells which was counted in four fields at X40 times magnification was recorded for each 

well (Figure 2-4B).  Cells were cultured in duplicate and the mean number of cells per 

cell culture condition was calculated and was taken for the purpose of the analysis.  

 

 

Figure 2-4 Cell counting after TRAP staining 

Newly-formed TRAP-positive multi-nucleated cells in M-CSF+RANKL-treated cultures as 

viewed under light microscopy; The image was taken at X100 magnification; The black 

arrows denote some of the TRAP-positive multi-nucleated cells (A); Schematic 

presentation of a 24-well (B); TRAP-positive cells with more than three nuclei were counted 

in fields 1 to 4 and recorded for each well. All experiments were carried out in duplicate 

and the mean number of cells per cell culture condition was calculated. 

 

2.3.3.2 Bovine bone disc staining  

Bovine bone discs were stained after 21 days of culture. A list of chemicals and 

the preparation of the solutions required for toluidine blue staining and actin ring 

formation on bovine bone discs is provided (Table 2-3). 

  

(A) (B) 
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Field 1 Field 2 

Field 3 Field 4 
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Table 2-3 List of consumables for bovine bone disc staining 

Consumables Manufacturer Preparation Storage 

Toluidine blue Sigma- Aldrich Ltd, Poole, UK 1% Toluidine blue solution =1g toluidine blue + 100 ml of distilled water; 

adjust to pH 5 

RT 

Ammonium hydroxide Sigma- Aldrich Ltd, Poole, UK 1 mol Ammonium hydroxide solution = 20 ml of 5mol Ammonium 

hydroxide solution + 80 ml distilled water)   

RT 

DPX Mountant for 

histology 

Sigma- Aldrich Ltd, Poole, UK Ready to use RT 

FITC-Phalloidin -0.1mg Sigma- Aldrich Ltd, Poole, UK Inject with a syringe 1ml of DMSO in vial, aliquot and freeze;  

FITC-Phalloidin staining solution (1:100)= 200μl of FitC-phalloidin in 

DMSO solution + 20 ml of PBS 

-20°C in 

the dark 

Triton X Sigma- Aldrich Ltd, Poole, UK 10% Triton X solution= 10 ml of Triton X +100 ml distilled water  

Prior immunofluorescent staining, prepare 0.1% Triton solution for cell 

permeabilisation 

RT 

Vectashield Mounting 

medium with DAPI 

Vector Laboratories, 

Peterborough, UK 

Ready to use 4°C in the 

dark 
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2.3.3.2.1 Toluidine blue staining: 

The bovine bone discs were transferred in 24-well plates, in wells containing one 

molar ammonium hydroxide solution and were incubated overnight. On the next day, the 

ammonium hydroxide solution was aspirated and the bone discs were rinsed twice with 

distilled water. To remove any adherent cells, each well which was containing bone discs 

in distilled water, was sonicated (Branson Sonifier 150) three times for 15 seconds. Bone 

slices were incubated with 1% toluidine blue solution for 5 minutes. Excess staining was 

removed by washing with distilled water. After air-drying, the bovine bone discs were 

mounted onto a glass slide using DPX mountant for histology. A drop of the mounting 

agent was dispensed on the glass slide and each disc was mounted with the F-side 

facing the glass side. The glue was left to dry for 2 hours. All glass slides were clearly 

marked and stored for further examination. 

Resorption pits were identified by light microscopy (Optem, USA). Images were 

captured using Motic Image Software and saved in JPEG format (Figure 2-5).  

 

 

Figure 2-5 Resorption pits on bovine bone discs after toluidine blue staining.  

The white arrows denote some of the pits. The process of resorption exposes collagen 

fibres in the bone, and these fibres are revealed after toluidine blue staining 

 

The captured images were analysed with Adobe Photoshop CS software (Figure 

2-6). The resorption pits stained with toluidine blue were identified (Figure 2-6A); (Image 
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1) and were highlighted with the black brush (Figure 2-6B) and the processed image 

(Image 2) was saved in a JPEG format. Image 1 was reopened and the total disc surface 

was changed to white and the border was changed to black (Figure 2-6C) and the 

processed image (image 3) was saved in a JPEG format. 
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Figure 2-6 Image analysis with Adobe Photoshop CS 

Image of a bovine bone disc after toluidine blue staining, (image 1); The resorption pits are stained in blue (A); The pits were highlighted with the black 

brush in Adobe Photoshop, (image 2), (B); The total disc area was highlighted in white, (image 3), (C).  
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The number of black pixels representing the area of the pits (image 2) and the 

number of white pixels representing the total disc area (image 3) were calculated using 

Image J software.  The extent of eroded surface on each bovine bone disc was 

calculated as a percentage (2-B). 

 

2-B Area of resorption 

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑟𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑜𝑛 𝑏𝑜𝑣𝑖𝑛𝑒 𝑏𝑜𝑛𝑒 𝑑𝑖𝑠𝑐𝑠 (%) =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑙𝑎𝑐𝑘 𝑝𝑖𝑥𝑒𝑙𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑤ℎ𝑖𝑡𝑒 𝑝𝑖𝑥𝑒𝑙𝑠
𝑥 100 

 

Each experiment was carried out in duplicate and the mean area of resorption 

was calculated for each culture treatment/ subject.  

 

2.3.3.2.2 Immuno-fluorescent staining for actin ring formation on bovine bone discs 

Additional bovine bone discs were stained with FitC-phalloidin and mounted with 

vectashield mounting medium with DAPI for the assessment of actin ring formation, a 

marker of actively resorbing osteoclasts.   

After 21 days in culture, bovine bone discs were rinsed with PBS and fixed with 

10% formalin for 10 minutes at room temperature. After fixation, bone discs were 

washed three times with PBS and cells were permeabilised with 0.1% Triton-X solution 

for 15 minutes. The discs were washed three times with PBS and were incubated in 

FitC-phalloidin for 1 hour at room temperature in the dark. After the incubation, discs 

were washed three times with PBS and mounted on glass slides. To mount each bone 

disc on a glass slide, initially a drop of Vectashield mounting medium for fluorescence 

with 4’, 6’-Diamidino-2-Pheylindoledihydrochoride (DAPI) was dispensed on the slide 

with the supplied drop dispenser pipet (each drop was approximately 25 μl). Then the 

bone disc was immersed into the mounting medium and a glass coverslip was placed on 
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the top of the disc. The disc was immersed with the F-side facing the glass slide and 

cells facing the glass coverslip. All slides were wrapped in foil to protect the discs from 

photobleaching and were kept at 4°C. Actin ring formation was assessed after imaging 

with immunofluorescence microscope (Olympus IX81). Bone discs were examined in the 

dark at X100 magnification for the presence of actin ring positive multi-nucleated cells. A 

merged image from both FITC and DAPI channels was captured using Volocity (Perkin 

Elmer, USA) software. The protocol to capture the merged image from both channels 

was devised by Daniel Soong. Images were exported from Volocity as TIFF files for 

further analysis (Figure 2-7). 

 

 

Figure 2-7 Immunofluorescent staining of bovine bone disc for the detection of actin ring 
positive multi-nucleated cells 
Actin filaments stained in green (FITC channel); nuclei stained in blue (DAPI channel). 
Scale bar - 200µm. White arrows denote some of the multi-nucleated actin ring positive 
cells on a bone disc in M-CSF+ RANKL-treated culture 

 

2.3.4 Dose adjustments of cytokines 

For all in vitro experiments, cytokines were used in doses which were previously 

shown to be sufficient to maintain proliferation and survival of monocytes (25 ng/ ml M-

CSF), induce osteoclastogenesis (100 ng/ml RANKL), inhibit RANK-RANKL interaction 

(250 ng/ml OPG) and inhibit IL-6 modulation on osteoclastic precursors (10 µg/ml anti-IL-

6), (Mabilleau, Petrova et al. 2008), (Axmann, Bohm et al. 2009). 
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To determine the inhibitory dose of anti-TNF-α on osteoclastic resorption, a pilot 

experiment was set up in 3 Charcot patients and 3 healthy control subjects and the dose 

response to anti-TNF-α treatment (10 µl/ml and 20 µl/ml anti-TNF-α respectively) on 

osteoclast formation on cell culture plates and bone resorption on bovine bone discs was 

assessed. It has been shown that TNF-α targets two membrane receptors on 

osteoclastic precursors- TNF-α receptor 1 (p55r) and 2 (p75r). The osteoclastogenic 

properties of TNF-α are mediated by p55r whereas p75 is anti-osteoclastogenic 

(Teitelbaum 2007).  

The addition of 10µl/ml and 20µl/ml of anti-TNF-α to M-CSF+RANKL treatment 

did not lead to a significant difference in the mean number of TRAP-positive multi-

nucleated cells in Charcot patients and healthy control subjects (Table 2-4).  

 

Table 2-4 Number of TRAP-positive multi-nucleated cells in M-CSF+RANKL-treated 

cultures and after the addition of 10 and 20 µl/ml anti-TNF-α respectively in Charcot 

patients and healthy control subjects 

Number of TRAP-

positive multi-nucleated 

cells 

M-CSF+RANKL M-CSF+RANKL+ 

anti-TNF-α 

(10µl/ml) 

M-CSF+RANKL+ 

anti-TNF-α 

(20µl/ml) 

p-

value 

Charcot (n=3) 185±53 158±43 182±46 >0.05 

Control (n=3) 95±16 100±14 114±19 >0.05 

 

Data expressed as mean±SEM; Data assessed with ANOVA-test. Levels of significance are 

presented in the table.  

Non-significant difference in the mean number of TRAP-positive multi-nucleated cells in M-

CSF+RANKL-treated cultures compared with cultures supplemented with 10 and 20 µl/ml 

anti-TNF-α respectively in Charcot patients (p>0.05) and healthy control subjects (p>0.05).  

 

In contrast to osteoclast formation, the addition of anti-TNF-α led to a significant 

dose-dependent reduction of the area of bone resorption on bovine bone discs only in 

Charcot patients, but not in healthy control subjects, in whom the area of bone resorption 

on bovine bone discs remained unchanged (Table 2-5).  
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Table 2-5 Area of resorption on bovine bone discs in M-CSF+RANKL-treated cultures and 

after the addition of 10 and 20 µl/ml anti-TNF-α respectively in Charcot patients and healthy 

control subjects.  

Area of resorption on 

bovine bone discs (%) 

M-CSF+RANKL M-CSF+RANKL+ 

anti-TNF-α (10µl/ml) 

M-CSF+RANKL+ 

anti-TNF-α (20µl/ml) 

p-

value 

Charcot (n=3) 47±5.7 33±5.1 23±9.9 <0.05 

Control (n=3) 20±4.1 15±3.2 18±2.7 >0.05 

 

Data expressed as mean±SEM; Data assessed with ANOVA-test. Levels of significance are 

presented in the table.  

Significant reduction in the area of resorption on bovine bone discs as assessed by image 

analysis in M-CSF+RANKL-treated cultures compared with cultures supplemented with 10 

and 20 µl/ml anti-TNF-α respectively in Charcot patients (p<0.05) but not in healthy control 

subjects (p>0.05) 

 

In Charcot patients, paired t-test showed that the area of bone resorption was 

significantly greater in M-CSF+RANKL-treated cultures compared with cultures treated 

with M-CSF+RANKL+anti-TNF-α (10µl/ml), (p<0.05) and also with cultures treated with 

M-CSF+RANKL+anti-TNF-α (20µl/ml), (p<0.05), (Table 2-6). Although the area of bone 

resorption after the addition of 20µl/ml of anti-TNF-α was smaller compared to cultures 

treated with 10µl/ml of anti-TNF-α, this difference was not significant (Table 2-6).  
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Table 2-6 Comparison of the area of bone resorption in M-CSF+RANKL-treated cultures 

and after the addition of 10 and 20 µl/ml anti-TNF-α respectively in Charcot patients and 

healthy control subjects.  

 P1-value 

Charcot 

P2-value 

Control 

M-CSF+RANKL vs M-CSF+RANKL+anti-TNF-α (10µl/ml) <0.05 >0.05 

M-CSF+RANKL vs M-CSF+RANKL+anti-TNF-α (20µl/ml) <0.05 >0.05 

M-CSF+RANKL+anti-TNF-α (10µl/ml) vs M-CSF+RANKL 

+anti-TNF-α (20µl/ml) 

>0.05 >0.05 

 

Data assessed with paired t-test. Levels of significance are presented; P1-values indicate 

differences between the different culture treatments in Charcot patients; P2-values 

indicate differences between the different culture treatments in healthy control subjects;  

Significant reduction in the area of resorption on bovine bone discs between M-

CSF+RANKL- and M-CSF+RANKL+anti-TNF-α-(10µl/ml)-treated cultures and also between 

M-CSF+RANKL- and M-CSF+RANKL+anti-TNF-α (20µl/ml)- treated cultures in Charcot 

patients (P1<0.05 for both pairwise comparisons) but not in healthy control subjects 

(P2>0.05 for both pairwise comparisons). Non-significant difference in the area of 

resorption on bovine bone discs in M-CSF+RANKL+anti-TNF-α-(10µl/ml) and M-

CSF+RANKL- and M-CSF+RANKL+anti-TNF-α-(20µl/ml)-treated cultures in Charcot patients 

(P1>0.05) and healthy control subjects (P2>0.05)  

 

This experiment demonstrated that 10 µl/ml anti-TNF-α is sufficient to block TNF-

α mediated osteoclastic activity in Charcot patients. As a result of this preliminary 

observation, all experiments were carried out with the standard inhibitory dose of anti-

TNF-α (10 µl/ml), in agreement with previous studies, (Cope, Londei et al. 1994).  

 

2.3.5 Detection of C-telopeptide fragments of collagen type I in culture 

supernatant 

During bone resorption in vitro, C-telopeptide degradation products from type I 

collagen are released in culture supernatant and could be detected with an enzyme-

linked immunosorbent assay (ELISA), (Immunodiagnostics System, Boldon, UK.  

CrossLaps enzyme-immunoassay was used to detect C-telopeptide fragments of 

collagen type I generated during osteoclastic bone resorption in vitro. The inter-assay 
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coefficient of variation is 6.3% and the intra-assay coefficient of variation is 3.6% with a 

measuring range between 0.44 nM and 112.7 nM crosslaps.  

For this experiment, cell culture supernatants from various culture treatments 

were collected at day 21 and stored at -80°C until analysed. The assay was carried out 

following the manufacturer’s instructions.  

Culture supernatants and assay controls (cell culture medium control, cell control 

and bone slice control) were thawed. All solutions were equilibrated at room 

temperature. The standards were prepared in the recommended solutions. The antibody 

solution was prepared by mixing biotinylated antibody, peroxidase conjugated antibody 

and incubation buffer in 1:1:100. All specimens were initially pre-diluted with the standard 

diluent prior testing in 1:5 and then 50µl of the diluted samples was pipetted in the 

microplate, followed by the addition of 150 µl of the antibody solution. The plate was 

sealed and incubated for 120 minutes at room temperature on a mixing apparatus (300 

rpm). After five washing cycles with diluted washing buffer (washing buffer in distilled 

water 1:50), the chromogenic substrate solution was pipetted in each well and the plate 

was sealed and incubated for 15 minutes in the dark at room temperature on the mixing 

apparatus (300 rpm). The colour reaction was stopped with sulphuric acid and the 

absorbance was measured within 2 hours at 450 nm using TECAN Genios Pro 

Multifunction Microplate Reader. The results were calculated using Multi Calc 2000 

software in collaboration with Tracy Dew from the Department of Biochemistry at King’s 

College Hospital. The programme was used to draw the best fitting standard curve and 

to determine the crosslaps concentration of the control sample, culture medium control, 

cell control and bone slice control and each of the test specimens by interpolation on the 

curve. To calculate the true concentration, all values were multiplied by 5 to correct for 

the pre-dilution of all controls and samples (1 in 5). The results for the bone cell culture 

supernatants were corrected for the medium, cell and bone slice background effect. All 

samples were analysed in triplicates and the mean value was calculated for the purpose 

of the analysis. 
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2.4 Conclusion 

I successfully set up the traditional osteoclast resorption assay in Professor 

Shanahan’s laboratory and I employed this technique to study osteoclast formation and 

resorption in patients with acute Charcot osteoarthropathy, diabetic patients and healthy 

control subjects.  

This technique was used for the first time in the field of Charcot osteoarthropathy and in 

a pilot study we have confirmed its usefulness as a robust technique to study the 

process of osteoclast formation and resorption in this devastating condition (Mabilleau, 

Petrova et al. 2008).  
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Chapter 3 Surface profilometry as a novel method to measure 

erosion profile of resorbed bovine bone discs 

 

3.1 Introduction 

Although the assay to generate functional human osteoclasts is widely used to 

assess osteoclastic activity, measurement of the percentage area which is resorbed by 

image analysis has its limitations, as this present technique does not provide information 

on depth and shape of erosions. Thus measurement of the erosion profile could be a 

useful technique to describe the resorptive capacity of newly formed osteoclasts in vitro 

as it may provide more information on how osteoclasts exert their resorbing activity. To 

address this need, I devised a novel method to measure the surface roughness of 

resorbed bovine bone discs. This chapter describes the use of a Dektak 150 Surface 

Profiler (Veeco, New York, USA) in the assessment of resorbed bovine discs by newly 

generated osteoclasts. The general principles of contact surface profilometry and the 

devised methodology used to characterise the resorption pits on bovine bone discs 

generated under various cell culture treatments are discussed. This technique was 

developed in collaboration with Dr Peter Petrov from Department of Materials, Imperial 

College London with whom I optimised the sample measurement technique. All surface 

profile measurements were carried out by Nina Petrova in the Thin Film Technology 

Laboratory, Imperial College London.  

 

3.2 Surface profilometry 

 

3.2.1 Main types and application 

Profilometry is a technique which was developed to measure the surface’s profile 

in order to quantify its roughness. It measures surface variations as a function of 
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position. There are two main types: non-contact optic profilometry which uses light and 

contact profilometry which uses stylus based technology. Both modalities have a wide 

range of applications and are commonly used in general and materials sciences.  

Recently, an optical surface profiler has been applied to measure the eroded 

amount of bone on dentine slices by newly generated osteoclasts in vitro (Pascaretti-

Grizon, Mabilleau et al. 2011). This non-contact method used light interferometry to 

produce three-dimensional (3D) topography maps of the sample surface. However, this 

technique had its limitation as the 3D reconstruction images did not provide a true 

representation of the resorption lacuna which made it difficult to compare images 

between bone slices and culture treatments.  

To overcome this limitation, I hypothesised that contact profilometry could provide 

useful information on the shape and size of the eroded surface of bone slices. This 

technique uses a stylus which is dragged across a pre-set length of surface for a 

specified distance and contact force. In general, a profilometer can measure small 

vertical surface variations ranging in height from 10 nanometres to 1 millimetre. The 

height position of the stylus generates an analogue signal. This signal is converted into a 

digital signal, which is stored, analysed and displayed graphically. To investigate the 

usefulness of this technique in the assessment of resorbed bovine bone discs by newly 

generated osteoclasts, I measured the surface profile of discs with a Dektak 150 Surface 

Profiler (Veeco, New York, USA).   

 

3.2.2 Dektak 150 Surface Profiler   

Dektak 150 Surface Profiler is a two-dimensional (2D) contact surface profiler. It 

is fitted with a stylus which has a radius of 2.5 µm. The lateral resolution is limited by the 

tip shape. The display range of the data extends from 20 nm to 65.5 µm with a vertical 

resolution of approximately 0.5 nm. The manually controlled XY stage allows the correct 

positioning of the sample under the stylus. The stylus is then lowered close to the 
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sample. The sample surface can be examined with the camera integrated with the 

profiler (Figure 3-1). 

 

 

Figure 3-1 Dektak 150 Surface Profiler 

The red arrows denote the stylus (A, B), the XY-stage (A, B) and the sample (B). Prior to the 

surface measurement, the sample is positioned under the lifted stylus (C). The stylus is 

then lowered close to the sample (D). The motorised XY-stage is used for fine adjustment 

of the sample position. The sample surface can be visualised with the integrated camera. 

Typical appearance of the surface of a non-resorbed bone disc observed with the camera 

of the profiler (E)   

 

Prior to each measurement, the scan parameters were programmed. The stylus 

is then dragged along the surface of the sample. After the completion of each scan, the 

measured surface profile is graphically presented. The software allows the levelling of 

(A)  (B) 

 

 
 
 
 
 

Stylus 
 

XY Stage 
 

Sample  
(Bone discs mounted 

on a glass slide) 
 

 
(C) (D) (E) 
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the data to compensate for the tilt of the sample. Data is recorded in excel file format 

which allows the reconstruction of the graphs and comparisons between measurements 

and conditions. 

 

3.3 Roughness of bovine bone discs measured by Dektak 150 

Surface Profiler  

To assess the roughness of the bovine bone discs, prior to being used in cell culture, 

the following negative controls were set up. 

1. Non-stained air-dried bovine bone discs (Negative control 1) 

Bovine bone discs in 70% ethanol were removed from the vial and air dried in a Petri 

dish in the MSC. One side of the disc was marked with F. Each disc was then mounted 

with DPX mountant for histology with the F-side facing the glass slide.  

2. Toluidine blue stained bovine bone discs (Negative control 2) 

Air-dried bovine bone discs, marked with F (as above), were stained with toluidine blue. 

Initially, bone discs were incubated overnight with 1 molar ammonium hydroxide solution 

and rinsed twice with distilled water and sonicated for 15 seconds. Bone slices were 

incubated with 1% toluidine blue solution for 5 minutes. Excess staining was removed by 

washing with distilled water. After air-drying, the bovine bone discs were mounted onto a 

glass slide.  

3. Bovine bone discs incubated in osteoclast medium and stained with toluidine blue 

after 21 days in culture (Negative control 3) 

Air-dried bovine bone discs, marked with F (as above), were placed in 24 well plates in 

1ml osteoclastic culture medium, and supplemented with M-CSF. Discs were incubated 

for 21 days at 37°C and 5% CO2. Culture medium was refreshed every 3-4 days. At day 

21, bone discs were stained with 1% toluidine blue (as above- negative control 2). 
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These negative controls were set up to ensure that the various stages of the cell 

culture protocol (air-drying, incubation, sonication and disc staining) would not affect the 

roughness of the bovine bone discs and not lead to bending or damaging the discs. For 

each experiment, 3 to 4 discs were set up and mounted on glass slide with DPX 

(Distrene, Plasticiser, Xylene) histology mountant.  

Initially, the surface of each disc was examined with the integrated camera (Figure 3-2).  

 

 

Figure 3-2 Typical appearance of the surface of a bovine bone disc as viewed with the 

integrated camera of the Dektak 150 Surface Profiler 

(A) Non-stained air-dried bone disc (negative control 1); (B) Toluidine blue stained bovine 

bone disc (negative control 2); (C) Bovine bone disc incubated in osteoclast medium and 

stained with toluidine blue after 21 days in culture (negative control 3). All images were 

taken with the integrated camera of the profiler  

 

The surface appearance was similar between the three types of negative controls 

(Figure 3-2). To assess the roughness of the surface, five scans per bone disc/ condition 

were carried out. Scan parameters are shown on the table below (Table 3-1).  

  

(A) (B) (C) 
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Table 3-1 Dektak Surface Profile scan settings 

Scan Parameters for surface profilometry 

Stylus Radius 2.5 µm 

Length 1000.0 µm 

Duration 60 sec 

Force 3.00 mg 

Resolution 0.056 µm/sample 

Measurement Range 65.5 µm 

Profile Hills and Valleys 

 

After each measurement, the Veeco software reproduced the surface step 

heights which were measured by the stylus and an example of the graphical 

representation of the measured surface profile of a bovine bone disc (negative control 1) 

is presented (Figure 3-3A). To compensate for the tilt of the mounted disc, the software 

was used to level the measurement (Figure 3-3B). The data was recorded in an excel 

format file for further analysis (Figure 3-3C). It was noted that the disc surface was 

smooth with an average roughness of ±1 µm, after the conversion of the Y-axis values 

from a nanometre to a micrometre scale (Figure 3-3D).  
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Figure 3-3 Graphical representation of the surface profile of a bone disc measured with Dektak 150 Surface Profiler  

Surface profile of the bovine bone disc (negative control 1) before levelling (A) and after levelling (B) reproduced with the Veeco software. The same 

surface profile reconstructed with Excel program before (C) and after (D) conversion of the Y –axis values from a nanometre scale to a micrometre scale.  

(A)  (B)  

  
(C)  (D)  
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A typical example of the surface profile measurements of three non-stained air-

dried bovine bone discs (negative control 1) is presented (Figure 3-4A). There was no 

difference in the surface profile of the three bovine bone discs and the average 

roughness of their surface was ± 1.0 µm (Figure 3-4B). 

 

(A) (B) 

  

 

Figure 3-4 Surface profile of non-stained air-dried bovine bone discs   

(A) Comparison of the surface profiles of bone discs 1, 2 and 3 (negative control 1). 

(B) The graph shows that the average surface roughness of the three discs was ±1000 nm 

(± 1µm) 

 

Moreover, there was no difference in the surface roughness of the three different 

types of controls (non-stained air-dried bovine discs; toluidine blue stained bovine bone 

discs and bovine bone discs incubated in osteoclast medium and stained with toluidine 

blue). The average surface roughness for all types of negative controls was ±1 µm. 

These observations indicated that the surface of the bovine bone discs was 

smooth and was not affected by the various stages of cell culture and staining protocol. 

These preliminary observations confirmed my hypothesis that the contact surface 

profilometry with Dektak 150 Surface Profiler could be a useful tool in the assessment of 

surface profile of resorbed bone discs.   
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3.4 Surface profile of resorbed bovine bone discs  

I then hypothesised that contact surface profilometry with Dektak 150 Surface 

Profile could detect differences in the erosion patterns of resorbed bone discs under 

different culture conditions. For this experiment, PBMCs, isolated from a healthy control 

subject and a Charcot patient, were cultured on bovine bone discs for 21 days following 

the protocol, described in Chapter 2. Cells were treated with M-CSF (culture 1) and with 

M-CSF+RANKL (culture 2). These two culture conditions were chosen to assess the 

roughness of the bovine bone discs in the absence of resorption (M-CSF-treated 

cultures) and in the presence of resorption (M-CSF + RANKL-treated cultures). Thus 

culture 1 served as a negative control and culture 2 served as a positive control.  

Initially, the surface of each disc was examined with the camera integrated with 

the profiler (Figure 3-5). The appearance of the surface of the bone discs from culture 1 

(M-CSF treatment) in both control subject and Charcot patient was unremarkable (Figure 

3-5A and B) and was similar to the appearance of the negative control bovine discs 

(Figure 3-2). In contrast, the surface of the bone discs from culture 2 (M-CSF+RANKL 

treatment) showed multiple dark areas of resorbed bone (pits) surrounded by grey areas 

of unresorbed bone in both control subject and Charcot patient (Figure 3-5 C and D).  
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Figure 3-5 Appearance of the bovine bone disc surface as viewed during machine 

operation.  

Images were taken with the integrated camera of the profiler prior to surface measurement. 

The stylus is lifted above the surface of the sample. (White arrow denotes the stylus; white 

dash arrow denotes the stylus shadow; white dash line denotes the scan line). The edges 

of the images appear out of focus due to the acquisition set-up of the camera supplied 

with a mirror positioned at a 45° angle in respect to the sample plane. Typical appearance 

of bovine bone discs observed with the integrated camera in M-CSF treated cultures and in 

M-CSF+RANKL-treated cultures in a control subject (A, C) and in a Charcot patient (B, D) 

respectively. No erosions were noted in M-CSF-treated cultures in the control subject (A) 

and the Charcot patient (B) in contrast to  numerous erosions in M-CSF+RANKL-treated 

cultures, as seen in both control subject (C) and Charcot patient (D). Erosions appeared as 

dark areas surrounded by grey areas of unresorbed bone (C, D). 

 

After each scan, the Veeco software graphically reproduced the measured 

erosion profile (Figure 3-6). In order to compensate for the tilt of the mounted disc 

(Figure 3-6A), the profiler software was used to level the measurement and to set the 

unresorbed bovine surface as the zero level (Figure 3-6B and C).  
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Figure 3-6 Graphical representation of the surface profile of a resorbed bone disc using Veeco software 

Cells were isolated from a Charcot patient and treated with M-CSF+RANKL for 21 days. (A) The black arrows denote the tilt of the disc surface (B) The 

Veeco software was used to correct the tilt of the disc surface (C) The black arrows denote the levelled surface after the correction of the tilt.                                    

(A) (B) 

  
(C)  
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Live observation during machine operation showed that the surface profile of 

bone discs from culture 1 (M-CSF-treated cultures) was unremarkable in both control 

subject (Figure 3-7A) and Charcot patient (Figure 3-7B). In contrast to the smooth 

surface of bone discs from culture 1, multiple erosions were detected on the surface of 

bone discs from culture 2. The stylus followed the pattern of the eroded surface and 

graphically showed the step heights of the disc surface and typical examples of surface 

profiles in M-CSF+RANKL-treated cultures in a control subject (Figure 3-7A) and a 

Charcot patient (Figure 3-7B) are presented.  

The erosion profile of the bovine discs from culture 1 (M-CSF-treated culture) in 

both control subject and Charcot patient appeared as an almost straight line and showed 

a roughness of ±1 µm (Figure 3-7A and B) similar to the roughness of the negative 

control bovine discs (Figure 3-4). In contrast, the erosion profile measurement of bovine 

bone discs from cultures 2 (M-CSF+RANKL-treated cultures) showed multiple pits with 

various shapes and dimensions in control subject (Figure 3-7A) and Charcot patient 

(Figure 3-7B).  
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Figure 3-7 Surface profile of resorbed bone discs in a control subject and in a Charcot 

patient 

Erosion profile of bovine bone discs in M-CSF-treated cultures (solid line) and M-

CSF+RANKL-treated cultures (dash line) in a control subject (A) and a Charcot patient (B) 

after surface profilomery.  

 

In order to set up the unresorbed bone at the zero level, the starting point of each 

measurement was pre-set away from a randomly selected eroded area. To facilitate the 

graph analysis, (Figure 3-8A), all Y-axis values which were above 0 were changed to 0 

for the purpose of the analysis, (Figure 3-8B).  

  

(A) Control subject 

 
(B) Charcot patient 
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Figure 3-8 Graphical representation of the surface profile of bone disc using Excel 

software  

(A) The graph has been reconstructed with excel.  

(B) The same graph after correction of the Y-axis values (Y-axis values above 0 were 

changed to 0). 

 

Each surface profile measurement had a unique graphical presentation. To 

analyse the graphs so as to allow comparisons, the area of resorption under the surface 

and pit morphology were quantitated. 

 

(A) 

 
(B) 
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3.4.1 Area of resorption under the surface 

The area of resorption under the surface was measured using Origin Pro 8.6 

software. The Y-axis values were converted from a nanometre to a micrometre scale. 

(The Y-axis values were divided by 1000). The graphs were then reconstructed with 

Origin Pro 8.6 software (Figure 3-9A) and the data was integrated to calculate the 

resorbed area under surface (µm2), (Figure 3-9B).  

 

(A) (B) 

 

Results log 

x1 = 0 

x2 = 999.9 

i1 = 1 

i2 = 18000 

AREA = -1619.6738205 

y0 = -15.09297 

x0 = 629.9 

dx = 603.38416279856 

Figure 3-9 Graphical representation of the surface profile of bone disc using Origin 

software 

(A) The graph was integrated  

(B) Results’ output 

 

The output was multiplied by (-1) to change the sign from a negative to a positive 

value, as shown on the equation below, (3-A).  

3-A 

𝑨𝒓𝒆𝒂 = (−𝟏𝟔𝟏𝟗. 𝟔𝟕𝟑𝟖𝟐𝟎𝟓) × (−𝟏) 

 

The calculated area was presented as a product (3-B).   
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3-B 

𝑨𝒓𝒆𝒂 = 𝟏. 𝟔 × 𝟏𝟎𝟑µ𝒎𝟐 

 

3.4.2 Pit morphology 

The reconstruction of the measured surface profile with the excel software showed 

that the pits can be classified into three main categories according to their shape. The 

following classification was devised.  

 Uni-dented pits: defined as erosion with one dent starting from and finishing at 

the level of the unresorbed surface  

 Bi-dented pits: defined as an erosion with two clearly defined dents starting from 

and finishing at the level of the unresorbed surface 

 Multi-dented pits: defined as erosion with three or more clearly defined dents 

starting from and finishing at the level of the unresorbed surface.   

The excel software also allowed the precise measurement of the pit dimensions. The 

following parameters were measured for each pit:  

 Width at the surface (μm)- the distance between the beginning and the end of 

each pit measured at the surface level   

 Full-Width Half-Maximum (FWHM), where the width was measured at the half of 

the maximum depth.  

 Maximum depth (μm) – the distance from the surface level to the maximum depth 

of the uni-dented pit; the distance from the surface level to the maximum depth of 

the deeper or the deepest dent of the bi-dented or multi-dented pits respectively 

 

Examples of pits according to their shape together with the measured parameters are 

presented for a control subject (Figure 3-10A) and a Charcot patient (Figure 3-10B).
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Figure 3-10 Example of pits in M-CSF+RANKL-treated cultures in a control subject and a 

Charcot patient  

Examples of uni-dented, bi-dented and multi-dented pits together with an illustration of the 

dents (solid line arrow) and pit parameters (width at the surface; FWHM and maximum 

depth: dash arrow) are shown for a control subject (A) and a Charcot patient (B).  

 

Comparison of the erosion profile measurements of resorbed bone discs from a 

control subject and a Charcot patient revealed a different pattern of resorption. In M-

CSF+RANKL-treated cultures, the area of resorption under the surface of resorbed bone 

discs was greater in a Charcot patient compared with the area of resorption in control 

subject (Figure 3-11). Furthermore, the pit morphology was different. Pits appeared 

deeper and wider in the Charcot patient compared with the control subject.   

 
(A) Control subject 

 
(B) Charcot patient 
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Figure 3-11 Comparison of erosion profile of resorbed bone discs in a control subject and 

in a Charcot patient in M-CSF+RANKL-treated cultures 

 

These original observations indicated that surface profile measurements could 

provide additional information on how osteoclasts generated from control subjects and 

Charcot patients resorb bone. The devised parameters (area of resorption under the 

surface together, pit measurements including width, depth and FWHM) could be useful 

to assess the differences in the resorption pattern of osteoclasts derived from Charcot 

patients and control subjects. 

 

3.5 Conclusion 

I applied surface profilometry for the first time and proposed its usefulness as a 

novel method to assess bone resorption on bone discs cultured in vitro. This novel 

technique could provide a new perspective for measuring osteoclastic activity and may 

be used to evaluate erosion patterns and parameters (width, FWHM and depth) in a 

variety of conditions associated with increased osteoclastic activity. Furthermore, it could 

be applied to compare the erosion profile of resorbed discs cultured in various 

treatments.  
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Chapter 4 RANKL-mediated osteoclastic activation in acute 

Charcot osteoarthropathy 

 

4.1 Introduction 

The rapid bone destruction that occurs in the acute Charcot foot is well 

documented. However, the exact cellular mechanisms contributing to the pathogenesis 

of this condition are not fully understood. Osteoclasts are the principal cell type 

responsible for bone resorption but, their activation and function in Charcot 

osteoarthropathy remain unresolved.  

I hypothesised that aberrantly activated osteoclasts play a key role in the 

pathological bone destruction that occurs in the acute Charcot foot. Osteoclastogenesis 

is regulated by RANKL, which acts via its receptor RANK, expressed on osteoclastic 

precursors and osteoclasts. This chapter describes my experiments exploring the role of 

RANKL in osteoclastic activity in acute Charcot osteoarthropathy. I used a recently 

established in vitro resorption assay to generate functional human osteoclasts from 

PBMCs. In addition, I employed surface profilometry, as a novel method to assess bone 

resorption on bovine bone discs. Both techniques have been used for the first time in the 

field of Charcot osteoarthropathy.  

 

4.2 Research design and methods 

Samples from peripheral blood were obtained from 10 consecutive patients with 

recent onset of acute Charcot osteoarthropathy, 8 diabetic patients with no history of 

Charcot osteoarthropathy and 9 healthy control subjects. All patients with Charcot 

osteoarthropathy presented with a unilateral red hot swollen foot and radiological 

evidence of acute Charcot fractures, demonstrated on plain foot and ankle radiographs 

(Petrova and Edmonds 2008, Rogers, Frykberg et al. 2011). All participants had intact 
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feet and had no features of foot infection or sepsis. The study was approved by the 

Outer West London Research Ethics Committee and was carried out in accordance with 

institutional guidelines and the Declaration of Helsinki with all patients and control 

subjects signing written informed consent. 

 

4.2.1 Isolation and culture of peripheral blood mononuclear cells (PBMCs) 

The PBMCs were isolated from whole blood as described in Chapter 2 and 

cultured on plastic to assess osteoclast formation and on bovine bone discs to assess 

osteoclast resorption. After 17 days in culture, 24-well plates were stained for tartrate-

resistant acid phosphatase (TRAP).  Plates were viewed by light microscopy and TRAP-

positive cells with three or more nuclei were counted as osteoclasts. The bone discs 

were stained with toluidine blue after 14 and 21 days in culture. Resorption pits were 

identified by light microscopy. The extent of eroded surface on each bovine bone disc 

was determined using image analysis and expressed as the percentage of surface area 

resorbed. Additional bovine bone discs were stained with FitC-phalloidin and mounted 

with Vectashield mounting medium with DAPI, as described in chapter 2, for the 

assessment of actin ring formation, a marker of actively resorbing osteoclasts.  

 

4.2.2 Surface profilometry 

The erosion profile of resorbed bone discs was measured by the Dektak 150 

Surface Profiler (Veeco, New York, USA), as described in Chapter 3. The stylus was 

dragged across the surface of the sample in hills and valleys mode with ten scans per 

subject carried out at random sites on each of the two discs. Each measurement had the 

following scan parameters (stylus force - 3.00 mg, scan length - 1000 μm, scan duration 

- 60 seconds, vertical measurement range - 65.5 µm, scan resolution - 0.056 µm/scan). 

On average, 75 pits per condition/ per subject were analysed and the median area of 

disc erosion was calculated in μm2 using Origin Pro 8.6 software. According to their 
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shape, pits were defined as uni-dented, bi-dented and multi-dented. Each pit was 

characterised by the following parameters: width at the surface (µm), full-width–half-

maximum (FWHM), (µm) and maximum depth (µm). The median width, depth, and 

FWHM for the uni-dented, bi-dented, and multi-dented pits were calculated for each 

subject. 

 

4.2.3 Rationale for the study 

To ascertain that RANKL is a major osteoclastic activator in patients with Charcot 

osteoarthropathy, the following cell culture treatments were set up in each group: 

Control cultures:  

Culture 1: M-CSF-treated cultures 

M-CSF is a survival factor for PBMCs and 25 ng/ml Human M-CSF (R&D 

Systems Europe) was added at day 0. This cytokine is not an osteoclastogenic factor 

and therefore culture 1 served as a negative control. 

Culture 2: M-CSF+RANKL- treated cultures  

RANKL is a classical osteoclastogenic factor and it was added to the cultures at 

day 7 (25 ng/ml M-CSF + 100 ng/ml human soluble RANKL (RANKL, Peprotech UK), at 

a concentration known to facilitate differentiation of osteoclast precursors to active bone-

resorbing osteoclasts in vitro, (Mabilleau, Petrova et al. 2008). This culture served as 

positive control. 

Experimental culture: 

Culture 3: M-CSF+RANKL+OPG-treated cultures  

Excess concentration of OPG was added to M-CSF+RANKL treated cultures at 

day 7 (25 ng/ml M-CSF + 100 ng/ml RANKL + 250 ng/ml human OPG (R&D Systems 

Europe), (Mabilleau, Petrova et al. 2008). This culture served as test culture aiming to 
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investigate the role of RANKL. The rationale for this approach was that if 

osteoclastogenesis is mediated through RANK–RANKL interaction, addition of excess 

concentration of OPG would abolish the process of osteoclast differentiation and 

activation. A schematic summary of the experiment is presented (Figure 4-1). 
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Figure 4-1 Summary of experiment 

Blood samples were processed and PBMCs were isolated and cultured in the presence of M-CSF; M-CSF+RANKL; M-CSF+RANKL+OPG on plastic cell 

culture plates and on bovine bone discs for the assessment of osteoclast formation (number of TRAP-positive multi-nucleated cells at day 17) and bone 

resorption (area of bone resorption at day 21, as assessed by image analysis)  
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4.3 Statistical analyses 

Data were analysed with Predictive Analytics Software 18 statistical package and 

expressed as median [25th-75th percentile]. Differences between study groups and 

culture treatments were analysed using the non-parametric Mann–Whitney U test (two 

groups) or Kruskal-Wallis test (three groups), as appropriate. Chi-square test was used 

for categorical variables. Differences were considered significant at p<0.05. 

 

4.4 Results 

 

4.4.1 Demographical features 

Patients with acute Charcot osteoarthropathy were matched for age, gender, type 

and duration of diabetes with the diabetic patients and for age and gender with the 

healthy control subjects. The age, gender distribution, type and duration of diabetes were 

not significantly different between the Charcot patients and diabetic patients nor were the 

age and gender distribution between the Charcot patients and healthy control subjects 

(Table 4-1). 

 

Table 4-1 Demographic features of the study patients 

 Charcot Diabetes Control 

Age (years) 57 [53-64] 60 [55-66] 45 [42-48] 

Gender (male: female) 6:4 4:4 5:4 

Type 1: Type 2 diabetes 4:6 2:6 - 

Duration of diabetes (years) 17 [8-29] 10 [9-26] - 

 

Data expressed as median [25
th

-75
th

 percentile]; Data assessed with Mann-Whitney U test. 

Non-significant difference in age, gender distribution, type and duration of diabetes 

(Charcot patients versus diabetic patients) and age and gender (Charcot patients versus 

healthy control subjects), (p>0.05 for all pairwise comparisons). 
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4.4.2 Osteoclast formation on plastic in M-CSF-, M-CSF+RANKL- and M-

CSF+RANKL+OPG-treated cultures  

Observation of the cell culture plates with light microscopy showed no difference 

in osteoclast formation in M-CSF-treated cultures between the three groups. 

 

 

Figure 4-2 Osteoclast formation in M-CSF-treated cultures (light microscopy)  

TRAP staining revealed presence of isolated multi-nucleated cells (red arrow) formed on 

plastic; (original magnification X100). The red arrow denotes a multi-nucleated TRAP-

positive cell in M-CSF-treated culture in a Charcot patient.  

 

The median number of TRAP-positive multi-nucleated cells in Charcot patients 

was not significantly different from the median number of TRAP-positive multi-nucleated 

cells in diabetic patients and healthy control subjects in M-CSF-treated cultures (p>0.05). 

Furthermore, there was no significant difference in the median number of TRAP-positive 

multi-nucleated cells in all pairwise comparisons in M-CSF-treated cultures, (Figure 4-3).  
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Figure 4-3 Osteoclast formation in M-CSF-treated cultures in Charcot patients, diabetic 

patients and healthy control subjects.  

Significance assessed by Mann-Whitney U test. Levels of significance are demonstrated 

on the graph. The data is presented as a box and whisker plot, constructed with the 

Predictive Analytics Software 18 statistical package. The plot represents the median (black 

horizontal line), the 25
th

 and 75
th

 percentile (the width of the box) and the range. The 

outliers are marked with open dots.   

Non-significant difference in osteoclast formation in M-CSF-treated cultures in Charcot 

patients versus diabetic patients; Charcot patients versus healthy control subjects and 

diabetic patients versus healthy control subjects, p>0.05 for all pairwise comparisons. 

 

The addition of RANKL to M-CSF-treated cultures resulted in a significant 

increase in the median number of TRAP-positive multi-nucleated cells in all study 

groups, as expected. The number of TRAP-positive multi-nucleated cells increased from 

35 [12-64] to 144 [94-225] in Charcot patients (p<0.01), from 12 [3.5-31.5] to 142 [69-

198] in diabetic patients (p<0.01) and from 18 [1-52] to 82 [71-141] in healthy control 

subjects (p<0.01), (Figure 4-4).  
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Figure 4-4 Comparison of the number of TRAP-positive multi-nucleated cells in Charcot 

patients, diabetic patients and healthy control subjects in M-CSF-treated cultures and in M-

CSF+RANKL-treated cultures.  

Significance assessed by Mann-Whitney U test. Levels of significance are demonstrated 

on the graph. Significant increase in the median number of TRAP-positive multi-nucleated 

cells in Charcot patients (p<0.01), diabetic patients (p<0.01) and healthy control subjects 

(p<0.01) in M-CSF-treated cultures compared with M-CSF+RANKL-treated cultures.  

 

The response to RANKL was not significantly different between the three groups 

and representative images of newly formed TRAP-positive multi-nucleated cells in a 

Charcot patient, diabetic patient and healthy control subject are presented below (Figure 

4-5).  
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Figure 4-5 Osteoclast formation in M-CSF-treated cultures and M-CSF+RANKL-treated 

cultures (light microscopy) 

Representative images of TRAP-positive multi-nucleated cells formed on plastic in Charcot 

patient, diabetic patient and healthy control subject; (original magnification X100). The red 

arrows denote some of the TRAP-positive multi-nucleated cells.  

 

The median number of TRAP-positive multi-nucleated cells in Charcot patients 

was not significantly different from the median number of TRAP-positive multi-nucleated 

cells in diabetic patients and healthy control subjects in M-CSF+RANKL-treated culture 

(p>0.05). Furthermore, there was no difference in the median number of TRAP-positive 

multi-nucleated cells in all pairwise comparisons in M-CSF+RANKL-treated cultures, 

(p>0.05 for all pairwise comparisons), (Figure 4-6). 
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Figure 4-6 Osteoclast formation in M-CSF+RANKL-treated cultures in Charcot patients, 

diabetic patients and healthy control subjects.  

Significance assessed by Mann-Whitney U test. Levels of significance are demonstrated 

on the graph. Non-significant difference in osteoclast formation in M-CSF+RANKL-treated 

cultures in Charcot patients versus diabetic patients; Charcot patients versus healthy 

control subjects and diabetic patients versus healthy control subjects. (p>0.05 for all 

pairwise comparisons) 

 

The addition of an excess concentration of OPG to M-CSF+RANKL-treated 

cultures led to a significant reduction in the number of TRAP-positive multi-nucleated 

cells in Charcot patients (p<0.01), diabetic patients (p<0.01) and healthy control subjects 

(p<0.01), (Figure 4-7).  
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Figure 4-7 Comparison of the number of TRAP-positive multi-nucleated cells in Charcot 

patients, diabetic patients and healthy control subjects in M-CSF+RANKL-treated cultures 

and in M-CSF+RANKL+OPG-treated cultures.  

Significance assessed by Mann-Whitney U test. Levels of significance are demonstrated 

on the graph. Significant reduction in the median number of TRAP-positive multi-nucleated 

cells in Charcot patients (p<0.01), diabetic patients (p<0.01) and healthy control subjects 

(p<0.01) in M-CSF+RANKL-treated cultures compared with M-CSF+RANKL+OPG-treated 

cultures.  

 

Observation under light microscopy revealed the presence of isolated multi-

nucleated TRAP-positive cells in all study groups (Figure 4-8). 

 

 

Figure 4-8 Osteoclast formation in M-CSF+RANKL+OPG-treated cultures (light 

microscopy)  

TRAP staining revealed the presence of isolated multi-nucleated cells (red arrow) formed 

on plastic; (original magnification X100). The red arrows denote multi-nucleated TRAP-

positive cells in M-CSF+RANKL+OPG-treated culture in a Charcot patient, diabetic patient 

and healthy control subject. 
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The number of TRAP-positive multi-nucleated cells after the addition OPG was 

not significantly different between Charcot patients, diabetic patients and healthy control 

subjects, (p>0.05). Furthermore, there was no significant difference in the median 

number of TRAP-positive cells in all pairwise comparisons in M-CSF+RANKL+OPG-

treated cultures, (Figure 4-9). 

 

 

Figure 4-9 Osteoclast formation in M-CSF+RANKL+OPG-treated cultures in Charcot 

patients, diabetic patients and healthy control subjects.  

Significance assessed by Mann-Whitney U test. Levels of significance are demonstrated 

on the graph. Non-significant difference in osteoclast formation in M-CSF+RANKL+OPG-

treated cultures in Charcot patients versus diabetic patients; Charcot patients versus 

healthy control subjects and diabetic patients versus healthy control subjects, p>0.05 for 

all pairwise comparisons. 

 

4.4.3 Osteoclast formation on bovine bone discs in M-CSF-, M-CSF+RANKL- and 

M-CSF+RANKL+OPG-treated cultures 

To differentiate between resorbing osteoclasts and TRAP-positive macrophage 

polykaryons, bone discs cultured with M-CSF, M-CSF+RANKL and M-

CSF+RANKL+OPG were set up for 21 days in 4 Charcot patients and 4 healthy control 

subjects. Bone discs were assessed with immunofluorescent microscopy for actin ring 

formation, a marker of actively resorbing osteoclasts.  
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There was no actin ring formation in M-CSF-treated cultures in both Charcot 

patients and healthy control subjects (Figure 4-10 A, B), in contrast to the numerous 

actin ring positive cells noted after the addition of RANKL in both study groups, (Figure 

4-10C, D). This suggested that M-CSF in the absence of RANKL did not trigger 

differentiation of bone resorbing osteoclasts. Actin ring positive cells were present only in 

M-CSF+RANKL-treated cultures, indicating a role of RANKL in osteoclastic activity. The 

absence of actin ring positive cells after the addition of OPG both in Charcot patients and 

healthy control subjects confirmed that the osteoclastogenic response was mediated by 

RANKL, (Figure 4-10E, F).  
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Figure 4-10 Immunofluorescent images of bovine bone discs in M-CSF-, M-CSF+RANKL 

and M-CSF+RANKL+OPG-treated cultures  

Representative images of bovine bone discs which were stained with FitC- phalloidin and 

mounted with vectashield with DAPI mounting medium for visualisation of actin rings and 

nuclei in M-CSF-, M-CSF+RANKL- and M-CSF+RANKL+OPG-treated cultures in a Charcot 

patient (A, C, E) and a healthy control subject (B, D, F). No actin ring formation was 

observed in both groups in M-CSF-treated cultures (A, B). Multi-nucleated actin ring 

positive cells were noted in M-CSF+RANKL-treated cultures in both Charcot patient (C) and 

healthy control subject (D); The white arrows denote some of the multinucleated actin-ring 

positive cells. Blue staining denotes the nuclei; green staining denotes the actin rings. The 

addition of OPG led to an inhibition of actin ring formation in both Charcot patient (E) and 

in healthy control subject (F). (Olympus IX81; magnification, X100; scale bar - 200µm) 
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4.4.4 Osteoclast resorption on bovine bone discs in M-CSF-; M-CSF+RANKL- and 

M-CSF+RANKL+OPG-treated cultures 

The functional ability of newly formed osteoclasts to resorb bone was assessed 

on bovine bone discs after toluidine blue staining.  

Observation of the surface of the bovine bone discs with light microscopy 

(magnification X40) showed no evidence of pit formation in M-CSF-treated cultures in all 

study groups (Figure 4-11).  
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Figure 4-11 Representative images of bovine bone discs in M-CSF-treated cultures in a Charcot patient, diabetic patient and healthy control subject (light 

microscopy). 

No pit formation was noted in all study groups after toluidine blue staining (magnification X40).   
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At higher magnification (X70), minute isolated pits were noted on bovine bone 

discs in cultures from Charcot patients (n=1), diabetic patients (n=3) and healthy control 

subjects (n=1), (Figure 4-12).  
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Figure 4-12 Minute isolated resorption pits in M-CSF-treated cultures in a Charcot patient, diabetic patient and healthy control subject (light microscopy).  

The black arrows denote the isolated minute pits at X40 (A,B,C) and at X70 magnification (D,E,F).  
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Due to the limited nature of these isolated findings, observed only at X70 

magnification, it was not possible to quantitate them by image analysis. Therefore, the 

percentage area resorbed on bovine bone discs was not measured. Instead, a chi-

squared test comparing the distribution (presence/ absence of minute pits on bovine 

bone discs) in Charcot patients, diabetic patients and healthy control subjects was 

carried out. There was no difference in the distribution according to the presence/ 

absence of minute pits in M-CSF-treated cultures between the three study groups 

(p>0.05), (Table 4-2).  

 

Table 4-2 Comparison of distribution according to presence of minute isolated resorption 

pits in M-CSF-treated cultures in Charcot patients, diabetic patients and healthy control 

subjects.  

Minute pits in M-CSF-treated 

cultures 

Charcot 

 

Diabetes 

 

Control P-value 

Present : absent 1: 9 3: 5 1: 8 >0.05 

 

Chi-square test. P-value indicates the difference between Charcot patients, diabetic 

patients and healthy control subjects.  

Non-significant difference according to presence: absence of minute isolated resorption 

pits in M-CSF-treated cultures between Charcot patients, diabetic patients and healthy 

control subjects (p>0.05) 

 

In contrast to M-CSF-treated cultures, after the addition of RANKL, numerous pits 

were noted in all study groups and typical examples of resorbed bone discs in a Charcot 

patient, diabetic patient and healthy control subject are presented below (Figure 4-13). 



 

115 
 

 

Figure 4-13 Toluidine blue staining of resorbed bovine bone discs in M-CSF-treated cultures and in M-CSF+RANKL-treated cultures (light microscopy) 

There was no pit formation in M-CSF -treated cultures in a Charcot patient (A), diabetic patient (B) and healthy control subject (C). The addition of RANKL 

led to extensive resorption noted in all study groups. The black arrows denote some of the pits in the M-CSF+RANKL-treated cultures in a Charcot patient 

(D), diabetic patient (E) and healthy control subject (F), (magnification x40) 
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Visualisation of the bovine bone discs revealed that the newly formed osteoclasts 

isolated from patients with acute Charcot osteoarthropathy exhibited increased resorbing 

activity in M-CSF+RANKL-treated cultures compared with osteoclasts generated from 

diabetic patients and healthy control subjects. The total area of the resorbed surface 

measured by light microscopy was significantly different between Charcot patients (39% 

[33-46], diabetic patients 16% [8-23] and healthy control subjects 21% [15-26], resulting 

in a 2.4 fold increase in Charcot patients compared with diabetic patients (p<0.01), and a 

1.9 fold increase in Charcot patients compared with healthy control subjects (p<0.01), 

(Figure 4-14). The area of resorption at the surface was similar between diabetic patients 

and healthy control subjects (p>0.05), (Figure 4-14). 

 

 

Figure 4-14 Osteoclast resorption on bovine bone discs  in Charcot patients, diabetic 

patients and healthy control subjects in M-CSF+RANKL-treated cultures as assessed by 

image analysis after toluidine blue staining 

Significance assessed by Mann-Whitney U test. Levels of significance are demonstrated 

on the graph. Significant increase in the area of bone resorption on bovine bone discs in 

M-CSF+RANKL-treated cultures between Charcot patients and diabetic patients (p<0.01) 

and Charcot patients and healthy control subjects (p<0.01). Non-significant difference was 

noted between diabetic patients and healthy control subjects, (p>0.05). 
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The addition of OPG led to an almost complete inhibition of bone resorption on 

bovine bone discs in Charcot patients, diabetic patients and healthy control subjects 

(Figure 4-15). 
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Figure 4-15 Toluidine blue staining of resorbed bovine bone discs in M-CSF+RANKL-treated cultures and in M-CSF+RANKL+OPG-treated cultures (light 

microscopy)  

The addition of OPG inhibited the extensive bone resorption noted in M-CSF+RANKL-treated cultures in all study groups (A, B, C); The black arrows 

denote some of the pits in the M-CSF+RANKL-treated cultures in a Charcot patient (A), diabetic patient (B) and healthy control subject (C). There was no 

pit formation in M-CSF+RANKL+OPG-treated cultures in a Charcot patient (D), diabetic patient (D) and healthy control subject (F), (magnification x40)   
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Non-significant isolated minute pits were noted at higher magnification in 4 

subjects (2 Charcot patients, 1 diabetic patient and 1 healthy control subject), (Figure 

4-16), but the distribution within the groups according to the presence or absence of pits 

was not significantly different (p>0.05), (Table 4-3). 

 

Table 4-3 Comparison of distribution according to presence of minute resorption pits in M-

CSF+RANKL+OPG treated cultures in Charcot patients, diabetic patients and healthy 

control subjects. 

Minute pits in M-CSF+ RANKL+ 

OPG treated cultures 

Charcot 

 

Diabetes 

 

Control P-value 

Present: absent  2: 8 1: 7 1: 8 >0.05 

 

Chi-square test. P-value indicates the difference between Charcot patients, diabetic 

patients and healthy control subjects.  

Non-significant difference according to presence: absence of minute isolated resorption 

pits in M-CSF+RANKL+OPG-treated cultures between Charcot patients, diabetic patients 

and healthy control subjects (p>0.05) 
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Figure 4-16 Minute isolated resorption pits in M-CSF+RANKL+OPG-treated cultures in a Charcot patient, diabetic patient and healthy control subject (light 

microscopy).  

The black arrows denote the isolated minute pits at X40 (A,B,C) and at X70 magnification (D,E,F). 
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4.4.5 Pit morphology on bovine bone discs in M-CSF+RANKL-treated cultures in 

Charcot patients, diabetic patients and healthy control cultures 

Visualisation of the bovine bone discs at day 21 at higher magnification (X200) 

showed that there was a remarkable difference in the morphology of the pits between 

Charcot patients and control groups. In diabetic patients and healthy control subjects, the 

resorption events more commonly appeared as discrete round pits, sometimes 

separated from each other, sometimes in clusters (Figure 4-17), whereas those in 

Charcot patients tended to be elongated, appearing as continuous grooves described 

previously as lacunae or trenches, (Figure 4-17), (Soe and Delaisse 2010). 

 

 

Figure 4-17 Representative images of resorbed bovine bone discs in M-CSF+RANKL-

treated cultures at higher magnification (light microscopy) 

Resorbed bovine bone discs after toluidine blue staining in M-CSF+RANKL-treated 

cultures in a Charcot patient, diabetic patient and healthy control subject (magnification X 

200). The arrows denote some of the resorption pits.  

 

The observed differences in the pit morphology between Charcot patients, 

diabetic patients and healthy control subjects have not been noted previously and 

required further studies. I hypothesised that osteoclasts from Charcot patients have 

increased osteoclastic potential and can carry out extensive resorption not only at the 

surface but also under the surface of bovine bone discs. To explore this hypothesis I 

employed surface profilometry to characterise the morphological appearance and profile 

of resorption pits on bovine bone discs in various culture conditions in Charcot patients, 

diabetic patients and healthy control subjects.   
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4.4.6 Surface profile measurements in M-CSF-, M-CSF+RANKL- and M-

CSF+RANKL+OPG-treated cultures 

Observation of the surface of bone discs in M-CSF-treated cultures and also after 

the addition of OPG with the integrated camera of the profiler was unremarkable in the 

three study groups. In contrast, numerous pits were noted in M-CSF+RANKL-treated 

cultures. These dark areas surrounded by grey areas of unresorbed bone corresponded 

to the toluidine blue stained resorption pits as viewed under light microscopy (Figure 

4-18). 
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Figure 4-18 Resorbed bovine bone discs in M-CSF+RANKL-treated cultures after toluidine blue staining and as viewed with the integrated camera of the 

profiler. 

The black arrows denote some of the pits after toluidine blue staining and the white arrows denote some of the pits as viewed with the integrated camera 

of the profiler in a Charcot patient (A, D), diabetic patient (B, E) and healthy control subject (C, F) respectively. 
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The surface profile measurements of randomly selected areas in MCSF-treated 

cultures appeared as almost straight line in Charcot patients, diabetic patients and 

healthy control subjects (blue line, Figure 4-19 A, B, C respectively). In contrast, erosion 

profile measurements of resorbed bone discs in M-CSF+RANKL-treated cultures 

revealed multi-shaped erosions in all study groups and typical examples are presented 

(red line, Figure 4-19 A, B, C).   
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(A) 

 

(B) 

 

(C) 

 

Figure 4-19 Representative surface profiles of bovine bone discs in M-CSF-treated cultures 

and in M-CSF+RANKL-treated cultures. 

Surface profilometry revealed multi-shaped erosions in M-CSF+RANKL-treated cultures 

(red line) in a Charcot patient (A), diabetic patient (B) and healthy control subject (C). This 

is in contrast to M-CSF-treated cultures (blue line), where the erosion profile appeared as 

almost straight line cultures in a Charcot patient (A), diabetic patient (B) and healthy 

control subject (C).   
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The addition of OPG reversed the multi-shaped resorption pits noted in M-

CSF+RANKL cultures and the erosion profile in M-CSF+RANKL+OPG-treated cultures 

appeared as almost a straight line in all study groups (Figure 4-20).  
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(A) 

 

(B) 

 

(C) 

 

Figure 4-20 Representative surface profiles of bovine bone discs in M-CSF+RANKL-treated 

cultures and in M-CSF+RANKL+OPG-treated cultures. 

The multi-shaped erosions in M-CSF+RANKL-treated cultures (red line) in a Charcot 

patient (A), diabetic patient (B) and healthy control subject (C) were reversed after the 

addition of OPG (green line) in all study groups. The erosion profile in M-

CSF+RANKL+OPG-treated cultures appeared as almost straight line cultures in a Charcot 

patient (A), diabetic patient (B) and healthy control subject (C).  
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Comparison of the erosion profile of resorbed bovine bone discs in M-

CSF+RANKL-treated cultures showed a marked difference between the three groups. 

The erosions appeared greater and deeper in Charcot patients compared to erosions in 

diabetic patients and healthy controls (Figure 4-21).  

 

 

Figure 4-21 Comparison of surface profile measurements between Charcot patient, 

diabetic patient and healthy control subject in M-CSF+RANKL treated cultures. 

The surface profile measurements of resorbed bone discs in M-CSF+RANKL-treated 

cultures revealed that pits were larger and deeper in a Charcot patient (blue line) compared 

with pits in a diabetic patient (red line) and healthy control subject (green line).  

 

The area of resorption under the surface after surface profilometry was 

significantly greater in Charcot patients compared with diabetic patients and healthy 

control subjects (p<0.05). Furthermore, in the pairwise comparisons the area of 

resorption under the surface was also significantly greater in Charcot patients compared 

with diabetic patients (p<0.01) and also in Charcot patients compared with healthy 

control subjects (p<0.01), (Figure 4-22). Interestingly, the area of resorption under the 

surface was significantly greater in diabetic patients compared with healthy control 

subjects (p<0.05), (Figure 4-22). 
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Figure 4-22 Osteoclast resorption on bovine bone discs in Charcot patients, diabetic 

patients and healthy control subjects in M-CSF+RANKL-treated cultures as assessed by 

surface profilometry; 

Significance assessed by Mann-Whitney U test, Levels of significance are demonstrated 

on the graph. Significant increase in the area of bone resorption under the surface on 

bovine bone discs in M-CSF+RANKL-treated cultures between Charcot patients and 

diabetic patients (p<0.01) and Charcot patients and healthy control subjects (p<0.01). Non-

significant difference was noted between diabetic patients and healthy control subjects, 

(p>0.05). 

 

4.4.7 Pit morphology in M-CSF+RANKL-treated cultures 

To assess in more detail the differences in resorption under the surface, I next 

assessed pit morphology. In M-CSF+RANKL-treated cultures, pit parameters were 

different between Charcot patients, diabetic patients and healthy control subjects. Uni-

dented-pits were significantly wider (median FWHM, p<0.05) and deeper (median depth, 

p<0.05) in Charcot patients compared with those in diabetic patients and healthy control 

subjects. Although the bi-dented pits were not significantly different between the three 

groups, the multi-dented pits were significantly wider (median width, p<0.05) and deeper 
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(median depth, p<0.05) in Charcot patients compared with the multi-dented in diabetic 

patients and healthy control subjects, (Table 4-4)  

 

Table 4-4 Measurements of uni-, bi- and multi-dented pits in M-CSF+RANKL-treated 

cultures in Charcot patients, diabetic patients and healthy control subjects 

Pits Parameter Charcot Diabetes Control p-value 

Uni-dented Width (µm) 57 [52-61] 48 [43-56] 39 [37-49] >0.05 

 FWHM (µm) 27 [24-30] 20 [18-23] 18 [17-21] <0.05 

 Depth (µm) 11 [9-13] 7 [4-9] 6 [4.3-7.2] <0.05 

Bi-dented Width (µm) 88 [82-95] 91 [72-106] 74 [69-81] >0.05 

 FWHM (µm) 50 [44-54] 49 [38-60] 39 [34-41] >0.05 

 Depth (µm) 15 [11-19] 14 [10-19] 12 [9-14] >0.05 

Multi-dented Width (µm) 180 [161-215] 154 [131-210] 119 [108-128] <0.05 

 FWHM (µm) 110 [100-130] 86 [71-143] 70 [58-78] >0.05 

 Depth (µm) 22 [19-28] 24 [19-27] 13 [12-15] <0.05 

 

Data expressed as median [25
th

-75
th

 percentile] and analysed by the Kruskal-Wallis test; P-

values indicate differences between Charcot patients, diabetic patients and healthy control 

subjects 

Significant increase in the FWHM and depth of the uni-dented pits and also in the width 

and depth of the multi-dented pits in Charcot patients compared with diabetic patients and 

healthy control subjects (p<0.05 for all comparisons); Non-significant difference in the 

width of the uni-dented pits as well as in the width, FWHM and depth of the bi-dented pits 

and FWHM of the multi-dented pits (p>0.05 for all comparisons) 

 

Data on pairwise comparisons of pit parameters (width, FWHM and depth) is 

presented below (Table 4-5).  
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Table 4-5 Pairwise comparisons of pit parameters (width, FWHM and depth) in M-

CSF+RANKL-treated cultures 

Pits Parameter Charcot versus 

Diabetes 

(P1-value) 

Charcot versus 

Control 

(P2-value) 

Diabetes 

versus control 

(P3-value) 

Uni-dented Width (µm) >0.05 <0.05 >0.05 

 FWHM (µm) <0.05 <0.01 >0.05 

 Depth (µm) <0.05 <0.01 >0.05 

Bi-dented Width (µm) >0.05 <0.05 >0.05 

 FWHM (µm) >0.05 <0.05 >0.05 

 Depth (µm) >0.05 >0.05 >0.05 

Multi-dented Width (µm) >0.05 <0.01 <0.05 

 FWHM (µm) >0.05 <0.01 >0.05 

 Depth (µm) >0.05 <0.05 <0.01 

 

Data is analysed with Mann-Whitney U test; Levels of significance are presented; P1-

values indicate differences between Charcot patients and diabetic patients; P2-values 

indicate differences between Charcot patients and healthy control subjects and P3-values 

indicate differences between diabetic patients and healthy control subjects. 

Significant increase in FWHM and depth of uni-dented pits in M-CSF+RANKL-treated 

cultures between Charcot patients and diabetic patients (P1<0.05 for both comparisons). 

Non-significant difference in the depth of uni-dented pits and also in the width, FWHM and 

depth of the bi-dented and multi-dented pits between Charcot patients and diabetic 

patients. (P1>0.05 for all comparisons)  

Significant increase in the width (P2<0.05), FWHM (P2<0.01) and depth (P2<0.01) of uni-

dented pits, in the width (P2<0.05) and FWHM (P2<0.05) of bi-dented pits and also in the 

width (P2<0.01), FWHM (P2<0.01) and depth (P2<0.05) of multi-dented pits in M-

CSF+RANKL-treated cultures between Charcot patients and healthy control subjects. Non-

significant difference in the depth of bi-dented pits between Charcot patients and controls 

(P2>0.05).  

Non-significant difference in the width, FWHM and depth of uni-dented, bi-dented and 

multi-dented pits in M-CSF+RANKL-treated cultures between diabetic patients and healthy 

control subjects (P3>0.05 for all comparisons).  

 

To determine whether there were any differences in the pit distribution according 

to their shape, I compared the percentage of uni-dented, bi-dented and multi-dented pits 

in M-CSF+RANKL-treated cultures. The percentage of uni-dented pits was significantly 

reduced in Charcot patients compared with diabetic patients and healthy control subjects 
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(p<0.05). Although the percentage of bi-dented pits was similar between the three study 

groups (p>0.05), the percentage of multi-dented pits was significantly increased in 

Charcot patients compared with diabetic patients and healthy control subjects (p<0.05), 

(Table 4-6). 

 

Table 4-6 Percentage of uni-, bi- and multi-dented pits in M-CSF+RANKL-treated cultures in 

Charcot patients, diabetic patients and healthy control subjects 

Pits Charcot Diabetes Controls p-value 

Uni-dented  36% [31-43] 46% [45-56] 62% [57-66] p<0.05 

Bi-dented  24% [20-28] 22% [18-25] 21% [20-22] p>0.05 

Multi-dented 40% [32-41] 32% [22-33] 17% [17-23] p<0.05 

 

Data expressed as median [25
th

-75
th

 percentile] and analysed by the Kruskal-Wallis test; P-

values indicate differences between Charcot patients, diabetic patients and healthy control 

subjects. 

Significant increase in the percentage of multi-dented pits and significant decrease in the 

percentage of uni-dented pits in Charcot patients compared with diabetic patients and 

healthy control subjects (p<0.05 for both comparisons). Non-significant difference in the 

percentage of bi-dented pits between the three study groups (p>0.05).  

 

Data on pairwise comparisons of the pit distribution according to their shape 

between the groups is presented below (Table 4-7). 
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Table 4-7 Pairwise comparisons of pit distribution (%) in M-CSF+RANKL-treated cultures 

Pits Charcot versus 

diabetes 

(P1-value) 

Charcot versus 

control 

(P2-value) 

Diabetes versus 

Controls 

(P3-value) 

Uni-dented pits (%) <0.05 <0.01 <0.05 

Bi-dented pits (%) >0.05 >0.05 >0.05 

Multi-dented pits (%) >0.05 <0.01 >0.05 

 

Data is analysed with Mann-Whitney U test; Levels of significance are presented; P1-

values indicate differences between Charcot patients and diabetic patients; P2-values 

indicate differences between Charcot patients and healthy control subjects and P3-values 

indicate differences between diabetic patients and healthy control subjects 

 

Thus in M-CSF+RANKL treated cultures surface profilometry revealed that in 

Charcot patients  newly formed osteoclasts exhibited increased resorbing activity under 

the surface with abnormal resorption profile, pit morphology and distribution.  

 

4.4.8 Temporal characteristics of bone resorption in Charcot patients and 

healthy control subjects– the role of RANKL in osteoclastogenesis 

The observed enhanced resorptive activity of monocytes derived from Charcot 

patients in 21 day M-CSF+RANKL-treated cultures required further investigation. I next 

investigated resorption on bovine bone discs at day 14. At this stage, cell proliferation 

and differentiation from monocytes has occurred and the resorption has commenced. It 

is possible that in Charcot patients, the newly-formed osteoclasts acquire their resorptive 

profile earlier than controls, which can explain the extensive resorption at day 21.   

To explore this hypothesis, I studied 3 Charcot patients and in 3 healthy control 

subjects and measured bone resorption on bovine bone discs at day 14 (resorption at 

and under the surface, erosion profile and pit characteristics). I compared resorption at 

day 14 and day 21 in Charcot patients and control subjects.   
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4.4.8.1 Bone resorption on bovine bone discs in Charcot patients and controls 

subjects at day 14 

At day 14, light microscopy showed the presence of pits on bovine bone discs in 

cultures from Charcot patients and healthy control subjects (Figure 4-23).  

 

 

Figure 4-23 Representative images of bovine bone discs in M-CSF-RANKL-treated cultures 

in a Charcot patient and healthy control subject at day 14 (light microscopy).  

Round resorption pits were noted in both Charcot patient and healthy control subject. In 

Charcot patients pits appeared larger. The arrows denote some of the pits (magnification 

X40).  

 

In addition, immunofluorescent microscopy revealed bone resorbing osteoclasts 

formed on bovine bone discs in cultures from Charcot patients and healthy control 

subjects as indicated by the presence of actin ring positive multi-nucleated cells (Figure 

4-24). 
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Figure 4-24 Immunofluorescent images of bovine bone discs in M-CSF+RANKL-treated 

cultures at day 14. 

Multi-nucleated actin ring positive cells were noted on bovine bone discs in M-

CSF+RANKL-treated cultures in both Charcot patient and healthy control subject. The 

white arrows denote some of the multi-nucleated positive cells. The blue staining denotes 

the nuclei; the green staining denotes the actin rings; (magnification, X100; scale bar – 130 

µm) 

 

The area of bone resorption on bone discs at day 14 in Charcot patients (15% 

[10.6-21.6]) was greater compared with the area of resorption in healthy control subjects 

(11% [9.9-11.8]) but this finding did not reach significance, (p>0.05). 

Surface profile measurements of resorbed bovine bone discs in Charcot patients 

and healthy control subjects in M-CSF+RANKL-treated cultures at day 14 showed the 

presence of early resorption pits and representative erosion profiles are presented below 

(Figure 4-25). 
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Figure 4-25 Surface profile measurements of resorbed bovine bone discs in a Charcot 

patient and healthy control subject in M-CSF+RANKL-treated cultures at day 14 

Surface profilometry revealed multi-shaped erosions in M-CSF+RANKL-treated cultures at 

day 14 in a Charcot patient (blue line) and in a healthy control subject (red line).  

 

The area of resorption under the surface at day 14 in Charcot patients (2.5x103 

µm2 [1.8x103-2.9x103]) was 3 times higher than in healthy control subjects (0.8x103 µm2 

[0.7x103-1.0x103]), but this finding did not reach significance (p>0.05). 

 

4.4.8.2 Pit morphology and distribution in M-CSF+RANK-treated cultures in 

Charcot patients and healthy control subjects at day 14 

To assess in more detail the differences in the resorption under the surface in M-

CSF+RANKL-treated cultures at day 14, I next compared pit morphology. Pit parameters 

were different between Charcot patients and healthy control subjects. In Charcot 

patients, uni-dented pits were wider (both at the surface and at FWHM) compared with 

pits from control cultures (p=0.05), (Table 4-8). Moreover, multi-dented pits were 

significantly deeper (p<0.05) and wider at FWHM (p<0.05), (Table 4-8). In addition, bi-

dented pits were also significantly wider at FWHM (p<0.05) in Charcot patients 

compared with controls (Table 4-8). Furthermore, multi-dented pits were significantly 

deeper in Charcot patients compared with controls. 
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Table 4-8 Measurements of uni-, bi- and multi-dented pits in M-CSF+RANKL-treated 

cultures in Charcot patients and healthy control subjects at day 14.  

Pits Parameter Charcot Control p-value 

Uni-dented  Width (µm) 56 [50-57] 40 [36-41] 0.05 

 FWHM (µm) 25 [22-29] 17 [16-18] 0.05 

 Depth (µm) 9 [7-9] 4 [4-6] >0.05 

Bi-dented  Width (µm) 93 [80-93] 65 [58-69] >0.05 

 FWHM (µm) 48 [44-48] 30 [25-31] <0.05 

 Depth (µm) 11 [9-11] 9 [6-9] >0.05 

Multi-dented Width (µm) 119 [110-119] 100 [91-102] >0.05 

 FWHM (µm) 94 [89-94] 45 [34-48] <0.05 

 Depth (µm) 16 [16-19] 10 [8-12] <0.05 

 

Data are presented as median [25
th

-75
th

 percentile] and analysed with Mann-Whitney U test;  

Multi-dented pits were significantly deeper and wider at FWHM in Charcot patients compared with 

controls (p<0.05); bi-dented pits were significantly wider at FWHM (p<0.05). In Charcot 

patients, uni-dented pits were wider (both at the surface and at FWHM) compared with pits 

from control cultures, (p=0.05).  

 

There was no difference in the distribution of pits according to their shape 

between the two groups at day 14 and the percentage of uni-, bi- and multi-dented pits 

was similar between Charcot patients and controls (Table 4-9).   

 

Table 4-9 Pairwise comparison of distribution of pits (%) in M-CSF+RANKL treated cultures 

in Charcot patients and controls at day 14 

Percentage (%) Charcot Control p-value 

Uni-dented 71 [71-73] 73 [71-77] >0.05 

Bi-dented 17 [15-20] 21 [18-23] >0.05 

Multi-dented 12 [10-13] 6 [4-7] >0.05 

 

Data are presented as median [25
th

-75
th

 percentile] and analysed with Mann-Whitney U test;  

Non-significant distribution of uni-dented, bi-dented and multi-dented pits between 

Charcot patients and healthy control subjects (p>0.05 for all comparisons).  
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Thus in M-CSF+RANKL-treated cultures, newly formed osteoclasts exhibited a 

trend of enhanced resorbing activity (at the surface and under the surface) and 

increased erosion profile in Charcot patients compared with healthy control subjects.  

 

4.4.8.3 Comparison of bone resorption on bovine bone discs in Charcot patients 

and controls subjects in M-CSF+RANKL-treated cultures between day 14 and day 

21  

Observation of bovine bone discs at day 14 and at day 21 revealed an increase 

of bone resorption in both Charcot patients and control subjects (Figure 4-26).  

 

 

Figure 4-26 Representative images of resorbed bovine bone discs in M-CSF+RANKL-

treated at day 14 and day 21 (light microscopy) 

Comparison of resorption on bovine bone discs in M-CSF+RANKL-treated cultures 

between day 14 and day 21 in a Charcot patient (A, C) and healthy control subject (B, D). At 

day 14, the majority of resorption appeared as single round pits in both Charcot patient (A) 

and healthy control subject (B). At day 21, resorption more frequently appeared as lacunae 

in cultures from Charcot patient (C) compared with cultures from control subject (D). The 

black arrows denote some of the pits (magnification X40). 
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There was an increase in the area of resorption at the surface between day 14 

and day 21 in M-CSF+RANKL-treated cultures in both Charcot patients (from 15% [10.6-

21.6] to 46% [43.4-49.1], p=0.05) and controls (from 11% [9.9-11.8] to 15% [14.5-18.01], 

p=0.05) as expected. However, the response in Charcot patients was exuberant, 

resulting in a three-fold increase in the area of resorption at the surface in contrast to the 

noted 1.4 fold increase in healthy control subjects (Figure 4-27).  

 

 

Figure 4-27 Osteoclast resorption on bovine bone discs in Charcot patients and healthy 

control subjects in M-CSF+RANKL-treated cultures as assessed by image analysis at day 

14 and at day 21;  

Significance assessed by Mann-Whitney U test, Levels of significance are demonstrated 

on the graph. 

There was an increase in the area of resorption at the surface of bovine bone discs in both 

Charcot patients (p=0.05) and healthy control subjects (p=0.05) in M-CSF+RANKL-treated 

cultures between day 14 and day 21.  

 

Erosion profile measurements significantly increased at day 21 compared to day 

14 in both Charcot subjects and healthy controls. Resorption pits at day 21 appeared 

significantly deeper and wider compared with resorption pits at day 14 in both Charcot 

patients and controls, (Figure 4-28).  
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(A) 

 

(B) 

 

Figure 4-28 Representative surface profiles of bone discs in M-CSF+RANKL-treated 

cultures at day 14 and day 21. 

The erosion profile increased between day 14 (blue line) and day 21 (red line) in M-

CSF+RANKL-treated cultures in both Charcot patient (A) and healthy control subject (B). 

The increase of the erosion profile was more notable in Charcot patients compared with 

control subjects.  

  

In both Charcot patients and control subjects, the area of bone resorption under 

the surface significantly increased between day 14 and day 21 (Charcot patients from 

2.5x103 µm2 [1.8x103-2.9x103] to 8.3x103 µm2 [6.9x103-9.5x103], p=0.05 and controls 

from 0.8x103 µm2 [0.7x103-1.0x103] to 1.7x103 µm2 [1.7x103-3.0x103], p=0.05), resulting 

in a 4-fold increase in Charcot patients in contrast to a 2-fold increase noted in the 

healthy control subjects, (Figure 4-29)  
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Figure 4-29 Resorption under the surface in M-CSF+RANKL-treated cultures at day 14 and 

day 21 in Charcot patients and healthy control subjects after; 

Significance assessed by Mann-Whitney U test, Levels of significance are demonstrated 

on the graph. 

There was an increase in the area of resorption under the surface of bovine bone discs in 

both Charcot patients (p=0.05) and healthy control subjects (p=0.05) in M-CSF+RANKL-

treated cultures between day 14 and day 21.  

 

The distribution of pits according to their shape between day 14 and 21 changed 

in both Charcot patients and healthy control subjects, (Figure 4-30). 
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Figure 4-30 Distribution of pits according to their shape at day 14 and at day 21 in M-

CSF+RANKL treated cultures in Charcot patients and healthy control subjects. 

Non-significant distribution of uni-dented, bi-dented and multi-dented pits between 

Charcot patients and controls at day 14 (p>0.05). Significant increase in the percentage of 

multi-dented pits between day 14 and day 21 was noted in both Charcot patients (p<0.05) 

and controls (p<0.05). Significant decrease in the percentage of uni-dented pits was noted 

only in Charcot patients (p<0.05). At day 21, uni-dented pits were 2 times less frequent in 

Charcot patients compared with controls (p<0.05).  

 

In Charcot patients the percentage of uni-dented pits significantly decreased from 

71% [71-73] to 34% [30-36], (p<0.05). Although there was no significant difference in the 

percentage of bi-dented pits (from 17% [15-20] to 25% [21-27], p>0.05), there was a 

significant increase in the percentage of multi-dented pits between day 14 and 21 (from 

12% [10-13] to 41% [37-47], p<0.05).  

In controls, there was no significant difference in the percentage of uni-dented 

(73% [71-77] versus 63% [56-67], p>0.05) and bi-dented pits (21% [18-23] versus 20% 
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[20-22] p>0.05) between day 14 and 21, although a significant increase of the 

percentage of multi-dented pits was noted (from 6% [4-7] to 17% [13-22], p<0.05).  

 

4.5 Discussion 

Using a well-established in vitro assay together with the novel application of 

surface profilometry, I demonstrated that osteoclastic activation in acute Charcot 

osteoarthropathy is mediated by RANKL. Fully differentiated osteoclasts derived from 

Charcot patients exhibited enhanced resorbing activity both on the surface and under the 

surface in response to M-CSF+RANKL treatment. This resorption was blocked by the 

addition of excess concentrations of OPG, confirming the role of RANKL as an activator 

of osteoclastic activity in acute Charcot osteoarthropathy.  

To assess the role of RANKL in osteoclastic activity I used three main culture 

conditions: 1) M-CSF-treated cultures; 2) M-CSF+RANKL- treated cultures and 3) M-

CSF+RANKL+OPG-treated cultures  

Data from M-CSF-treated cultures demonstrated that the infrequently noted 

TRAP-positive multi-nucleated cells formed on plastic were not able to carry out 

resorption on bovine bone discs as assessed by image analysis (toluidine blue and actin 

ring staining) and also by surface profilometry. Indeed, although M-CSF is an essential 

factor for proliferation, differentiation and survival of the monocyte-macrophage lineage, 

it is not an osteoclastogenic factor (Henriksen, Bollerslev et al. 2011) and therefore the 

lack of resorption pits and actin ring positive cells on bovine bone discs in this culture 

treatment was not unusual. These cultures served as negative control and the response 

to M-CSF was comparable between Charcot patients, diabetic patients and healthy 

control subjects. 

The addition of RANKL to M-CSF-treatment triggered both osteoclast formation 

and osteoclast resorption in the three study groups, as expected and these cultures 

served as positive control. It is well established that osteoclastogenesis is pivotally 
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dependent on the presence of both cytokines as M-CSF serves as a survival factor 

whereas RANKL is a key factor for osteoclast differentiation and regulation, (Tanaka, 

Takahashi et al. 1993, Yasuda, Shima et al. 1998). In the presence of M-CSF and 

RANKL, monocytes, which express the receptors c-fms and RANK, proliferate and 

differentiate into mature multi-nucleated osteoclasts (Teitelbaum 2007, Henriksen, 

Bollerslev et al. 2011). My results demonstrated that newly-derived osteoclasts from 

monocytes isolated from Charcot patients exhibited enhanced resorbing activity to 

RANKL which was not associated with an increase in osteoclast formation. Although the 

number of TRAP-positive cells was not significantly different between Charcot patients, 

diabetic patients and healthy control subjects, the area of resorption on bovine bone 

discs in Charcot patients was significantly increased compared with controls. Thus 

osteoclasts generated from Charcot patients were functionally more aggressive than 

osteoclasts from diabetic patients and healthy control subjects in a classical resorption 

assay in keeping with our previous observations (Mabilleau, Petrova et al. 2008, Petrova, 

Petrov et al. 2014). In addition, surface profilometry demonstrated that osteoclasts from 

Charcot patients exhibited a considerable below-surface resorbing activity (Petrova, 

Petrov et al. 2014). In Charcot patients, there was an abnormal erosion profile on bovine 

bone discs with resorptions displaying aberrant morphological appearance and 

distribution. In M-CSF+RANKL-treated cultures, resorption pits appeared larger and 

deeper in Charcot patients compared with diabetic patients and healthy control subjects 

and more frequently presented as multi-dented pits. In addition, at the time of 

commencing of bone resorption in vitro (day 14), osteoclastic activity in Charcot patients 

was already upregulated, as indicated by the presence of larger and wider pits on bovine 

bone discs together with enhanced  area of bone resorption. Although for some of the 

observed differences at day 14 between Charcot patients and controls, the p-value was 

equal to rather than less than 0.05, my results indicate that early osteoclasts derived 

from Charcot patients are primed to exhibit an enhanced resorptive profile. Furthermore, 

in Charcot patients but not in controls, surface profilometry revealed that in M-

CSF+RANKL-treated cultures at day 14 compared to M-CSF+RANKL-treated cultures at 
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day 21, there was a significant increase of the percentage of multi-dented pits and a 

significant reduction of the percentage of uni-dented pits, indicating that Charcot-derived 

osteoclasts exhibit a highly- active mode of resorption.   

These findings indicate a role of RANKL as an osteoclastic activator. These 

observations may not be unique to Charcot osteoarthropathy and indeed similar 

observations have been reported in other conditions associated with increased bone 

resorption such as rheumatoid arthritis in which the addition of RANKL resulted in a 

significant increase in the resorption of bone discs but did not lead to a significant 

increase in the number of TRAP- positive multi-nucleated cells (Hirayama, Danks et al. 

2002). Overall, the observed extensive resorption activity in M-CSF+RANKL-treated 

cultures in Charcot patients, as compared to diabetic patients or healthy control subjects, 

may suggest that in patients with Charcot osteoarthropathy circulating osteoclast 

precursors are in a more highly activated state and as such are more primed to become 

osteoclasts (mediated through RANKL) with enhanced resorbing activity, than in the 

control groups (with and without diabetes). 

The addition of OPG inhibited osteoclast formation and resorption in all study 

groups. This cytokine blocks the RANKL-RANK interaction on mononuclear osteoclast 

precursors, thus abolishing the process of osteoclast differentiation and activation. The 

inhibition of bone resorption after the addition of OPG to M-CSF+RANKL-treatment 

indicated that the up-regulated osteoclastic activity in Charcot patients is mediated by 

RANKL.  

A limitation to my in vitro study is the presence of residual resorption pits in M-

CSF- and M-CSF+RANKL+OPG- treated cultures. A previous in vitro study in Charcot 

patients has also reported bone resorption on dentine discs in M-CSF-treated cultures 

(<0.3%) and M-CSF+RANKL+OPG-treated cultures (<6%), (Mabilleau, Petrova et al. 

2008). It is possible that RANKL-independent factors might have primed monocytes to 

differentiate into bone resorbing osteoclasts. Osteoclastogenic mediators other than 

RANKL that have been reported to stimulate osteoclast differentiation independently of 
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the RANKL pathway include TNF-α (Kobayashi, Takahashi et al. 2000), IL-6 (Kudo, 

Sabokbar et al. 2003), and LIGHT (homologous to lymphotoxins exhibiting inducible 

expression and competing with herpes simplex virus glycoprotein D for herpes virus 

entry mediator, a receptor expressed by T lymphocytes), (Edwards, Sun et al. 2006). 

The role of these which stimulate osteoclastogenesis independently of RANK/RANKL 

mechanisms in osteoclastic activity in Charcot osteoarthropathy is unknown. 

Alternatively, the relatively scattered distribution of these pits, noted sporadically in all 

study groups in M-CSF- and M-CSF+RANKL+OPG-treated cultures in our present study, 

could be due to trace (permissive) levels of RANKL.  

Nevertheless, this study underscores the role of RANKL in the pathogenesis of 

pathological bone destruction in Charcot osteoarthropathy. This cytokine has already 

been identified as a mediator of vascular calcification in this condition. Peripheral artery 

specimens from Charcot patients, undergoing surgery identified positive RANKL staining 

in both medial and intimal calcified areas, which were not present in noncalcified areas 

or in specimens from control subjects (Ndip, Williams et al. 2011). Moreover, vascular 

smooth muscle cells from Charcot patients treated with RANKL showed a greater 

capacity to mineralise and this increased osteoblastic differentiation was inhibited by 

OPG, confirming the role of RANKL in the process of calcification (Ndip, Williams et al. 

2011). I have shown that newly formed osteoclasts, derived from patients with Charcot 

osteoarthropathy, exhibit extensive resorbing activity in the presence of M-CSF+RANKL, 

a response which is attenuated by OPG. In the vessel wall, progenitor cells differentiate 

into osteoblast-like cells, depositing mineralised matrix, whereas in bone, the enhanced 

osteoclastic activation results in osteolysis and severe bone damage (Petrova and 

Shanahan 2014). 

In addition to the traditional osteoclast culture assay, I have employed a novel 

technique to measure surface profilometry. This technique has been used for the first 

time as a tool to quantitate bone resorption. It revealed that in M-CSF+RANKL-treated 

cultures, in Charcot patients, resorption pits exhibited aberrant erosion profile and pit 
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morphology. It is possible that other factors or a combination of factors might have 

primed osteoclastic precursors to differentiate into highly aggressive osteoclastic 

phenotype, which requires further studies.  

4.6 Conclusion 

My present experiments confirmed the usefulness of the osteoclast culture assay 

as an important model to study the cellular mechanisms involved in the process of 

pathological bone resorption of the acute Charcot foot.  

Using traditional cell culture assay together with surface profilometry, I have 

confirmed that RANKL upregulation drives the enhanced osteoclastic activity in 

osteoclasts derived from patients with acute Charcot osteoarthropathy. 

  



 

148 
 

Chapter 5 The role of the proinflammatory cytokine TNF-α on 

osteoclastic activity in vitro in patients with acute Charcot 

osteoarthropathy 

 

5.1 Introduction 

Using a traditional osteoclast assay, initially in a pilot study and subsequently in a 

more extensive study, I have demonstrated the role of RANKL as an osteoclastic 

activator in acute Charcot osteoarthropathy (Mabilleau, Petrova et al. 2008). Moreover, 

surface profilometry unmasked the aberrant erosion profile of bovine bone discs 

resorbed by osteoclasts derived from patients with Charcot osteoarthropathy in the 

presence of M-CSF+RANKL (Petrova, Petrov et al. 2014). 

However, the extensive bone destruction that occurs in the affected Charcot foot 

can only partially be attributed to the enhanced activation of RANKL. Normally, up-

regulation of RANKL would lead to systemic bone loss, but in Charcot osteoarthropathy, 

bone loss is limited to the inflamed affected foot, (Petrova, Foster et al. 2005), 

(Jirkovska, Kasalicky et al. 2001). Furthermore, there is a greater reduction of bone 

mineral density of the Charcot foot compared with the non-Charcot foot (Petrova, Foster 

et al. 2005) and peripheral osteopenia is not always associated with a reduction of bone 

mineral density of the axial skeleton (Jirkovska, Kasalicky et al. 2001). This suggests that 

factors limited to the inflamed Charcot foot may be fundamental and it is possible that 

proinflammatory cytokines can act as modulators of local pathological osteolysis 

(Jeffcoate, Game et al. 2005).  

In my studies, I have explored the possible role of TNF-α and IL-6 on 

osteoclastogenesis as I have found that their concentrations are raised in the sera of 

patients with acute Charcot osteoarthropathy (Petrova, Dew et al. 2015). Furthermore, 

these cytokines are known to modulate osteoclastic activity in inflammatory bone loss 

(Zupan, Jeras et al. 2013); however, their role in Charcot osteoarthropathy is unknown.  
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In this chapter, I describe my experiments aiming to assess the role of TNF-α on 

osteoclastogenesis. 

5.2 Study objective 

Data from clinical observation studies of cohorts of Charcot patients reported 

raised serum concentrations of TNF-α in the acute active stage of the disease followed 

by a significant fall at the time of clinical resolution (Petrova, Dew et al. 2015), (Uccioli, 

Sinistro et al. 2010). Serum concentrations of TNF-α not only correlate with the bone 

resorption marker C-terminal telopeptide (CTX), but also with the number of osteoclastic 

precursors and these observations indicate a potential link between inflammation and 

resorption (Petrova, Dew et al. 2015), (Mabilleau, Petrova et al. 2011). 

As an osteoclastogenic mediator, TNF-α induces expression of RANKL in 

osteoblastic cells, but it can also act directly on osteoclastic precursors (monocytes) to 

potentiate RANKL-induced osteoclastogenesis and thereby activity (Lam, Abu-Amer et 

al. 2002). This cytokine is known to enhance osteoclastogenesis in rheumatoid arthritis 

(Walsh and Gravallese 2004, Romas 2005) and psoriatic arthritis (Ritchlin, Haas-Smith 

et al. 2003), and also in other forms of inflammatory osteolysis (Redlich and Smolen 

2012). However, its role in osteoclastic activity in acute Charcot osteoarthropathy is 

unknown.  

To determine the role of this cytokine in osteoclastogenesis, I compared 

osteoclast formation and resorption in M-CSF+RANKL-treated cultures with and without 

the addition of excessive concentrations of neutralising antibody to TNF-α (anti-TNF-α). 

 

5.3 Research design and methods 

Samples from peripheral blood were obtained from 10 consecutive patients with 

recent onset of acute Charcot osteoarthropathy, 8 diabetic patients with no history of 

Charcot osteoarthropathy and 9 healthy control subjects.  
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The PBMCs were isolated from whole blood as described in Chapter 2 and 

cultured on plastic to assess osteoclast formation and on bovine bone discs to assess 

osteoclast resorption. Osteoclast formation was assessed by counting the number of 

TRAP-positive cells multi-nucleated cells on plastic. Resorption was quantitated by two 

methods: (1) area of resorption on the surface (%) assessed by image analysis after light 

microscopy and (2) area of resorption under the surface (μm2) assessed by surface 

profilometry, as described in Chapters 2 and 3. In addition, I compared the concentration 

of CTX, as a marker of resorption, in culture supernatant before and after the addition of 

anti-TNF-α to M-CSF+RANKL in Charcot patients (n=5) and in healthy control subjects 

(n=7).  

 

5.3.1 Rationale for the study 

To ascertain whether TNF-α modulates RANKL-mediated osteoclastic activity the 

following cultures were set up. 

Culture 1: M-CSF+RANKL- treated cultures  

This culture served as a positive control (25 ng/ml M-CSF added at day 0 and 

100 ng/ml human soluble RANKL added at day 7).  

Culture 2: M-CSF+RANKL+anti-TNF-α- treated cultures  

Excess concentration of neutralising antibody to TNF-α was added to M-

CSF+RANKL-treated cultures at day 0 (25 ng/ml M-CSF + 100 ng/ml sRANKL + 10 

µg/ml anti-TNF-α (R&D Systems Europe). This culture was used to assess the role of 

TNF-α on osteoclastogenesis. The rationale for this study was to inhibit TNF-α 

modulation on peripheral blood monocytes by using excess concentration of anti-TNF-α, 

added from the beginning until the end of the cell culture treatment. 

Culture 3: M-CSF+RANKL+anti-TNF-α+OPG- treated cultures  
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Excess concentrations of anti-TNF-α and OPG were added to M-CSF+RANKL 

treated cultures at day 0 and day 7 respectively (25 ng/ml M-CSF + 100 ng/ml RANKL + 

10 µg/ml anti-TNF-α + 250 ng/ml human OPG (R&D Systems Europe), (Mabilleau, 

Petrova et al. 2008), (Cope, Londei et al. 1994). This culture served as test culture 

aiming to inhibit RANKL and TNF-α.  

A schematic summary of the experiment is presented below (Figure 5-1).  
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Figure 5-1 Summary of experiment.  

Blood samples were processed and PBMCs were isolated and cultured in the presence of M-CSF+RANKL, M-CSF+RANKL+anti-TNF-α and M-

CSF+RANKL+anti-TNF-α+OPG on plastic cell culture plates and on bovine bone discs for the assessment of osteoclast formation (number of TRAP-

positive multi-nucleated cells at day 17) and resorption (area of bone resorption at day 21) respectively. 
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5.4 Statistical analysis 

Data were analysed with Predictive Analytics Software 18 statistical package and 

expressed as median [25th-75th percentile]. Differences between study groups and 

culture treatments were analysed using the non-parametric Mann–Whitney U test (two 

groups) or Kruskal-Wallis test (three groups), as appropriate. Chi-square test was used 

for categorical variables. Differences were considered significant at p<0.05. 

 

5.5 Results  

 

5.5.1 Demographic features 

Patients with acute Charcot osteoarthropathy were matched for age, gender, type 

and duration of diabetes with the diabetic patients and for age and gender with the 

healthy control subjects as described in Chapter 4.  

 

5.5.2 Comparison of osteoclast formation on plastic between M-CSF+RANKL- 

and M-CSF+ RANKL +anti-TNF-α- treated cultures 

Observation of the cell culture plates with light microscopy showed no difference 

in osteoclast formation in M-CSF+RANKL- and M-CSF+RANKL+anti-TNF-α-treated 

cultures in Charcot patients, diabetic patients and healthy control subjects, (Figure 5-2).  
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Figure 5-2 Osteoclast formation in M-CSF+RANKL-treated cultures and in M-CSF+RANKL+anti-TNF-α-treated cultures (light microscopy).  

Representative images of TRAP-positive multi-nucleated cells formed on plastic in a Charcot patient, diabetic patient and healthy control subject  The 

arrows denote some of the TRAP-positive multi-nucleated cells (magnification x100, scale bar = 200µm). 
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The addition of anti-TNF-α to M-CSF+RANKL treatment did not lead to a 

significant difference in the median number of TRAP-positive multi-nucleated cells in 

Charcot patients, diabetic patients and healthy control subjects, (Figure 5-3).   

 

 

Figure 5-3 Comparison of the number of TRAP-positive multi-nucleated cells between M-

CSF+RANKL-treated cultures and M-CSF+RANKL+anti-TNF-α-treated cultures  

Significance assessed by Mann-Whitney U test, Levels of significance are demonstrated 

on the graphs; n.s. non-significant (p>0.05). 

Non-significant difference in the number of TRAP-positive multi-nucleated cells between 

M-CSF+RANKL-treated cultures (white bars) and M-CSF+RANKL+anti-TNF-α-treated 

cultures (grey bars) in Charcot patients (p>0.05), diabetic patients (p>0.05) and healthy 

control subjects (p>0.05).  

 

5.5.3 Comparison of osteoclast resorption on bovine bone discs between M-

CSF+RANKL- and M-CSF+ RANKL +anti-TNF-α- treated cultures 

Visualisation under the light microscope after toluidine blue staining showed that 

the extensive resorption pits noted in M-CSF+RANKL-treated cultures in Charcot 

patients were substituted by pits which appeared smaller and less dense. In diabetic 

patients and also in healthy control subjects resorption pits on bovine bone discs 

appeared similar between the two culture treatments in contrast to Charcot patients 

(Figure 5-4).  
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Figure 5-4 Representative images of resorbed bovine bone discs in M-CSF+RANKL-treated cultures and in M-CSF+RANKL+anti-TNF-α-treated cultures 

(light microscopy).  

The arrows denote some of the resorption pits (magnification x200).The multiple resorption lacunae noted in M-CSF+RANKL-treated cultures in Charcot 

patients were less frequently noted after the addition of anti-TNF-α. The appearance of resorption pits remained unchanged between the two culture 

treatments in diabetic patients and also in healthy control subjects.  
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The addition of anti-TNF-α to M-CSF+RANKL treatment led to a significant 

decrease of the area of resorption at the surface only in Charcot patients but not in 

diabetic patients or healthy control subjects (Figure 5-5).  

 

 

Figure 5-5 Comparison of the area of resorption at the surface of resorbed bone discs 

between M-CSF+RANKL-treated cultures and M-CSF+RANKL+anti-TNF-α-treated cultures 

Significance assessed by Mann-Whitney U test, Levels of significance are demonstrated 

on the graph. (n.s.- non-significant; p>0.05) 

Significant reduction in the area of resorption at the surface in response to anti-TNF-α 

treatment was noted only in Charcot patients (p<0.05), but not in diabetic patients (p>0.05) 

and healthy control subjects (p>0.05).   

 

5.5.4 Comparison of surface profile measurements in M-CSF+RANKL- and M-

CSF+RANKL +anti-TNF-α-treated cultures 

After the addition of anti-TNF-α to M-CSF+RANKL treatment, the surface profile 

measurements of randomly selected areas revealed multi-shaped erosions of resorbed 

bovine bone discs in all study groups (Figure 5-6).  
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In contrast to M-CSF+RANKL-treated cultures where the erosions appeared 

greater and deeper in Charcot patients than erosions in diabetic patients and healthy 

controls (Chapter 4), in M-CSF+RANKL+anti-TNF-α-treated the erosion profiles of 

randomly selected areas of bone discs were not significantly different between the three 

groups (Figure 5-6).  
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M-CSF+RANKL+anti-TNF-α 

 

Figure 5-6 Representative erosion profiles of resorbed bone discs in a Charcot patient, 

diabetic patient and healthy control subject after surface profilometry in M-

CSF+RANKL+anti-TNF-α-treated cultures.  

The marked difference of the erosion profile in a Charcot patient compared with diabetic 

patient and healthy control in MCSF+RANKL-treated cultures (Chapter 4) was reversed 

after the addition of anti-TNF-α.  

 

In Charcot patients, there was a “normalisation” of the erosion profile in M-

CSF+RANKL+anti-TNF-α-treated cultures compared to M-CSF+RANKL-treated cultures, 

(Figure 5-7A), whereas anti-TNF-a had no effect on the erosion profiles of diabetic 

patients (Figure 5-7B) or healthy control subjects (Figure 5-7C). 
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(A) 

 

(B) 

 

(C) 

 

Figure 5-7 Representative erosion profiles of resorbed bone discs in M-CSF+RANKL-

treated cultures and in M-CSF+RANKL+anti-TNF-α-treated cultures  

Pits appeared significantly smaller in M-CSF+RANKL+anti-TNF-α-treated cultures 

compared with MCSF+RANKL-treated cultures in Charcot patients (A) but remained 

unchanged in diabetic patients (B) and in healthy controls (C). 
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5.5.5 Comparison of area of resorption under the surface in M-CSF+RANKL- and 

M-CSF+RANKL +anti-TNF-α-treated cultures after surface profilometry 

After the addition of anti-TNF-α to M-CSF+RANKL treatment, the extensive 

erosions were reversed and the surface profile measurements were similar between 

Charcot patients, diabetic patients and healthy control subjects (Figure 5-6). 

Furthermore, in Charcot patients but not in diabetic patients and healthy control subjects, 

there was a significant reduction in the area of resorption under the surface in M-

CSF+RANKL+anti-TNF-α-treated compared with M-CSF+RANKL-treated cultures 

(Figure 5-8). 

 

 

Figure 5-8 Comparison of the area of resorption under the surface of resorbed bone discs 

between M-CSF+RANKL-treated cultures and M-CSF+RANKL+anti-TNF-α-treated cultures.  

Significance assessed by Mann-Whitney U test, Levels of significance are demonstrated 

on the graph. (n.s.- non-significant; p>0.05).   

Significant reduction in the area of resorption under the surface in response to anti-TNF-α 

treatment was noted only in Charcot patients (p<0.05), but not in diabetic patients (p>0.05) 

and healthy control subjects (p>0.05).   
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5.5.6 Pit morphology  

To assess in more detail the differences in below surface resorption, pit 

morphology was evaluated and pit parameters before and after the addition of anti-TNF-

α were compared. The noted differences of the pit parameters in M-CSF+RANKL-treated 

cultures between the groups described in Chapter 4 were lost after the inhibition of TNF-

α. The pit parameters in M-CSF+RANKL+anti-TNF-α-treated cultures were not 

significantly different between the three study groups (Table 5-1) 

 

Table 5-1 Measurements of uni-dented, bi-dented and multi-dented pits in M-

CSF+RANKL+anti-TNF-α-treated cultures in Charcot patients, diabetic patients and healthy 

control subjects 

Pits Parameter Charcot Diabetes Control p-value 

Uni-dented  Width (µm) 43 [37-52] 44 [37.5-57.5] 43 [40-47] >0.05 

 FWHM (µm) 22 [19-25] 19 [16.3-24] 19 [17-19] >0.05 

 Depth (µm) 6 [5-9] 5 [5-9] 6 [5-8] >0.05 

Bi-dented  Width (µm) 81 [73-98] 91 [70-101] 76 [70-87] >0.05 

 FWHM (µm) 43 [38-51] 54 [40.7-61.8] 51 [38-55] >0.05 

 Depth (µm) 12 [9-16] 15 [10-19] 12 [11-15] >0.05 

Multi-dented Width (µm) 165 [133-188] 151 [127-178] 127 [116-141] >0.05 

 FWHM (µm) 91 [75-124] 113 [80-122] 81 [62-91] >0.05 

 Depth (µm) 18 [15.9-22.7] 22 [21-27] 16 [14-20] >0.05 

 

Data expressed as median [25th-75th percentile] and analysed by the Kruskal-Wallis test; 

P-values indicate differences between Charcot patients, diabetic patients and healthy 

control subjects 

Non-significance difference in pit parameters (width, FWHM and depth) of the uni-dented, 

bi-dented and multi-dented pits between Charcot patients, diabetic patients and healthy 

control subjects (p>0.05 for all comparisons) in response to anti-TNF-α treatment.  

 

The addition of anti-TNF-α to M-CSF+RANKL treatment led to a significant 

reduction in the width, FWHM and depth of the uni-dented pits in Charcot patients 

(Figure 5-9 A). Although the reduction of the bi-dented pits (Figure 5-9 B) and multi-

dented pit parameters (Figure 5-9 C) was not significant, there was a general trend of 
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“normalisation” of pits after anti-TNF-α treatment. In contrast to Charcot patients, the 

addition of anti-TNF-a had no effect on pit parameters in diabetic patients or in healthy 

control subjects (Figure 5-9). 
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(A) Uni-dented pits   

   

(B) Bi-dented pits   
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(C) Multi-dented pits   

   

 

Figure 5-9 Comparison of pit measurements (width, depth and FWHM) between M-CSF+RANKL-treated cultures and M-CSF+RANKL+anti-TNF-α-treated 

cultures  

(A)  Uni-dented pits; (B) bi-dented pits; (C) multi-dented pits. Significance assessed by Mann-Whitney U test, Levels of significance are demonstrated on 

the graphs; ns = non-significant (p>0.05).  

Significant reduction in the width, FWHM and depth of the uni-dented pits only in Charcot patients (p<0.05 for all comparisons) but not in diabetic patients 

(p>0.05) and healthy control subjects (p>0.05) in response to anti-TNF-α to treatment. Non-significant difference in the pit parameters of the bi-dented pits 

and multi-dented pit parameters was noted in all study groups (p>0.05 for all comparisons).  
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5.5.7 Pit distribution 

To determine whether there were any differences in the distribution of the shape 

of the pits, the percentage of uni-dented, bi-dented and multi-dented pits was compared 

between the two culture treatments. In Charcot patients, the addition of anti-TNF-α to M-

CSF+RANKL resulted in a significant increase in the percentage of uni-dented pits (from 

36% [31-43] to 53% [43-63], p<0.05) and a significant decrease in the percentage of 

multi-dented pits (from 40% [32-42] to 25% [13-33], p<0.05), whereas the percentage of 

bi-dented pits remained unchanged (from 24% [20-28] to 22% [21-24] p>0.05 (Figure 

5-10 A, B). There was no significant difference in the distribution of pits (uni-dented, bi-

dented and multi-dented) between the two culture treatments in the diabetic patients, 

(Figure 5-10 C, D) and in the healthy control subjects (Figure 5-10 E, F). 
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Figure 5-10 Distribution of pits according to their shape in M-CSF+RANKL and M-

CSF+RANKL+anti-TNF-α-treated cultures in Charcot patients, diabetic patients and healthy 

control subjects respectively. 

The addition of anti-TNF-α treatment led to a significant difference in the pit distribution 

only in Charcot patients (A, B) characterised by a significant increase in the percentage of 

uni-dented pits (p<0.05) and significant decrease (p<0.05) in the percentage of multi-

dented pits, whereas the percentage of the bi-dented pits remained unchanged (p>0.05). 

No differences in the pit distribution were noted in diabetic patients (C, D) and in healthy 

control subjects (E, F); (p>0.05 for all comparisons). 
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5.5.8 Fold change of osteoclast formation and resorption (at the surface and 

under the surface) after anti-TNF-α treatment 

The overall change in the response to anti-TNF-α treatment was determined by 

calculating the fold change in the number of TRAP-positive multi-nucleated cells and 

bone resorption on bovine bone discs both at the surface and under the surface in M-

CSF+RANKL+anti-TNF-α-treated cultures compared with M-CSF+RANKL -treated 

cultures. The fold change of osteoclast formation (5-A) and resorption at the surface 

(5-B) and under the surface (5-C) was expressed as mean± SEM and was calculated as 

the ratio of the final value (M-CSF+RANKL+anti-TNF-α-treated cultures) and the initial 

value (M-CSF+RANKL-treated cultures). The fold change was compared to data for M-

CSF+RANKL-treated cultures (positive control) which was expressed as 1 for the 

purpose of the analysis.  

 

5-A  

Fold change (TRAP − positive multi − nucleated cells)

=
Number [TRAP − positive multi − nucleted cells  (M − CSF + RANKL + anti − TNF − α − treated cultures)]

Number [TRAP − positive multi − nucleated cells ( M − CSF + RANKL − treated cultures)]
 

 

5-B  

Fold change (Area of bone resorption at the surface)

=
Percentage [Area of resorption at the surface  (M − CSF + RANKL + anti − TNF − α − treated cultures)]

Percentage [Area of resorption at the surface  ( M − CSF + RANKL − treated cultures)]
 

 

5-C  

Fold change (Area of bone resorption under the surface)

=
Area of resorption under the surface  (M − CSF + RANKL + anti − TNF − α − treated cultures)𝑠𝑞. µ𝑚

Area of resorption under the surface  ( M − CSF + RANKL − treated cultures)sq. µm
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Although the fold change in the number of TRAP-positive multi-nucleated cells 

was not significantly different between the two culture treatments in Charcot patients, 

(Figure 5-11A), the addition of anti-TNF-α to M-CSF+RANKL-treated cultures led to a 

significant fold change of the area of resorption at the surface (Figure 5-11B) and under 

the surface, (Figure 5-11C). This was in contrast to diabetic patients and healthy control 

subjects in whom the addition of anti-TNF-α did not result in a significant fold change in 

osteoclast formation and resorption (both at and under the surface), (Figure 5-11). 
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(A) 

 

(B) 

 

(C) 

 

Figure 5-11 Fold change of osteoclast formation and resorption (at the surface and under 

the surface) in M-CSF+RANKL+anti-TNF-α treated cultures (grey bars) compared with M-

CSF+RANKL-treated cultures (white bars).  

(A) Number of TRAP-positive cells; (B) area of resorption at the surface; (C) area of 

resorption under the surface on bovine bone discs. Significance assessed by Mann-

Whitney U test, Levels of significance are demonstrated on the graphs; ns = non-

significant (p>0.05). Non-significant fold change in the number of TRAP-positive multi-

nucleated cells in Charcot patients, diabetic patients and healthy control subjects (p>0.05 

for all comparisons) in response to anti-TNF-α treatment. Significant fold-change in the 

area of bone resorption at the surface (p<0.01) and under the surface (p<0.01) in response 

to anti-TNF-α treatment only in Charcot patients but not in diabetic patients (p>0.05 for 

both comparisons) and healthy control subjects (p>0.05 for both comparisons).  
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5.5.9 The effect of anti-TNF-α treatment on CTX release in culture supernatant 

The concentration of CTX released in culture supernatant is indicative of 

osteoclast resorption and this ELISA assay has been validated as an additional tool to 

assess resorption in vitro. I compared the concentration of CTX released over 72 hours 

in culture medium before and after the addition of anti-TNF-α in Charcot patients (n=5) 

and in healthy control subjects (n=7).  

The fold change of CTX concentration in M-CSF+RANKL+anti-TNF-α-treated 

cultures compared with M-CSF+RANKL -treated cultures was expressed as mean± SEM 

and was calculated as shown below (5-D).  

 

5-D  

Fold change (CTX in culture medium) =
CTX  (M−CSF+RANKL+anti−TNF−α−treated cultures)𝑛𝑀

CTX ( M−CSF+RANKL −treated cultures)nM
  

 

The addition of anti-TNF-α in M-CSF+RANKL-treated cultures led to a significant 

fold change of the concentration of CTX in culture supernatant only in Charcot patients 

but not in healthy control subjects (Figure 5-12). 
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Figure 5-12 Fold change in the CTX concentration in M-CSF+RANKL+anti-TNF-α treated 

cultures (grey bars) compared with M-CSF+RANKL-treated cultures (white bars)  

Significance assessed by Mann-Whitney U test, Levels of significance are demonstrated 

on the graphs; ns = non-significant (p>0.05).Significant fold-change in the concentration of 

CTX in culture supernatant in response to anti-TNF-α treatment only in Charcot patients 

(p<0.01) but not in healthy control subjects (p>0.05).  

 

5.5.10 Bone resorption on bovine bone discs in M-CSF+RANKL+ anti-TNF-α 

+OPG-treated cultures 

Resorption was evaluated after the addition of anti-TNF-α and OPG to M-

CSF+RANKL-treated cultures. The rationale of this study was to block simultaneously 

TNF-α and RANKL. The addition of anti-TNF-α and OPG inhibited resorption on bovine 

discs in all study groups, (Figure 5-13).  
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Figure 5-13 Toluidine blue staining of resorbed bovine bone discs in M-CSF+RANKL-treated cultures and in M-CSF+RANKL+anti-TNF-α+OPG-treated 

cultures (light microscopy) 

The addition of anti-TNF-α and OPG to M-CSF+RANKL inhibited resorption in all study groups (D, E, F). The black arrows denote some of the pits in M-

CSF+RANKL-treated cultures in a Charcot patient (A), diabetic patient (B) and healthy control subject (C); (magnification X40) 
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Non-significant isolated minute pits were noted after observation of bovine bone 

discs at higher magnification in 8 subjects (4 Charcot patients, 1 diabetic patient and 3 

healthy control subject), (Figure 5-14) but the distribution within the groups was not 

significantly different, (p>0.05), (Table 5-2). 

 

Table 5-2 Comparison of distribution according to presence of minute resorption pits in M-

CSF+RANKL+ anti-TNFα +OPG-treated cultures in Charcot patients, diabetic patients and 

healthy control subjects.  

Minute pits in M-CSF+ 

RANKL+ anti-TNF-α +OPG 

treated cultures 

Charcot 

 

Diabetes 

 

Control P-value 

Absent: present 6:4 7:1 6:3 >0.05 

 

Chi-squared test. P-value indicates the difference between Charcot patients, diabetic 

patient and healthy control subjects. 

Non-significant difference according to presence: absence of minute isolated resorption 

pits in M-CSF+RANKL+ anti-TNFα+OPG-treated cultures between Charcot patients, 

diabetic patients and healthy control subjects (p>0.05) 

 

 



 

175 
 

 

Figure 5-14 Toluidine blue staining of bovine bone discs in M-CSF+RANKL+anti-TNF-α+OPG-treated cultures in a Charcot patient, diabetic patient and 

healthy control subject (light microscopy)  

The arrows denote presence of isolated minute pits at X40 and at X70 magnification in a Charcot patient (A, D), diabetic control patient (B, E) and healthy 

control subject (C, F) respectively.  

Charcot Diabetes Control 
(A) (B) (C) 

   
(D) (E) (F) 
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5.6 Discussion 

This in vitro study has shown that there was a significant reduction in the 

resorbing activity of M-CSF+RANKL-treated osteoclasts derived from Charcot patients in 

response to anti-TNF-α-treatment. The addition of anti-TNF-α resulted in significant 

reduction in the area of resorption on bovine bone discs both on the surface, as 

assessed by image analysis and also under the surface, as assessed by surface 

profilometry. The aberrant erosion profile, pit morphology and pit distribution in M-

CSF+RANKL-treated cultures in Charcot patients were reversed after the addition of 

anti-TNF-α. These findings confirm the hypothesis that the proinflammatory cytokine 

TNF-α modulates increased osteoclastic activity in osteoclasts derived from patients with 

acute Charcot osteoarthropathy. 

In this study, I sought to determine the role of TNF-α as a promoter of the 

observed enhanced osteoclast function in M-CSF+RANKL-treated cultures in acute 

Charcot osteoarthropathy. Using the traditional resorption pit assay together with surface 

profilometry, I have demonstrated that although osteoclast formation remained 

unchanged, the addition of anti-TNF-α to M-CSF+RANKL-treated cultures significantly 

decreased osteoclast function. This is in agreement with previous data showing that 

TNF-α is more potent for osteoclast activation than for osteoclast formation (Fuller, 

Murphy et al. 2002). The inhibition of TNF-α led to a significant reduction in the area of 

resorption on the surface and under the surface and a significant decrease in the 

concentration of CTX released in culture supernatant in cultures from Charcot patients.  

These studies indicate a role of TNF-α in osteoclastic activity in Charcot 

osteoarthropathy. It has been previously shown that this cytokine activates osteoclasts 

through a direct action on osteoclastic precursors in strong synergy with RANKL (Fuller, 

Murphy et al. 2002). For its osteoclastogenic activity, this cytokine requires permissive 

levels of RANKL (Lam, Takeshita et al. 2000). Indeed, the inhibition of RANKL by OPG, 

as described in Chapter 3, abolished osteoclastic resorbing activity not only in diabetic 

patients and healthy control subjects but also in patients with Charcot osteoarthropathy. 
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Similarly, no resorption was noted after the combined inhibition of TNF-α and RANKL by 

anti-TNF-α and OPG respectively in all study groups. This suggests that TNF-α 

enhances RANKL mediated osteoclastic activity in Charcot osteoarthropathy.  

A similar synergistic effect of RANKL and TNF-α on osteoclastogenesis has been 

noted in other conditions characterised by chronic inflammatory bone loss, including 

rheumatoid arthritis, periodontitis and inflammatory bowel disease (Zupan, Jeras et al. 

2013). In Charcot osteoarthropathy, immunohistochemical analysis of surgical Charcot 

specimens has indicated that osteoclastic bone resorption takes place in the presence of 

TNF-α (Baumhauer, O'Keefe et al. 2006). In the acute stage of the osteoarthropathy, 

serum concentrations of TNF-α are raised (Petrova, Dew et al. 2015). Moreover, in the 

acute Charcot foot, inflammatory modulation of peripheral monocytes with increased 

spontaneous and induced production of TNF-α has been noted (Uccioli, Sinistro et al. 

2010).  

As well as increased resorption, in my study, there was a pathological erosion 

profile and aberrant morphological appearance of resorption pits on bone slices in M-

CSF+RANKL-treated cultures in Charcot patients compared with healthy control subjects 

(Petrova, Petrov et al. 2014) and also in Charcot patients compared with diabetic 

patients. I demonstrated that the addition of anti-TNF-α reversed the observed 

differences in pit parameters and erosion profile between the study groups and in 

Charcot patients there was a notable “normalisation” of the erosion profile and pit 

morphology. This suggests that osteoclasts generated in M-CSF+RANKL-treated 

cultures, prior to inhibition of TNF-α, exhibit a highly aggressive resorptive profile. This 

exuberant resorptive activity was reduced after the addition of anti-TNF-α, which is a 

further evidence to support the role of this cytokine in the osteoclastogenesis in acute 

Charcot osteoarthropathy. 

As well as changes in the morphological appearance of pits, there was a 

difference in the distribution of the shape of the pits in Charcot patients between the two 

culture treatments. The resorption pits in M-CSF+RANKL-treated cultures of the Charcot 
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patients were predominantly multi-dented and bi-dented whilst the uni-dented pits were 

less frequently seen although in diabetic patients and in healthy control subjects the pit 

distribution remained unchanged between the two culture treatments. The increased 

percentage of large multi-dented pits in M-CSF+RANKL-treated cultures suggests that 

osteoclasts maintain a continuous resorptive mode which is not interrupted by osteoclast 

migration (Soe and Delaisse 2010). The addition of anti-TNF-α to M-CSF+RANKL-

treated cultures resulted in a significant reduction in the percentage of the multi-dented 

pits as well as a significant increase the percentage of the uni-dented pits. Thus, the 

inhibition of TNF-α normalised the resorptive behaviour of Charcot osteoclasts in which 

resorption alternated with migration as indicated by a significant increase in the 

percentage of uni-dented pits. It is possible that observed aberrant pit morphology and 

distribution were due to a TNF-α modulation of the resorption cycle. During the process 

of bone resorption, osteoclasts solubilise bone mineral followed by degradation of 

demineralised organic matrix and in control conditions, the relative rate of collagenolysis 

is slower than the rate of demineralisation (Soe, Merrild et al. 2013). Experimental in vitro 

studies have shown that agents which can upregulate cathepsin K expression prolong 

the resorption cycle and resorption events more frequently present as trenches 

(continuous resorption), (Soe, Merrild et al. 2013). In contrast, inhibition of cathepsin K 

accelerates the resorption cycle, leading to faster accumulation of collagen.  This results 

in resorption events more frequently presenting as shallower and smaller pits 

(intermittent resorption). Both RANKL and TNF-α stimulate the osteoclasts to produce 

cathepsin K, which is the major protease responsible for the degradation of collagen 

(Troen 2006). In Charcot osteoarthropathy it is possible that TNF-α via enhanced 

cathepsin K expression may lead to imbalance between the relative rate of 

collagenolysis and demineralisation. This mechanism may explain the continuous 

resorptions which I observed as multi-dented pits in the M-CSF+RANKL treated cultures 

in contrast to the more frequently noted intermittent resorptions (uni-dented pits) after the 

addition of anti-TNF-α (Soe, Merrild et al. 2013), (Figure 5-15). Furthermore, an increased 

proportion of multi-dented pits similar to the trench-like lacunae which are associated 
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with reduction of bone stiffness (Vanderoost, Soe et al. 2013) may account for the 

reduction of bone mineral density that has been noted in the inflammatory stage of 

Charcot osteoarthropathy (Petrova and Edmonds 2010). 

 

 

Figure 5-15 Model for osteoclast resorptive activity in Charcot osteoarthropathy in M-

CSF+RANKL treated cultures before and after the addition of anti-TNF-α.  

In the presence of TNF-α, continuous multi-dented pits (defined as lacunae or trenches) 

with increased area of resorption both on the surface and under the surface are seen more 

frequently compared with less frequently noted uni-dented pits (single resorption event). 

Resorption is prolonged and is not interrupted by migration episodes.  

After the inhibition of TNF-α, the percentage of multi-dented pits is reduced with a 

corresponding increase in the percentage of uni-dented pits suggesting that the resorptive 

cycle is restored. Resorption alternates with migration and intermittent resorption events 

occur away from each other (uni-dented pits). The observed differences in the resorption 

before and after the addition of anti-TNF-α, suggest that TNF-α (via cathepsin K 

upregulation) modulates the resorptive behaviour of osteoclasts generated from Charcot 

patients and these highly-active osteoclasts are capable of extensive lacunar resorption 

with aberrant pit morphology and geometry due to reduced migration,  increased survival 

and  reduced apoptosis. 

 

My data underscore the potent role of TNF-α in the RANKL-mediated 

osteoclastogenesis (Figure 5-16).  
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Figure 5-16 The proposed role of TNF-α in the pathogenesis of pathological bone 
destruction in the acute Charcot foot 

 

Trauma to the neuropathic diabetic foot leads to bone damage and uncontrolled 

inflammation (Jeffcoate, Game et al. 2005). Bone fracture is the harbinger of Charcot 

osteoarthropathy (Johnson 1967) and it leads to changes in the bone matrix, which 

becomes a site of targeted remodelling with increased numbers of apoptotic osteocytes 

(bone matrix cells) and rapid degradation by activated osteoclasts (Heino, Kurata et al. 

2009, Henriksen, Bollerslev et al. 2011). Furthermore, bone fracture triggers a 

coordinated healing cytokine response with the induction of pro-inflammatory cytokines, 

including TNF-α (Kon T 2001). In the affected Charcot foot, the inflammatory response to 

trauma with increased cytokine release leads to an up-regulation of receptors and 

adhesion molecules in the endothelium which then forms a firm attachment to osteoclast 

precursors resulting in enhanced recruitment of osteoclasts to sites of bone resorption 
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(McGowan, Walker et al. 2001). Furthermore, the activation of RANK by RANKL attracts 

osteoclastic precursors (Mosheimer, Kaneider et al. 2004) and its upregulation 

contributes to an enhanced RANKL-induced monocyte migration to the affected foot. 

Thus TNF-α-primed osteoclastic precursors in the presence of increased local 

expression of RANKL differentiate into highly aggressive osteoclasts with extensive 

resorbing activity characterised by increased survival, reduced apoptosis and migration. 

This increased osteoclastic activity may be due to cathepsin K upregulation, which 

requires further studies. Overall, these aberrantly activated osteoclasts play a key role in 

the pathological bone destruction of the acute Charcot foot. 

 

5.7 Conclusion 

Using a traditional osteoclast resorption assay together with surface profilometry, I 

have demonstrated for the first that the proinflammatory cytokine TNF-α modulates 

RANKL-mediated osteoclastic resorption in vitro in patients with acute Charcot 

osteoarthropathy and these observations shed light into the pathogenesis of this 

devastating condition. 
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Chapter 6 The role of the proinflammatory cytokine IL-6 on 

osteoclastic activity in vitro in patients with acute Charcot 

osteoarthropathy 

 

6.1 Introduction 

Using a traditional osteoclast assay together with surface profilometry, I have 

shown in Chapter 5 that in Charcot osteoarthropathy, RANKL-mediated osteoclastic 

activity is enhanced by the proinflammatory cytokine TNF-α. Although these studies 

indicate a link between inflammation and pathological bone resorption, it is possible that 

other proinflammatory cytokines with osteoclastogenic properties could play a role 

(Jeffcoate, Game et al. 2005). There is evidence to suggest that IL-6 can amplify the 

process of osteoclast proliferation and activation (Redlich and Smolen 2012). However, 

the role of this cytokine on osteoclast activation in acute Charcot osteoarthropathy is 

unknown.  

In this chapter, I describe my experiments aiming to assess the role of IL-6 on 

osteoclastogenesis. 

 

6.2 Study objective 

Data from clinical observational studies of cohorts of Charcot patients have 

highlighted IL-6 as a potential cytokine involved in the pathogenesis of this condition as 

its serum concentration is raised in the acute active stage of the disease followed by a 

significant fall at the time of clinical resolution (Petrova, Dew et al. 2015), (Uccioli, 

Sinistro et al. 2010). Furthermore, the serum concentration of IL-6 correlates with the 

bone resorption marker C-terminal telopeptide (CTX), (Petrova, Dew et al. 2015). As an 

osteoclastogenic mediator, IL-6 up-regulates expression of RANKL in osteoblastic cells, 

but it can also induce the differentiation and activation of osteoclasts from osteoclastic 
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precursors and it cellular effects are mediated through the IL-6 receptor (IL-6R), (Redlich 

and Smolen 2012), (Kudo, Sabokbar et al. 2003). There is evidence to suggest that this 

cytokine is involved in the pathogenesis of systemic osteoporosis (Redlich and Smolen 

2012), pathological bone loss in rheumatoid arthritis, multiple myeloma and Paget’s 

disease (Duplomb, Baud'huin et al. 2008).   

To determine the role of IL-6 in osteoclastogenesis in acute Charcot 

osteoarthropathy, I compared osteoclast formation and resorption in M-CSF+RANKL-

treated cultures with and without the addition of excessive concentration of neutralising 

antibody to IL-6 (anti-IL-6). 

 

6.3 Research design and methods 

Samples from peripheral blood were obtained from 6 consecutive patients with 

recent onset of acute Charcot osteoarthropathy, 5 diabetic patients with no history of 

Charcot osteoarthropathy and 5 healthy control subjects.  

The PBMCs were isolated from whole blood as described in Chapter 2 and 

cultured on plastic to assess osteoclast formation and on bovine bone discs to assess 

osteoclast resorption. Osteoclast formation was assessed by counting the number of 

TRAP-positive cells multi-nucleated cells on plastic. Resorption was quantitated by two 

methods: (1) area of resorption on the surface (%) assessed by image analysis after light 

microscopy and (2) area of resorption under the surface (μm2) assessed by surface 

profilometry, as described in Chapters 2 and 3. In addition, I compared the concentration 

of CTX, as a marker of resorption, in culture supernatant before and after the addition of 

anti-IL-6 to M-CSF+RANKL in Charcot patients (n=4) and in healthy control subjects 

(n=4).  
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6.3.1 Rationale for the study 

To ascertain whether IL-6 modulates RANKL-mediated osteoclastic activity the 

following culture treatments were set up. 

Culture 1: M-CSF+RANKL- treated cultures  

This culture served as a positive control (25 ng/ml M-CSF added at day 0 and 

100 ng/ml human soluble RANKL added at day 7).  

Culture 2: M-CSF+RANKL+anti-IL-6- treated cultures  

Excess concentration of neutralising antibody to IL-6 was added to M-

CSF+RANKL-treated culture at day 0 (25 ng/ml M-CSF + 100 ng/ml sRANKL + 10 µg/ml 

anti-IL-6 (R&D Systems Europe). This culture was used to assess the role of IL-6 on 

osteoclastogenesis. The rationale for this study was to inhibit IL-6 modulation on 

peripheral blood monocytes by using excess concentration of anti-IL-6, added from the 

beginning until the end of the cell culture treatment. 

Culture 3: M-CSF+RANKL+anti-L-6 +OPG- treated cultures  

Excess concentrations of anti-IL-6 and OPG were added to M-CSF+RANKL 

treated cultures at day 0 and day 7 respectively (25 ng/ml M-CSF + 100 ng/ml RANKL + 

10 µg/ml anti-IL-6 + 250 ng/ml human OPG (R&D Systems Europe), (Mabilleau, Petrova 

et al. 2008), (Axmann, Bohm et al. 2009). This culture served as test culture aiming to 

inhibit RANKL and IL-6.  

A summary of the experiment is illustrated below (Figure 6-1). 
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Figure 6-1 Summary of experiment.  

Blood samples were processed and PBMCs were isolated and cultured in the presence of M-CSF+RANKL, M-CSF+RANKL+anti-IL-6 and M-

CSF+RANKL+anti-IL-6+OPG on plastic cell culture plates and on bovine bone discs for the assessment of osteoclast formation (number of TRAP-positive 

multi-nucleated cells at day 17) and resorption (area of bone resorption at day 21) respectively. 



 

186 
 

6.4 Statistical analysis 

Data were analysed with Predictive Analytics Software 18 statistical package and 

expressed as median [25th-75th percentile]. Differences between study groups and 

culture treatments were analysed using the non-parametric Mann–Whitney U test (two 

groups) or Kruskal-Wallis test (three groups), as appropriate. Chi-square test was used 

for categorical variables. Differences were considered significant at p<0.05. 

 

6.5 Results  

 

6.5.1 Demographic features 

Patients with acute Charcot osteoarthropathy were matched for age, gender, type 

and duration of diabetes with the diabetic patients and for age and gender with the 

healthy control subjects. The age, gender distribution, type and duration of diabetes were 

not significantly different between the Charcot patients and diabetic patients nor were the 

age and gender distribution between the Charcot patients and healthy control subjects 

(Table 6-1). 

 

Table 6-1 Demographic features of the study patients 

 Charcot Diabetes Control 

Age (years) 57 [47-57] 61 [55-67] 45 [42-49] 

Gender (male: female) 3:3 3:2 4:1 

Type 1: Type 2 diabetes 3:3 1:4 - 

Duration of diabetes (years) 24 [8-29] 10 [8-24] - 

 

Data expressed as median [25
th

-75
th

 percentile]; Data assessed with Mann-Whitney U test. 

Non-significant difference in age, gender distribution, type and duration of diabetes 

(Charcot patients versus diabetic patients) and age and gender (Charcot patients versus 

healthy control subjects), (p>0.05 for all pairwise comparisons). 
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6.5.2 Comparison of osteoclast formation on plastic between M-CSF+RANKL- 

and M-CSF+ RANKL +anti-IL-6- treated cultures 

Observation of the cell culture plates with light microscopy showed no difference 

in osteoclast formation in M-CSF+RANKL and M-CSF+RANKL+anti-IL-6-treated cultures 

in Charcot patients, diabetic patients and healthy control subjects (Figure 6-2).  
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Figure 6-2 Osteoclast formation in M-CSF+RANKL-treated cultures and in M-CSF+RANKL+anti-IL-6-treated cultures (light microscopy).  

Representative images of TRAP-positive multi-nucleated cells formed on plastic in a Charcot patient, diabetic patient and healthy control subject. The 

arrows denote some of the TRAP-positive multi-nucleated cells (magnification x100) 
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The addition of anti-IL-6 to M-CSF+RANKL treatment did not lead to a significant 

difference in the median number of TRAP-positive multi-nucleated cells in Charcot 

patients, diabetic patients and healthy control subjects, (Figure 6-3).   

 

 

Figure 6-3 Comparison of the number of TRAP-positive multi-nucleated cells between M-

CSF+RANKL-treated cultures and M-CSF+RANKL+anti-IL-6-treated cultures  

Significance assessed by Mann-Whitney U test, Levels of significance are demonstrated 

on the graphs; n.s. non-significant (p>0.05). 

Non-significant difference in the number of TRAP-positive multi-nucleated cells between 

M-CSF+RANKL-treated cultures (white bars) and M-CSF+RANKL+anti-IL-6-treated cultures 

(grey striped bars) in Charcot patients (p>0.05), diabetic patients (p>0.05) and healthy 

control subjects (p>0.05).  

 

6.5.3 Comparison of osteoclast resorption on bovine bone discs between M-

CSF+RANKL- and M-CSF+ RANKL +anti-IL-6- treated cultures 

Visualisation under the light microscope after toluidine blue staining showed that 

in Charcot patients the extensive resorption pits noted in M-CSF+RANKL-treated 

cultures were substituted by pits which appeared smaller in size but with similar density. 

In contrast to Charcot patients, the resorption pits on bovine bone discs appeared similar 
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between the two culture treatments in diabetic patients and also in healthy control 

subjects (Figure 6-4).  
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Figure 6-4 Representative images of resorbed bovine bone discs in M-CSF+RANKL-treated cultures and in M-CSF+RANKL+anti-IL-6 -treated cultures (light 

microscopy).  

The arrows denote some of the resorption pits (magnification x40). The multiple resorption lacunae noted in M-CSF+RANKL-treated cultures in Charcot 

patients were still noted after the addition of anti-IL-6 treatment. The appearance of resorption pits remained unchanged between the two culture 

treatments in diabetic patients and also in healthy control subjects.  
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The addition of anti-IL-6 to M-CSF+RANKL treatment led to a significant 

decrease in the area of resorption at the surface only in Charcot patients but not in 

diabetic patients or healthy control subjects (Figure 6-5).  

 

 

Figure 6-5 Comparison of the area of resorption at the surface of resorbed bone discs 

between M-CSF+RANKL-treated cultures and M-CSF+RANKL+anti-IL-6-treated cultures. 

Significance assessed by Mann-Whitney U test, Levels of significance are demonstrated 

on the graph. (n.s.- non-significant; p>0.05) 

Significant reduction in the area of resorption at the surface in response to anti-IL-6 

treatment was noted only in Charcot patients (p<0.05), but not in diabetic patients (p>0.05) 

and healthy control subjects (p>0.05).   

 

In Charcot patients, the observed reduction of the area of resorption at the 

surface as assessed by image analysis (Figure 6-5) was not associated with a significant 

reduction of the area of resorption under the surface, as assessed by surface 

profilometry (Figure 6-6). There was no significant difference in the area of resorption 

under the surface between M-CSF+RANKL+anti-IL-6-treated cultures compared with M-
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CSF+RANKL-treated cultures in Charcot patients as well as in diabetic patients and 

healthy control subjects (Figure 6-6).  

 

 

Figure 6-6 Comparison of the area of resorption under the surface of resorbed bone discs 

measured by surface profilometry between M-CSF+RANKL-treated cultures and M-

CSF+RANKL+anti-IL-6-treated cultures.  

Significance assessed by Mann-Whitney U test, Levels of significance are demonstrated 

on the graph. (n.s.- non-significant; p>0.05) 

The area of resorption under the surface remained unchanged in response to anti-IL-6 

treatment in Charcot patients (p>0.05), diabetic patients (p>0.05) and healthy control 

subjects (p>0.05).   

 

6.5.4 Comparison of surface profile measurements in M-CSF+RANKL- and M-

CSF+RANKL +anti-IL-6-treated cultures 

After the addition of anti-IL-6 to M-CSF+RANKL treatment, the surface profile 

measurements of randomly selected areas revealed multi-shaped erosions of resorbed 

bovine bone discs in all study groups (Figure 6-7).  
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M-CSF+RANKL+anti-IL-6 

 

Figure 6-7 Representative erosion profiles of resorbed bone discs in a Charcot patient, 

diabetic patient and healthy control subject after surface profilometry in M-

CSF+RANKL+anti-IL-6-treated cultures. 

Pits appear larger in Charcot patients compared with pits in healthy control subjects and 

similarly, pits appeared larger in diabetic patients compared with healthy control subjects.  

 

The addition of anti-IL-6 had an ambiguous effect on surface profile 

measurements in all study groups (Figure 6-8). In Charcot patients, pits appeared 

smaller in size and area in M-CSF+RANKL+anti-IL-6-treated cultures compared with M-

CSF+RANKL-treated cultures (Figure 6-8A). In diabetic patients, pits appeared larger in 

size and area, (Figure 6-8B) whereas in healthy control subjects, the morphological 

appearance of pits remained unchanged (Figure 6-8) in M-CSF+RANKL+anti-IL-6-

treated cultures compared with M-CSF+RANKL-treated cultures.  
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(A) 

 

(B) 

 

(C) 

 

Figure 6-8 Representative erosion profiles of resorbed bone discs in M-CSF+RANKL-

treated cultures and in M-CSF+RANKL+anti-IL-6-treated cultures  

Non-remarkable changes of the erosion profile were noted in response to anti-IL-6 

treatment in Charcot patients (A), diabetic patients (B) and healthy control subject (C). 
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6.5.5 Pit morphology  

To quantitate the differences in below surface resorption, I evaluated pit 

morphology and compared pit parameters before and after the addition of anti-IL-6. The 

pit parameters in M-CSF+RANKL+anti-IL-6-treated cultures were not significantly 

different between the three study groups (Table 6-2). 

 

Table 6-2 Measurements of uni-dented, bi-dented and multi-dented pits in M-

CSF+RANKL+anti-IL-6-treated cultures in Charcot patients, diabetic patients and healthy 

control subjects 

Pits Parameter Charcot Diabetes Control p-value 

Uni-dented  Width (µm) 45 [45-52] 50 [46-53] 43 [43-45] >0.05 

 FWHM (µm) 23 [22-24] 25 [23-26] 22 [21-23] >0.05 

 Depth (µm) 8 [7-8] 9 [8-9] 6 [6-8] >0.05 

Bi-dented  Width (µm) 86 [81-88] 81 [78-84] 90 [82-96] >0.05 

 FWHM (µm) 51 [45-56] 53 [45-60] 48 [48-54] >0.05 

 Depth (µm) 14 [9-1] 17 [15-17] 13 [12-14] >0.05 

Multi-dented Width (µm) 148 [136-200] 191 [176-238] 133 [126-135] >0.05 

 FWHM (µm) 96 [91-121] 142 [129-162] 99 [87-101] >0.05 

 Depth (µm) 22 [20-23] 26 [25-27] 19 [15-23] >0.05 

 

Data expressed as median [25
th

-75
th

 percentile] and analysed by the Kruskal-Wallis test; P-

values indicate differences between Charcot patients, diabetic patients and healthy control 

subjects. 

Non-significance difference in pit parameters (width, FWHM and depth) of the uni-dented, 

bi-dented and multi-dented pits between Charcot patients, diabetic patients and healthy 

control subjects (p>0.05 for all comparisons) in response to anti-IL-6 treatment.  

 

No differences were noted between any of the pit parameters in all pairwise 

comparisons (Charcot patients versus diabetic patients, Charcot patients versus healthy 

control subjects and diabetic patients versus healthy control subjects, (p>0.05 for all 

comparisons). 



 

197 
 

The comparison of the pit parameters before and after the addition of anti-IL-6 revealed 

that in Charcot patents, there was a trend of a non-significant reduction of the width, 

FWHM and depth of uni-dented, bi-dented and multi-dented pits, (Figure 6-9). In contrast 

to Charcot patients, there was a trend of non-significant increase of the pit parameters in 

cultures from diabetic patients. In particular, multi-dented pits appeared enlarged both at 

the surface and under the surface (Figure 6-9). In controls, there was not a notable 

difference in the pit parameters between the two culture conditions (Figure 6-9). 
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(A) Uni-dented pits µ   

  
 

(B) Bi-dented pits   

   



 

199 
 

(C) Multi-dented pits   

   

 

Figure 6-9 Comparison of pit measurements (width, depth and FWHM) between M-CSF+RANKL-treated cultures and M-CSF+RANKL+anti-IL-6-treated 

cultures  

(A)  Uni-dented pits; (B) bi-dented pits; (C) multi-dented pits. Significance assessed by Mann-Whitney U test, Levels of significance are demonstrated on 

the graphs; ns = non-significant (p>0.05). 

Non-significant difference in the pit parameters of uni-dented, bi-dented pits and multi-dented pit parameters was noted in all study groups (p>0.05 for all 

comparisons) in response to anti-IL-6 treatment. 
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6.5.6 Pit distribution in M-CSF+RANKL- and M-CSF+RANKL +anti-IL-6-treated 

cultures 

To determine whether there were any differences in the distribution of the shape 

of the pits, the percentage of uni-dented, bi-dented and multi-dented pits was compared 

between the two culture treatments. In Charcot patients, the addition of anti-IL-6 to M-

CSF+RANKL resulted in a non-significant increase in the percentage of uni-dented pits 

(from 36% [31-43] to 43% [40-55], and a non-significant decrease in the percentage of 

multi-dented pits (from 40% [32-42] to 33% [27-38], whereas the percentage of bi-dented 

pits remained unchanged (from 24% [20-28] to 24% [17-28], (Figure 6-10A, B). There 

was a non-significant difference in the distribution of pits (uni-dented, bi-dented and 

multi-dented) between the two culture treatments in the diabetic patients (Figure 6-10 C, 

D) and in the healthy controls (Figure 6-10 E, F). 

 



 

201 
 

 M-CSF+RANKL- treated 
cultures 

M-CSF+RANKL+anti-IL-6-
treated cultures 

 (A) (B) 

C
h

a
rc

o
t 

  

 (C) (D) 

D
ia

b
e
te

s
 

  

 (E) (F) 

C
o

n
tr

o
ls

 

  

 

Figure 6-10 Distribution of pits according to their shape in M-CSF+RANKL and M-

CSF+RANKL+anti-IL-6-treated cultures in Charcot patients, diabetic patients and healthy 

control subjects respectively 

In Charcot patients the addition of anti-IL-6 treatment led to a non-significant increase in 

the percentage of uni-dented pits (p>0.05) and non-significant decrease (p>0.05) in the 

percentage of multi-dented pits, whereas the percentage of the bi-dented spits remained 

unchanged (A, B). No differences in the pit distribution were noted in diabetic patients (C, 

D) and in healthy control subjects (E, F); (p>0.05 for all comparisons). 
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6.5.7 Fold change of osteoclast formation and resorption (at the surface and 

under the surface) in culture medium after anti-IL-6 treatment 

The overall change in the response to anti-IL-6 treatment was determined by 

calculating the fold change in the number of TRAP-positive multi-nucleated cells, bone 

resorption at the surface and under the surface in M-CSF+RANKL+anti-IL-6-treated 

cultures compared with M-CSF+RANKL -treated cultures. The fold change of osteoclast 

formation (6-A) and resorption both at the surface (6-B) and under the surface (6-C) was 

expressed as mean± SEM and was calculated as the ratio of the final value (M-

CSF+RANKL+anti-IL-6-treated cultures) and the initial value (M-CSF+RANKL-treated 

cultures). The fold change was compared to data for M-CSF+RANKL-treated cultures 

(positive control) which was expressed as 1 for the purpose of the analysis.  

6-A  

Fold change (TRAP − positive multi − nucleated cells)

=
Number [TRAP − positive multi − nucleted cells  (M − CSF + RANKL + anti − IL − 6 − treated cultures)]

Number [TRAP − positive multi − nucleated cells ( M − CSF + RANKL − treated cultures)]
 

 

6-B  

Fold change (Area of bone resorption at the surface)

=
Percentage [Area of resorption at the surface  (M − CSF + RANKL + anti − IL − 6 − treated cultures)]

Percentage [Area of resorption at the surface  ( M − CSF + RANKL − treated cultures)]
 

 

6-C  

Fold change (Area of bone resorption under the surface)

=
Area of resorption under the surface  (M − CSF + RANKL + anti − IL − 6 − treated cultures)𝑠𝑞. µ𝑚

Area of resorption under the surface  ( M − CSF + RANKL − treated cultures)sq. µm
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The addition of anti-IL-6 to M-CSF+RANKL-treated cultures led to a non-

significant fold change in the number of TRAP-positive multi-nucleated cells in Charcot 

patients, diabetic patients and healthy control subjects (Figure 6-11A). However, in 

Charcot patients but not in diabetic patients and healthy control subjects, there was a 

significant fold change of the area of resorption at the surface (Figure 6-11B) but not 

under the surface, (Figure 6-11C).  
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(A) 

 

(B) 

 

(C) 

 

Figure 6-11 Fold change of osteoclast formation and resorption (at the surface and under 

the surface) in M-CSF+RANKL+anti-IL-6 treated cultures (grey striped bars) compared with 

M-CSF+RANKL-treated cultures (white bars).  

(A) Number of TRAP-positive cells; (B) area of resorption at the surface; (C) area of 

resorption under the surface on bovine bone discs. Significance assessed by Mann-

Whitney U test, Levels of significance are demonstrated on the graphs; ns = non-

significant (p>0.05). Non-significant fold change in the number of TRAP-positive multi-

nucleated cells in response to anti-IL-6 treatment in Charcot patients, diabetic patients and 

healthy control subjects (p>0.05 for all comparisons). Significant fold-change in the area of 

bone resorption at the surface (p<0.05) in response to anti-IL-6 treatment in Charcot 

patients but not in diabetic patients (p>0.05) and healthy control subjects (p>0.05); non-

significant difference in the fold change of resorption under the surface in all study groups 

in response to anti-IL-6 (p>0.05 for both comparisons). 
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6.5.8 The effect of anti-IL-6 treatment on CTX release in culture supernatant 

To assess the extent of bone resorption, I compared the concentration of CTX 

released over 72 hours in culture medium before and after the addition of anti-IL-6 in 

Charcot patients (n=4) and in healthy control subjects (n=4).  

The fold change of CTX concentration in M-CSF+RANKL+anti-IL-6-treated 

cultures compared with M-CSF+RANKL-treated cultures was expressed as mean± SEM 

and was calculated as shown below (6-D). 

6-D 

Fold change (CTX in culture medium) =
𝐶𝑇𝑋 (𝑀−𝐶𝑆𝐹+𝑅𝐴𝑁𝐾𝐿+𝑎𝑛𝑡𝑖−𝐼𝐿−6−𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑢𝑙𝑡𝑢𝑟𝑒𝑠)𝑛𝑀

𝐶𝑇𝑋 (𝑀−𝐶𝑆𝐹+𝑅𝐴𝑁𝐾𝐿−𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑢𝑙𝑡𝑢𝑟𝑒𝑠)𝑛𝑀
 

 

The addition of anti-IL-6 in M-CSF+RANKL-treated cultures led to a significant 

fold change of the concentration of CTX in culture supernatant only in Charcot patients 

but not in healthy control subjects (Figure 6-12). 

 

 

Figure 6-12 Fold change in the CTX concentration in M-CSF+RANKL+anti-IL-6-treated 

cultures (grey striped bars) compared with M-CSF+RANKL-treated cultures (white bars) 

Significance assessed by Mann-Whitney U test, Levels of significance are demonstrated 

on the graphs; ns = non-significant (p>0.05).Significant fold-change in the concentration of 

CTX in culture supernatant in response to anti-IL-6 treatment only in Charcot patients 

(p<0.05) but not in healthy control subjects (p>0.05). 
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6.5.9 Bone resorption on bovine bone discs in M-CSF+RANKL+anti-IL-6+OPG-

treated cultures 

Resorption was evaluated after the addition of anti-IL-6 and OPG to M-

CSF+RANKL-treated cultures.  The rationale of this study was to block simultaneously 

IL-6 and RANKL. The addition of anti-IL-6 and OPG inhibited resorption on bovine discs 

in all study groups, (Figure 6-13). 
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Figure 6-13 Toluidine blue staining of resorbed bovine bone discs in M-CSF+RANKL-treated cultures and in M-CSF+RANKL+anti-IL-6-treated cultures 

(light microscopy) 

The addition of anti-IL-6 and OPG to M-CSF+RANKL inhibited resorption in all study groups (D, E, F). The black arrows denote some of the pits in M-

CSF+RANKL-treated cultures in a Charcot patient (A), diabetic patient (B) and healthy control subject (C); (magnification X40) 
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Non-significant isolated minute pits were noted after observation of bovine bone 

discs at higher magnification in 5 subjects (3 Charcot patients, 1 diabetic patient and 1 

healthy control subject), (Figure 6-14), but the distribution within the groups was not 

significant (p>0.05), (Table 6-3). 

 

Table 6-3 Comparison of distribution according to presence of minute resorption pits in M-

CSF+RANKL+anti-IL-6+OPG-treated cultures in Charcot patients, diabetic patients and 

healthy control subjects.  

Minute pits in M-CSF+ RANKL+ 

anti-IL-6 +OPG treated cultures 

Charcot 

 

Diabetes 

 

Control P-value 

Absent: present 3:3 4:1 5:1 >0.05 

 

Chi-squared test; P-value indicates the difference between Charcot patients, diabetic 

patients ad healthy control subjects. 

Non-significant difference according to presence: absence of minute isolated resorption 

pits in M-CSF+RANKL+anti-IL-6+OPG-treated cultures between Charcot patients, diabetic 

patients and healthy control subjects (p>0.05) 
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Figure 6-14 Toluidine blue staining of bovine bone discs in M-CSF+RANKL+anti-IL-6+OPG-treated cultures in a Charcot patient, diabetic patient and 

healthy control subject (light microscopy)  

The arrows denote presence of isolated minute pits at X40 and at X70 magnification in a Charcot patient (A, D), diabetic control patient (B, E) and healthy 

control subject (C, F) respectively.  

Charcot Diabetes Control 
(A) (B) (C) 

   
(D)  (E) (F) 

   
 



 

210 
 

6.6 Discussion 

This in vitro study has shown that there was a significant reduction in the resorbing 

activity of M-CSF+RANKL-treated osteoclasts derived from Charcot patients in response 

to anti-IL-6 treatment. The addition of anti-IL-6 resulted in significant reduction in the 

area of resorption on bovine bone discs on the surface, as assessed by image analysis 

but not in the area of resorption under the surface as assessed by surface profilometry. 

The aberrant erosion profile, pit morphology and pit distribution in M-CSF+RANKL-

treated cultures remained unchanged after the addition of anti-IL-6. This suggests that 

the proinflammatory cytokine IL-6 reduced osteoclastic activity on the surface but had no 

effect on the resorption under the surface, erosion profile, pit morphology and pit 

distribution.   

In this study, I sought to determine the role of IL-6 as a modulator of enhanced 

osteoclast function in M-CSF+RANKL-treated cultures in acute Charcot 

osteoarthropathy. Using the traditional resorption pit assay together with surface 

profilometry, I have demonstrated that although osteoclast formation in M-

CSF+RANKL+anti-IL-6-treated cultures was similar between Charcot patients, diabetic 

patients and healthy control subjects, there was a significant reduction in the area of 

bone resorption on bovine bone discs only in Charcot patients. The reduction of the 

resorbing activity of Charcot-derived osteoclasts was confirmed by a significant reduction 

of the concentration of the CTX released in culture supernatant. However, in contrast to 

TNF-α, the inhibition of IL-6 did not reverse the aberrant pathological profile of resorbed 

bone discs from Charcot patients in M-CSF+RANKL-treated cultures.  

There is evidence to suggest that IL-6 positively regulates osteoclast differentiation 

not only by inducing RANKL on the surface of osteoblasts, but also has a direct 

stimulatory effect on osteoclastic precursors (Duplomb, Baud'huin et al. 2008). IL-6 is the 

most abundant cytokine in the circulation and this in vitro experiment suggests a possible 

priming of osteoclastic precursors by IL-6. Inhibition of IL-6 led to a significant reduction 

of the area of resorption on bovine bone discs at the surface only in Charcot patients, 
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indicating a possible role of this cytokine in modulating osteoclast activity. The lack of 

significant changes in the erosion profile and pit morphology suggests that this cytokine 

does not alter the mode of resorption of newly-formed osteoclasts. This cytokine has 

been linked with inflammatory bone loss (12) and bone specimens from Charcot patients 

stained positive for IL-6 (Baumhauer, O'Keefe et al. 2006). Moreover, the serum 

concentration of IL-6 is raised in the acute active stage of Charcot osteoarthropathy and 

correlates with CTX, a marker of bone resorption (Petrova, Dew et al. 2015).  

There is controversy regarding the role of IL-6 in driving osteoclastogenesis and 

bone resorption (Axmann, Bohm et al. 2009). Some studies have shown that in 

physiological conditions, IL-6 acts directly on osteoclast precursors to inhibit their 

differentiation and thus IL-6 acts to suppress bone resorption (Yoshitake, Itoh et al. 

2008). However, under inflammatory conditions, IL-6 provides discordant signals to 

osteoclasts and osteoblasts – it directly inhibits osteoclast differentiation of osteoclastic 

precursors but at the same time up-regulates RANKL expression of osteoblasts and 

thereby indirectly induces osteoclast differentiation (Yoshitake, Itoh et al. 2008). The 

cellular effects of IL-6 are mediated through the IL-6R. Recent studies have shown that 

neutralising antibody to IL-6R directly blocks RANKL-mediated osteoclast formation by 

binding to monocytic precursor cells and thus inhibiting their differentiation into 

osteoclasts. (Axmann, Bohm et al. 2009). In addition, it was also shown that the 

blockade of IL-6R through neutralising antibodies specifically inhibits inflammatory 

osteoclastogenesis in vitro and also in vivo in a transgenic mouse model (Axmann, 

Bohm et al. 2009). Thus recent evidence supports that IL-6 modulates RANKL-mediated 

activity on osteoclasts and moreover, there is evidence to suggest that this cytokine is 

directly capable of inducing osteoclast formation by a RANKL-independent mechanism 

(Kudo, Sabokbar et al. 2003).  

The exact role of IL-6 in the pathogenesis of Charcot osteoarthropathy is yet to be 

established. However, my in vitro experiment has shown that IL-6 modulates osteoclastic 

activity in the presence of RANKL. Indeed, the inhibition of RANKL by OPG abolished 
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osteoclastic resorbing activity not only in diabetic patients and healthy control subjects 

but also in patients with Charcot osteoarthropathy. Similarly, no resorption was noted 

after the combined inhibition of IL-6 and RANKL by anti-IL-6 and OPG respectively in all 

study groups. This suggests that IL-6 enhances RANKL-mediated osteoclastic activity in 

Charcot osteoarthropathy 

Interestingly, the response to anti-IL-6 treatment was not as potent as the 

response to anti-TNF-α treatment and a possible interaction between these two 

cytokines in the osteoclastogenesis in acute Charcot osteoarthropathy is proposed 

(Figure 6-15). It has been postulated that there is an “add-on” effect of IL-6 on TNF-α-

mediated inflammatory bone loss, as IL-6 mediates the effect of TNF-α on 

osteoclastogenesis but not vice versa (Redlich and Smolen 2012), (Axmann, Bohm et al. 

2009). It is possible that in Charcot osteoarthropathy, IL-6 and TNF-α up-regulated 

RANKL-mediated osteoclastic resorption on the surface, whereas the enhanced 

resorption under the surface was modulated solely by TNF-α. Overall, this interaction 

resulted in enhanced RANKL-mediated activity leading to bone destruction and 

ultimately Charcot osteoarthropathy. 
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Figure 6-15 The hypothetical interaction between the proinflammatory cytokines IL-6 and TNF-α on RANKL-mediated osteoclastic activity in acute Charcot 

osteoarthropathy 

In Charcot osteoarthropathy, the proinflammatory cytokines, IL-6 and TNF-α, modulated osteoclastic activity in the presence of RANKL. The addition of 

anti-IL-6 and anti-TNF-α to M-CSF+RANKL-treated cultures significantly reduced the area of resorption on the surface of resorbed bone discs. In addition, 

anti-TNF-α but not anti-IL-6 significantly reduced the area of resorption under the surface. The response to anti-IL-6 treatment was not as potent as the 

response to anti-TNF-α treatment. It is possible that there is an “add-on” effect of IL-6 on TNF-α-mediated bone resorption. Although the interaction 

between these cytokines is unknown, I demonstrated that IL-6 and TNF-α modulate RANKL-mediated osteoclastic activity leading to increased bone 

destruction and ultimately Charcot osteoarthropathy.  
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6.7 Conclusion 

Although the exact role of action of IL-6 on the osteoclastogenesis in inflammatory 

bone loss is still disputed, I have demonstrated that IL-6 modulated osteoclast resorption 

in Charcot patients by using a classical resorption pit assay. The addition of anti-IL-6 

significantly reduced bone resorption on the surface as assessed by image analysis, but 

had no impact on the erosion profile, pit morphology and distribution, as assessed by 

surface profiliometry.  
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Chapter 7 Conclusions and future directions 

 

7.1 Introduction 

This thesis contributes to our understanding of the pathogenesis of Charcot 

osteoarthropathy and sheds light on the mechanisms of increased osteoclastic activity in 

the acute Charcot foot.  

 

KEY FINDINGS OF THIS THESIS: 

 

7.2 Osteoclastic culture assay and surface profilometry, novel 

techniques to investigate the pathological bone resorption in 

acute Charcot osteoarthropathy 

The main purpose of this research was to explore the hypothesis that aberrantly 

activated osteoclasts play a key role in the pathological bone destruction of the acute 

Charcot foot. To explore this hypothesis, I introduced for the first time in the field of 

Charcot osteoarthropathy the osteoclast culture assay.  This is based on the observation 

that RANKL and OPG are the key extracellular regulators of osteoclast development and 

this has led to extensive research in studying the mechanisms of osteoclast 

differentiation and function in both physiological and pathological conditions. The 

osteoclastic culture assay has been validated as a suitable test to determine the capacity 

of osteoclast precursors to generate bone resorbing osteoclasts in a variety of diseases 

and also as an assay to monitor the bone resorbing activity of novel drugs (Susa, Luong-

Nguyen et al. 2004).  

The increased bone resorption of the acute Charcot foot has long been noted, 

although its exact cellular mechanisms have not been previously investigated. Using this 
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well-established in vitro technique, I assessed osteoclast formation and function in 

cultures treated with M-CSF+RANKL with and without inhibitors (OPG; neutralising 

antibody to TNF-α and neutralising antibody to IL-6) and demonstrated the usefulness of 

this technique to study osteoclast formation and function at the cellular level in patients 

with Charcot osteoarthropathy (Mabilleau, Petrova et al. 2008).  

In addition, I developed a novel method to quantitate resorption on bone discs 

using surface profilometry (Petrova, Petrov et al. 2014). This technique provided a new 

perspective for measuring osteoclastic activity and was used to evaluate erosion 

patterns and pit parameters of resorbed bone discs under different culture treatments. It 

unmasked differences of the resorption pit profiles between osteoclasts generated from 

Charcot patients and controls (with and without diabetes) which were not previously 

noted using only the traditional pit assay (Petrova, Petrov et al. 2014).    

Overall, these new techniques provided a contemporary approach to study the 

cellular mechanisms of osteoclast activation in this devastating condition. The proposed 

methodology could become fundamental in exploring osteoclast activity not only in the 

acute, active stage of the disease but also in the stage of resolution of the Charcot foot 

to monitor disease activity. There is a great clinical need to implement suitable 

techniques in the management of this condition to enable clinicians to diagnose the 

transition of the Charcot foot from the acute active stage into the chronic stable stage 

(Rogers, Frykberg et al. 2011). Furthermore, this novel approach could become 

fundamental in the monitoring of novel pharmacological therapies aiming to arrest the 

pathological bone destruction of the acute Charcot foot. 
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7.3 RANKL is the main activator of increased activity of newly 

formed osteoclasts in patients with acute Charcot osteoarthropathy 

My main objective was to assess the role of RANKL in osteoclastic activation in 

acute Charcot osteoarthropathy. I generated functional human osteoclasts in vitro from 

PBMCs, isolated from Charcot patients, diabetic patients and healthy control subjects.   

The research in this thesis has proved that in comparison to osteoclasts derived 

from diabetic patients and healthy control subjects, newly-formed osteoclasts from 

patients with acute Charcot osteoarthropathy exhibited enhanced response to RANKL as 

indicated by increased resorbing activity, which was not associated with an increase in 

osteoclast formation.  

At the time of commencing of bone resorption in vitro (day 14), osteoclastic 

activity in Charcot patients was already upregulated, as indicated by the presence of 

larger and wider pits on bovine bone discs together with enhanced  area of bone 

resorption. 

The differences in the morphological appearance of the resorption pits between 

Charcot patients and controls were more clearly detected after 21 days in culture. Image 

analysis of resorbed bone discs revealed that in cultures from Charcot patients in 

comparison to cultures from diabetic patients and healthy control subjects, resorption pits 

were not only spread over an extensive area, but also appeared significantly larger and 

more frequently presented as lacunae or trenches. It is likely that the predominant single 

resorption events (identified as uni-dented pits by surface profilometry) were the results 

of the proteolytic activity of individual osteoclasts, as previously described, whereas pits 

which appeared as lacunae or trenches were the result of resorption carried out by 

osteoclasts which have migrated over the bone surface, leaving behind continuous trails 

of resorption (Hefti, Frischherz et al. 2010), (Jeon, Jeong et al. 2012).  

The exuberant resorbing activity in M-CSF+RANKL-treated cultures from Charcot 

patients was morphologically characterised by surface profilometry. Resorbed bone 
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discs from cultures from Charcot patients exhibited aberrant erosion profiles with 

increased area of resorption under the surface, abnormal pit morphology and pit 

distribution. Uni-dented pits were predominantly seen in M-CSF+RANKL-treated cultures 

in both Charcot patients and controls at day 14. In contrast to control cultures in which 

the uni-dented pits remained the predominant type of resorption at day 21, in cultures 

from Charcot patients there was a shift in the distribution of pits from a high proportion of 

uni-dented pits at day 14 to a high proportion of multi-dented pits at day 21. This 

suggested that osteoclasts generated from Charcot patients displayed enhanced motility 

allowing them to carry out continuous resorption. Furthermore, the increased osteoclast 

function in cultures from Charcot patients in M-CSF+RANKL-treated cultures could be 

due to increased osteoclast survival, allowing the cells to maintain an active resorptive 

cycle rather than undergo apoptosis.  

The response to RANKL was attenuated by OPG, a decoy inhibitor for RANKL, 

confirming the role of RANKL as an essential cytokine in osteoclast activation in acute 

Charcot osteoarthropathy. Overall, these studies revealed that in the presence of M-

CSF+RANKL, osteoclastic precursors derived from patients with acute Charcot 

osteoarthropathy were primed to differentiate into highly-aggressive osteoclasts with 

increased resorbing activity.  

 

7.4 The proinflammatory cytokine TNF-α modulates RANKL-

mediated osteoclastic activity in acute Charcot osteoarthropathy 

The addition of anti-TNF-α to M-CSF+RANKL-treated cultures significantly 

reduced bone resorption on bovine bone discs in Charcot patients but not in diabetic 

patients and healthy control subjects. The addition of anti-TNF-α in cultures from Charcot 

patients modulated osteoclast function only and not osteoclast formation.  

Image analysis demonstrated that the addition of anti-TNF-α decreased by 30% 

the area of resorption on bovine bone discs. Surface profilometry revealed that the below 
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surface area of resorption was also decreased by 30% after the addition of anti-TNF-α. 

Moreover, there was a 30% reduction of the concentration of CTX released in culture 

supernatant before and after the addition of anti-TNF-α to M-CSF+RANKL-treated 

cultures. 

In addition to reduction of osteoclast resorption on bovine bone discs from 

cultures from Charcot patients, TNF-α inhibition reversed the pathological erosion profile 

of resorbed bone discs in M-CSF+RANKL-treated cultures and normalised the pit 

distribution and pit morphology. The relative increase of multi-dented pits together with 

the relative decrease of the uni-dented pits in M-CSF+RANKL-treated cultures was 

reversed after the addition of anti-TNF-α, indicating that TNF-α modified the resorptive 

behaviour of newly-formed osteoclasts derived from Charcot patients. This may result 

from a TNF-α induced imbalance between the relative rate of collagenolysis and 

demineralisation (Soe, Merrild et al. 2013), which requires further studies.  

Overall these studies demonstrated that in addition to RANKL, TNF-α primed 

osteoclastic precursors differentiated into highly-active osteoclasts with enhanced 

resorbing activity.  

 

7.5 The proinflammatory cytokine IL-6 decreased bone resorption 

only at the surface of resorbed bone disc in cultures from Charcot 

patients  

The addition of anti-IL-6 to M-CSF+RANKL-treated cultures significantly reduced 

bone resorption on bovine bone discs in Charcot patients but not in diabetic patients and 

healthy control subjects. Anti-IL-6-treatment significantly reduced osteoclast function but 

did not alter osteoclast formation. Image analysis demonstrated that the addition of anti-

IL-6 decreased by 22% the area of resorption on bovine bone discs. There was also a 

20% reduction of the concentration of CTX released in culture supernatant before and 

after the addition of anti-IL-6 to M-CSF+RANKL-treated cultures. Although the inhibition 
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of IL-6 resulted in a significant reduction in the area of resorption at the surface of bone 

discs, as assessed by image analysis, surface profilometry revealed that the area of 

resorption under the surface was similar before and after the addition of anti-IL-6.  This is 

in contrast to anti-TNF-α treatment which resulted in a significant reduction of the area of 

resorption both at and below surface. Furthermore, the aberrant erosion profile, pit 

morphology and pit distribution in M-CSF+RANKL-treated cultures remained unchanged 

after the addition of anti-IL-6. 

The overall reduction of the area of resorption on the surface after the addition of 

anti-IL-6 could be due to a shift of the distribution of the type of the resorption pits in M-

CSF+RANKL-treated cultures compared with M-SF+RANKL+anti-IL-6-treated cultures. 

The addition of anti-IL-6 led to a non-significant reduction of the percentage of multi-

dented pits and a non-significant increase of the percentage of uni-dented pits. The 

overall response to anti-IL-6 treatment was not as potent as the response to anti-TNF-α. 

It is possible that IL-6 potentiated the TNF-α mediated modulation of RANKL activity, as 

a result of a possible “add-on” effect (Redlich and Smolen 2012). Alternatively, the cross-

talk of these two cytokines on osteoclastic precursors is unknown (Zupan, Jeras et al. 

2013). 

 

7.6 TNF-α and IL-6 modulate osteoclastic activity in the presence of 

RANKL  

Bone resorption on bovine bone discs was abolished in M-CSF+RANKL+OPG-

treated cultures before and after the addition of anti-TNF-α or anti-IL-6 respectively not 

only in diabetic patients and healthy controls but also in cultures from Charcot patients. 

Thus in the absence of RANKL, the enhanced resorbing activity of Charcot osteoclasts 

was blocked. 

This confirms that RANKL is the main activator of increased osteoclastic activity whereas 

TNF-α and IL-6 have an additive effect. 
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7.7 Study limitations  

Although this study reported that the pattern of resorption on bovine bone discs was 

different between Charcot patients and controls (with and without diabetes) and also 

between culture treatments, it did not explore the possible driving mechanisms.  

The enhanced resorbing activity in M-CSF+RANKL-treated cultures in Charcot patients 

could be due to cathepsin K upregulation. It has been previously shown that the extent of 

resorption over bone surfaces results from the balance between factors upregulating or 

downregulating cathepsin K (Soe and Delaisse 2010). Enlarged resorption pits similar to 

the lacunae and trenches, predominantly noted in M-CSF+RANKL-treated cultures in 

Charcot patients, have been reported in cultures treated with cathepsin K inducers (Soe 

and Delaisse 2010). In contrast, osteoclasts treated with cathepsin K inhibitors form 

small round shallow pits (Leung, Pickarski et al. 2011) similar to the pits which I reported 

in control cultures. The possible RANKL and TNF-α-induced upregulaton of cathepsin K 

in cultures from Charcot patents could explain the observed differences in the type of 

resorption noted in M-CSF+RANKL-treated cultures before and after the addition of anti-

TNF-α. In contrast to TNF-α, it is likely that IL-6 did not modulate cathepsin K activity as 

the addition of anti-IL-6 did not alter the pit morphology and the shape of the pits as well 

as the area of resorption under the surface. Upregulation of cathepsin K in acute Charcot 

osteoarthropathy requires further studies as this mechanism may potentially indicate a 

novel treatment target to reduce the enhanced bone resorption in patients with this 

condition by using cathepsin K inhibitors.  

As well as cathepsin K upregulation, a further explanation of the extensive bone 

resorption observed on bone discs from Charcot patients could be a TNF-α driven 

increased migration, increased survival and reduced apoptosis of Charcot derived 

osteoclasts. It has been shown that TNF-α activated Charcot monocytes display a 

significant resistance to apoptosis (Uccioli, Sinistro et al. 2010). Further studies are 

needed to demonstrate how TNF-α may modulate the resorptive behaviour of activated 

osteoclasts in Charcot osteoarthropathy. It may be possible to activate osteoclastic 
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precursors, isolated from healthy control subjects and diabetic patients with neuropathy 

who are at risk of Charcot osteoarthropathy, with varying concentrations of TNF-α to 

assess osteoclastic activity after the addition of RANKL.  

In addition, the interaction between IL-6 and TNF-α in the pathological bone 

resorption of the acute Charcot foot is unknown (Uccioli, Sinistro et al. 2010). It has been 

shown that IL-6 can potentiate the response to TNF-α (Redlich and Smolen 2012). In my 

studies, I assessed the role of TNF-α and IL-6 in separate experiments rather than in 

combination. The rate of osteoclastogenesis in vivo is a result of the sum of activating 

and inhibitory signals (Kwan Tat, Padrines et al. 2004) and in the complex Charcot 

patient, the interplay of various stimulating and inhibitory stimuli determines the severity 

of bone destruction.  

A further limitation to my study was that I assessed bone resorption in two levels, 

one at the surface and the other under the surface. There are a number of methods that 

can be used to measure the volume and the depth of eroded areas, including scanning 

electron microscopy, confocal laser microscopy, and contact profilometry [13]. However, 

3D reconstruction images do not always provide a true representation of the resorption 

lacuna [13]. To overcome this limitation it may be possible to carry out a 3D analysis of 

resorption of the entire bovine bone disc by using novel X-ray micro-CT technique 

(Xradia Versa, Carl Zeiss Microscopy GmbH). I have already contacted the company, 

which have suggested a measurement protocol. Furthermore, I have discussed this 

project with Professors Kimmel and Akhter from Creighton University, USA, who have 

already expressed an interest in collaborating to develop this novel technique.  
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7.8 Future prospective 

 

My observations not only shed light on the pathogenesis of Charcot 

osteoarthropathy but may also have important implications for future management of this 

condition. 

This study has pointed out several possible cellular targets that may be important 

for planning future therapies in this devastating condition- RANKL blockade or anti-TNF-

α therapy aiming to inhibit the TNF-α modulation of osteoclastic precursors.  

Alternatively, cathepsin K inhibitors could be important to arrest the extensive bone 

resorption, which characterises the acute stage of this condition.   

The results of this thesis demonstrated that in acute Charcot osteoarthropathy 

there is aberrant osteoclast activation with enhanced response to RANKL, which is 

further modulated by the proinflammatory cytokines TNF-α and IL-6. These observations 

provide a scientific basis for future intervention by raising the possibility of using RANKL 

inhibition in the management of Charcot foot. This cytokine is important for the 

pathogenesis of vascular calcification in this condition and with my observations I have 

also confirmed its role as the main osteoclast activator.  

Although the relative importance of TNF-α and IL-6 in the osteoclastogenesis has 

not to be underestimated, it will be difficult for anti-TNF-α agents or anti-IL-6 to be useful 

in the management of Charcot osteoarthropathy as the window of opportunity to 

administer these therapies in the inflamed neuropathic Charcot foot is limited. Once 

osteoclastic precursors are primed to differentiate into highly resorbing osteoclasts by 

TNF-α and IL-6 the response to their blockade is uncertain, as they target not only 

osteoclastic precursors to differentiate into osteoclasts, but also enhance RANKL-

expression of osteoblasts (Redlich and Smolen 2012). In addition, these proinflammatory 

cytokines could upregulate RANKL expression by activated T-lymphocytes due to 

uncontrolled inflammation (Zupan, Jeras et al. 2013). The benefit/ risk of these anti-
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inflammatory therapies in diabetes is uncertain, due to an increased risk of infection and 

side effects. Moreover, in agreement with previous studies, I have confirmed that for their 

osteogenic action, TNF-α and IL-6 require RANKL (Lam, Takeshita et al. 2000). Thus 

Denusomab, a monoclonal antibody against RANKL, could be a treatment of choice 

which may directly inhibit osteoclast activation and indirectly arrest the inflammatory 

modulation on osteoclastic precursors. Indeed, Denusomab has been used in the 

treatment of osteoporosis and rheumatoid arthritis. There is firm evidence to suggest the 

usefulness of this therapy to prevent bone reduction in postmenopausal women 

(Papapoulos, Chapurlat et al. 2012). With regard to patients with rheumatoid arthritis, the 

addition of Denusomab to ongoing treatment with methotrexate led to inhibition of 

structural changes and improved bone mineral density (Cohen, Dore et al. 2008).  

In addition to Denusomab, cathepsin K inhibitors could provide a further possible 

target to arrest the pathological bone resorption of the acute active stage of the disease. 

My studies have suggested that in the acute Charcot foot, RANKL and TNF-α could 

upregulate cathepsin K activity. Furthermore, the latter can be upregulated by small fibre 

neuropathy via lack of CGRP control on bone as evidence from experimental work has 

demonstrated that CGRP inhibits bone resorption by down-regulating osteoclastic genes 

including cathepsin K. At present, a phase 3 clinical study is underway to explore the 

usefulness of the cathepsin K inhibitor Odanacatib in the management of generalised 

bone loss (http://clinicaltrials.gov/ct2/show/NCT01803607). Future studies are needed to 

explore this mechanism as a potential target in the management of Charcot 

osteoarthropathy.  

Although at present there is speculation about the possible benefit of treatment 

with biologic agents, I am not aware of any cases of Charcot osteoarthropathy where 

such therapies have been used. Nevertheless, my studies provide the basis for scientific 

intervention for future trials in patients with acute Charcot osteoarthropathy. 

 

http://clinicaltrials.gov/ct2/show/NCT01803607
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We hypothesised that tumour necrosis factor-𝛼 (TNF-𝛼) may enhance receptor activator of nuclear factor-𝜅𝛽 ligand- (RANKL-)
mediated osteoclastogenesis in acute Charcot osteoarthropathy. Peripheral blood monocytes were isolated from 10 acute Charcot
patients, 8 diabetic patients, and 9 healthy control subjects and cultured in vitro on plastic and bone discs. Osteoclast formation
and resorption were assessed after treatment with (1) macrophage-colony stimulating factor (M-CSF) and RANKL and (2) M-
CSF, RANKL, and neutralising antibody to TNF-𝛼 (anti-TNF-𝛼). Resorption was measured on the surface of bone discs by image
analysis and under the surface using surface profilometry. Although osteoclast formation was similar in M-CSF + RANKL-treated
cultures between the groups (𝑝 > 0.05), there was a significant increase in the area of resorption on the surface (𝑝 < 0.01) and
under the surface (𝑝 < 0.01) in Charcot patients compared with diabetic patients and control subjects. The addition of anti-TNF-𝛼
resulted in a significant reduction in the area of resorption on the surface (𝑝 < 0.05) and under the surface (𝑝 < 0.05) only in
Charcot patients as well as a normalisation of the aberrant erosion profile. We conclude that TNF-𝛼modulates RANKL-mediated
osteoclastic resorption in vitro in patients with acute Charcot osteoarthropathy.

1. Introduction

Charcot osteoarthropathy is a severe complication of dia-
betes, which is associatedwith significantmorbidity andmor-
tality [1–5]. Inflammation and increased osteoclastic activity
are well-recognised drivers of the rapid bone destruction that
occurs in the Charcot foot, although the link between them
is not fully understood [6].

We have recently demonstrated that, in acute Charcot
osteoarthropathy, there is increased osteoclastic activity in
response to the osteoclastogenic cytokine receptor activator
of nuclear factor-𝜅𝛽 ligand (RANKL) [7]. Osteoclasts, gen-
erated from peripheral blood monocytes of Charcot patients
in the presence of the stimulating factor macrophage-colony
stimulating factor (M-CSF) and RANKL, excessively resorb
bone slices.Using the novel technique of surface profilometry,
in addition to traditional light microscopy, we have shown

that osteoclasts derived from Charcot patients eroded bone
surfaces with an aberrant pit profile and geometry [8].
Resorption pits from cultures of Charcot patients appeared
more frequently as multidented pits and were significantly
deeper and wider compared with resorption pits in healthy
controls [8].

The reason for this increased resorbing activity is
unknown, but it is possible that it is driven by uncon-
trolled inflammation due to upregulation of proinflammatory
cytokines and in particular tumour necrosis factor-𝛼 (TNF-
𝛼) [6]. As an osteoclastogenic mediator, TNF-𝛼 induces
expression of RANKL in osteoblastic cells, but it can also act
directly on osteoclastic precursors (monocytes) to potentiate
RANKL-induced osteoclastogenesis and thereby activity [9].
This cytokine is known to enhance osteoclastogenesis in
rheumatoid arthritis [10, 11] and psoriatic arthritis [12] and
also in other forms of inflammatory osteolysis [13] and we
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hypothesised that TNF-𝛼 may also modulate osteoclastic
activity in acute Charcot osteoarthropathy. Thus the aim of
this study was to determine the role of this cytokine by
comparing the extent of osteoclast formation and resorption
in M-CSF + RANKL-treated cultures with and without the
addition of neutralising antibody to TNF-𝛼 (anti-TNF-𝛼).

2. Materials and Methods

2.1. Patients. Samples from peripheral blood were obtained
from 10 consecutive patients with recent onset of acute
Charcot osteoarthropathy, 8 diabetic patients with no history
of Charcot osteoarthropathy, and 9 healthy control subjects.
All patients with Charcot osteoarthropathy presented with
a unilateral red hot swollen foot and radiological evidence
of acute Charcot fractures, demonstrated on plain foot and
ankle radiographs [1, 5]. All participants had intact feet and
had no features of foot infection or sepsis. The study was
approved by the Outer West London Research Ethics Com-
mittee and was carried out in accordance with institutional
guidelines and the Declaration of Helsinki with all patients
and control subjects signing written informed consent.

2.2. Isolation and Culture of Peripheral Blood Mononu-
clear Cells (PBMCs). Peripheral blood mononuclear cells
(PBMCs) were isolated from whole blood as previously
described [8]. The PBMCs were separated after gradient
centrifugation and resuspended in culture medium and 2 ×
106 cells were cultured on 24-well plates and 5 × 105 cells were
cultured on bovine bone discs (Immunodiagnostic Systems
Ltd., Boldon, UK) in duplicate to assess osteoclast formation
and resorption, respectively. Cultures were maintained in 𝛼-
minimal essential medium (𝛼-MEM, Lonza, Wokingham,
UK) supplemented with penicillin (50U/mL)/streptomycin
(50𝜇g/mL) (Sigma-Aldrich Ltd., Poole, UK), L-glutamine
(2mM) (Sigma-Aldrich Ltd., Poole, UK), and 10% heat-
inactivated FBS (Lonza Ltd., Wokingham, UK) under the
following conditions:

(i) Cultures with M-CSF 25 ng/mL (added at day 0)
(R&D Systems Europe, Ltd., Abingdon, UK) and sol-
uble RANKL 100 ng/mL (added at day 7) (PeproTech
EC Ltd., London, UK): M-CSF + RANKL-treated
cultures served as a positive control.

(ii) Cultures with M-CSF (added at day 0), anti-TNF-𝛼
10 𝜇g/mL (added at day 0), (R&D Systems Europe,
Ltd., Abingdon, UK), and soluble RANKL 100 ng/mL
(added at day 7): M-CSF + RANKL + anti-TNF-𝛼-
treated cultures were used to assess the role of TNF-
𝛼 on osteoclastogenesis. The rationale for this study
was to inhibit TNF-𝛼modulation on peripheral blood
monocytes by using excess concentration of anti-
TNF-𝛼, added from the beginning until the end of the
cell culture treatment [14].

Culture medium was refreshed every 3-4 days supplemented
with the appropriate agents as described above. After 17
days in culture, 24-well plates were stained for tartrate-
resistant acid phosphatase (TRAP). Plates were viewed by

light microscopy and TRAP-positive cells with three or more
nuclei were counted as osteoclasts. The ability of these cells
to resorb bone was demonstrated by culturing PBMCs on
bovine bone discs for 21 days. The bone discs were stained
with toluidine blue and mounted on glass slides. Resorption
was quantitated by twomethods: (1) area of resorption on the
surface (%) assessed by image analysis after light microscopy
and (2) area of resorption under the surface (𝜇m2) assessed by
surface profilometry, as previously described [8].The erosion
profile of resorbed bone discs was measured by the Dektak
150 Surface Profiler (Veeco, New York, USA) fitted with a
stylus (radius 2.5 𝜇m), as previously described [8]. The stylus
was dragged across the surface of the sample in hills and
valleysmodewith ten scans per subject carried out at random
sites on each of the two discs. Each measurement had the
following scan parameters: stylus force: 3.00mg, scan length:
1000 𝜇m, scan duration: 60 seconds, vertical measurement
range: 65.5𝜇m, scan resolution: 0.056𝜇m/scan. On average,
75 pits per condition/per subject were analysed and the
median area of disc erosion was calculated in 𝜇m2 using
Origin Pro 8.6 software.

According to their shape, pits were defined as unidented
(erosion with one dent starting from and finishing at the
level of the unresorbed surface), bidented (erosion with two
clearly defined dents starting from and finishing at the level
of the unresorbed surface), and multidented (erosion with
three or more dents starting from and finishing at the level
of the unresorbed surface). Each pit was characterised by the
following parameters: width at the surface (𝜇m), maximum
depth (𝜇m), and full-width-half-maximum (FWHM) (𝜇m),
where the width was measured at the half of the maxi-
mum depth. The median width, depth, and FWHM for the
unidented, bidented, andmultidented pits were calculated for
each subject [8].

2.3. Statistical Analyses. Data were analysed with Predictive
Analytics Software 18 statistical package and expressed as
median (25th–75th percentile). Differences between study
groups and culture treatments were analysed using the non-
parametric Mann-Whitney 𝑈 test (two groups) or Kruskal-
Wallis test (three groups), as appropriate. Chi-square test was
used for categorical variables. Differences were considered
significant at 𝑝 < 0.05.

3. Results

3.1. Demographical Features. Patients with acute Charcot
osteoarthropathy were matched for age, gender, and type
and duration of diabetes with the diabetic patients and for
age and gender with the healthy control subjects. The age,
gender distribution, and type and duration of diabetes were
not significantly different between the Charcot patients and
diabetic patients nor were the age and gender distribution
between the Charcot patients and healthy control subjects
(Table 1).

3.2. Osteoclast Formation. Observation of the cell culture
plates with light microscopy showed no difference in osteo-
clast formation inM-CSF+RANKL-treated cultures between
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Table 1: Demographic features of the study patients.

Charcot Diabetes Healthy control subjects
Age (years) 57 [53–64] 60 [55–66] 45 [42–48]
Gender (male : female) 6 : 4 3 : 4 5 : 3
Type 1 : type 2 diabetes 4 : 6 1 : 6 —
Duration of diabetes (years) 17 [8–29] 10 [9–26] —
Data expressed as median [25th–75th percentile].
Nonsignificant difference in age, gender distribution, type and duration of diabetes (Charcot patients versus diabetic patients), and age and gender (Charcot
patients versus healthy control subjects); (𝑝 > 0.05 for all pairwise comparisons).

the three groups (Figure 1(a)).Themedian number of TRAP-
positive multinucleated cells in M-CSF + RANKL-treated
cultures in Charcot patients was not significantly different
from the median number of TRAP-positive multinucle-
ated cells in diabetic patients and healthy control subjects
(Figure 1(b)).

The addition of anti-TNF-𝛼 to M-CSF + RANKL treat-
ment did not lead to a significant difference in the median
number of TRAP-positive multinucleated cells in Charcot
patients, diabetic patients, and healthy control subjects (Fig-
ures 1(a) and 1(b)).

3.3. Osteoclast Resorption. Traditional light microscopy
(Figure 1(c)) together with surface profilometry revealed
that the newly formed osteoclasts isolated from patients
with acute Charcot osteoarthropathy exhibited increased
resorbing activity in M-CSF + RANKL-treated cultures
compared with osteoclasts generated from diabetic patients
and healthy controls, as indicated by a significantly increased
area of resorption on the surface (Figure 1(d)) and under the
surface (Figure 1(e)).

The addition of anti-TNF-𝛼 to M-CSF + RANKL treat-
ment led to a significant reduction in the area of resorption
on the surface (Figures 1(c) and 1(d)) and under the surface
(Figure 1(e)) only in Charcot patients but not in diabetic
patients or healthy control subjects. In Charcot patients, the
area of resorption on the surface assessed by image analysis
was 30% smaller in M-CSF + RANKL + anti-TNF-𝛼-treated
cultures compared with M-CSF + RANKL-treated cultures
(Figure 1(d)) as was the area of resorption under the surface
after surface profilometry (Figure 1(e)).

3.4. Erosion Profile of Resorbed Bovine Bone Discs after
Surface Profilometry. The surface profile measurements of
randomly selected areas revealed multishaped erosions of
resorbed bovine bone discs in all study groups in both culture
treatments (Figures 2(a) and 2(b)).

However, in M-CSF + RANKL-treated cultures, the
erosion profiles were markedly different between the three
groups (Figure 2(a)). The erosions appeared greater and
deeper in Charcot patients compared to erosions in diabetic
patients and healthy controls (Figure 2(a)).

After the addition of anti-TNF-𝛼 to M-CSF + RANKL
treatment, the observed differences in the erosion profile
between the three groups were lost (Figure 2(b)). In Charcot
patients, there was a “normalisation” of the erosion profile

in M-CSF + RANKL + anti-TNF-𝛼-treated cultures com-
pared to M-CSF + RANKL-treated cultures (Figure 2(c)),
whereas anti-TNF-𝛼 had no effect on the erosion profiles
of diabetic patients (Figure 2(d)) or healthy control subjects
(Figure 2(e)).

3.5. Pit Morphology. To assess in more detail the differences
in resorption under the surface, pit morphology was evalu-
ated. InM-CSF+RANKL-treated cultures, the pit parameters
(median width, FWHM and depth) were greater in Charcot
patients compared with diabetic patients and healthy control
subjects (Figures 2(f), 2(g), and 2(h)). The addition of anti-
TNF-𝛼 to M-CSF + RANKL treatment led to a significant
reduction in the width, FWHM, and depth of the unidented
pits in Charcot patients (Figure 2(f)). Although the reduction
of the bidented pit parameters (Figure 2(g)) and multidented
pit parameters (Figure 2(h)) was not significant, there was a
general trend of “normalisation” of pits after anti-TNF-𝛼. In
contrast to Charcot patients, the addition of anti-TNF-𝛼 had
no effect on pit parameters in diabetic patients or in healthy
control subjects (Figures 2(f), 2(g), and 2(h)).

3.6. Pit Distribution. To determine whether there were any
differences in the distribution of the shape of the pits,
the percentage of unidented, bidented, and multidented
pits between the two culture treatments was compared. In
Charcot patients, the addition of anti-TNF-𝛼 to M-CSF +
RANKL resulted in a significant increase in the percentage of
unidented pits (from 36% [31–43] to 53% [43–63], 𝑝 < 0.05)
and a significant decrease in the percentage of multidented
pits (from 40% [32–42] to 25% [13–33], 𝑝 < 0.05), whereas
the percentage of bidented pits remained unchanged (from
24% [20–28] to 22% [21–24], 𝑝 > 0.05) (Figure 2(i)).
There was no significant difference in the distribution of
pits (unidented, bidented, and multidented) between the two
culture treatments in the diabetic patients and in the healthy
controls (Figure 2(i)).

4. Discussion

This in vitro study has shown that there was a significant
reduction in the resorbing activity of M-CSF + RANKL-
treated osteoclasts derived from Charcot patients in response
to anti-TNF-𝛼 treatment.The addition of anti-TNF-𝛼 resulted
in significant reduction in the area of resorption on bovine
bone discs both on the surface, as assessed by image analysis,
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Figure 1: Osteoclast formation and resorption in Charcot patients, diabetic patients, and healthy control subjects inM-CSF +RANKL-treated
cultures and in M-CSF + RANKL + anti-TNF-𝛼-treated cultures. Representative images of TRAP-positive multinucleated cells formed on
plastic (Olympus; originalmagnification×100, scale bar = 200 𝜇m) (a) and resorbed bovine bone discs (Olympus BX60; originalmagnification
×200) (c). The arrows denote some of the TRAP-positive multinucleated cells (a) and some of the resorption pits (c). Comparison of the
number of TRAP-positive multinucleated cells (b), the area of resorption at the surface (d), and the area of resorption under the surface (e)
of resorbed bone discs between M-CSF + RANKL-treated cultures (white bars) and M-CSF + RANKL + anti-TNF-𝛼-treated cultures (grey
bars). Significance assessed by Mann-Whitney 𝑈 test, levels of significance are demonstrated on the graphs; ∗𝑝 < 0.05; ∗∗𝑝 < 0.01; ns =
nonsignificant (𝑝 > 0.05).
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Figure 2: Surface profilometry in Charcot patients, diabetic patients, and healthy control subjects inM-CSF +RANKL-treated cultures and in
M-CSF+RANKL+ anti-TNF-𝛼-treated cultures. Representative erosion profiles of resorbed bone discs inCharcot patient (blue line), diabetic
patient (red line), and healthy control subject (green line) after surface profilometry inM-CSF + RANKL-treated cultures (a) and inM-CSF +
RANKL + anti-TNF-𝛼-treated cultures (b). Representative erosion profiles of resorbed bone discs in M-CSF + RANKL-treated cultures
(blue line) and M-CSF + RANKL + anti-TNF-𝛼-treated cultures (red line) in Charcot patient (c), diabetic patient (d), and healthy control
subject (e). The marked difference of the erosion profile in a Charcot patient compared with diabetic patient and healthy control in MCSF +
RANKL-treated cultures (a) was reversed after the addition of anti-TNF-𝛼 (b). Pits appeared significantly smaller in M-CSF + RANKL +
anti-TNF-𝛼-treated cultures compared with MCSF + RANKL-treated cultures in Charcot patients (c) but remained unchanged in diabetic
patients (d) and in healthy controls (e). Comparison of pit measurements (width, FWHM, and depth) between M-CSF + RANKL-treated
cultures (white bars) and M-CSF + RANKL + anti-TNF-𝛼-treated cultures (grey bars); unidented pits (f), bidented pits (g), and multidented
pits (h). Significance assessed by Mann-Whitney 𝑈 test, levels of significance are demonstrated on the graphs; ∗𝑝 < 0.05; ∗∗𝑝 < 0.01; ns =
nonsignificant (𝑝 > 0.05). Distribution of pits (%) according to their shape inM-CSF + RANKL andM-CSF + RANKL + anti-TNF-𝛼-treated
cultures in Charcot patients, diabetic patients, and healthy control subjects (i). In M-CSF + RANKL-treated cultures, there was a significant
reduction in the percentage of unidented (𝑝 < 0.05) and a significant increase in the percentage of multidented pits (𝑝 < 0.05) in Charcot
patients compared with diabetic patients and healthy controls. The addition of anti-TNF-𝛼 treatment led to a significant difference in the pit
distribution only in Charcot patients characterised by a significant increase in the percentage of unidented pits (𝑝 < 0.05) and significant
decrease in the percentage of multidented pits (𝑝 < 0.05). No differences in the pit distribution were noted in diabetic patients and in healthy
control subjects.
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and also under the surface, as assessed by surface profilom-
etry. The aberrant erosion profile, pit morphology, and pit
distribution in M-CSF + RANKL-treated cultures in Charcot
patients were reversed after the addition of anti-TNF-𝛼.These
findings confirm the hypothesis that the proinflammatory
cytokine TNF-𝛼 modulates increased osteoclastic activity in
acute Charcot osteoarthropathy.

In the present study, we have shown that newly derived
osteoclasts from monocytes isolated from Charcot patients
exhibit an enhanced response to RANKL. Osteoclastogenesis
is pivotally dependant on M-CSF (a survival factor) and
RANKL (key factor for osteoclast differentiation and regula-
tion) [15, 16]. In the presence of these two cytokines, mono-
cytes, which express the receptors c-fms and RANK, prolif-
erate and differentiate into mature multinucleated osteoclasts
[17, 18].The osteoclasts generated fromCharcot patients were
functionally more aggressive compared to osteoclasts from
diabetic patients and healthy control subjects in a classical
resorption assay [7, 8]. In addition, surface profilometry
demonstrated that osteoclasts from Charcot patients exhib-
ited a considerable below-surface resorbing activity, which
was not associated with an increase in osteoclast formation
[8]. However, the mechanisms of this enhanced response are
unknown.

In Charcot osteoarthropathy bone loss is limited to the
inflamed affected foot [19, 20] and it is possible that local
inflammatory factors released after initial trauma to the
Charcot foot may act as osteoclastogenic mediators [6]. In
this study, we sought to determine the role of TNF-𝛼 as
a promoter of the observed enhanced osteoclast function.
This cytokine has been linked with inflammatory bone loss
[12] and immunohistochemical analysis of surgical Charcot
specimens has indicated that osteoclastic bone resorption
takes place in the presence of TNF-𝛼 [21]. In the acute
stage of the osteoarthropathy, serum concentrations of TNF-
𝛼 are raised [22]. Moreover, in the acute Charcot foot,
inflammatory modulation of peripheral monocytes with
increased spontaneous and induced production of TNF-𝛼has
been noted [23]. In this study, using the traditional resorp-
tion pit assay together with surface profilometry, we have
demonstrated that although osteoclast formation remained
unchanged, the addition of anti-TNF-𝛼 toM-CSF + RANKL-
treated cultures significantly decreased osteoclast function.
This is in agreement with previous data showing that TNF-
𝛼 is more potent for osteoclast activation than for osteoclast
formation [24]. The inhibition of TNF-𝛼 led to a significant
reduction in the area of resorption on the surface and under
the surface in cultures from Charcot patients.

As well as increased resorption, in our study, there were
a pathological erosion profile and aberrant morphological
appearance of resorption pits on bone slices in M-CSF +
RANKL-treated cultures in Charcot patients compared with
healthy control subjects [8] and also in Charcot patients
compared with diabetic patients. We demonstrated that the
addition of anti-TNF-𝛼 reversed the observed differences in
pit parameters and erosion profile between the study groups
and in Charcot patients there was a notable “normalisation”
of the erosion profile and pit morphology. This suggests that
osteoclasts generated in M-CSF + RANKL-treated cultures,

prior to inhibition of TNF-𝛼, exhibit a highly aggressive
resorptive profile. This exuberant resorptive activity was
reduced after the addition of anti-TNF-𝛼, providing further
evidence to support the role of this cytokine in the osteoclas-
togenesis of acute Charcot osteoarthropathy.

As well as changes in the morphological appearance
of pits, there was a difference in the distribution of the
shape of the pits in Charcot patients between the two
culture treatments. The resorption pits in M-CSF + RANKL-
treated cultures of the Charcot patients were predominantly
multidented and bidented whilst the unidented pits were less
frequently seen although in diabetic patients and in healthy
control subjects the pit distribution remained unchanged
between the two culture treatments.

The addition of anti-TNF-𝛼 to M-CSF + RANKL-treated
cultures resulted in a significant reduction in the percentage
of the multidented pits as well as a significant increase the
percentage of the unidented pits.Thus, the inhibition of TNF-
𝛼 normalised the resorptive behaviour of Charcot osteoclasts
in which resorption alternated with migration as indicated
by a significant increase in the percentage of unidented
pits. It is possible that observed aberrant pit morphology
and distribution were due to a TNF-𝛼 modulation of the
resorption cycle (Figure 3(a)). During the process of bone
resorption, osteoclasts solubilise bone mineral followed by
degradation of demineralised organic matrix and in control
conditions, the relative rate of collagenolysis is slower than
the rate of demineralisation [25]. Experimental in vitro stud-
ies have shown that agents which can upregulate cathepsin K
expression prolong the resorption cycle and resorption events
more frequently present as trenches (continuous resorption)
[25]. In contrast, inhibition of cathepsin K accelerates the
resorption cycle, leading to faster accumulation of collagen.
This results in resorption events more frequently presenting
as shallower and smaller pits (intermittent resorption). Both
RANKL and TNF-𝛼 stimulate the osteoclasts to produce
cathepsin K, which is the major protease responsible for the
degradation of collagen [26]. In Charcot osteoarthropathy
it is possible that TNF-𝛼 via enhanced cathepsin K expres-
sion may lead to imbalance between the relative rate of
collagenolysis and demineralisation. This mechanism may
explain the continuous resorptions which we observed as
multidented pits in the M-CSF + RANKL-treated cultures in
contrast to the more frequently noted intermittent resorp-
tions (unidented pits) after the addition of anti-TNF-𝛼 [25]
(Figure 3(a)).

These findings have important implications for under-
standing the pathogenesis of this condition. Our data under-
scores the potent role of TNF-𝛼 in the RANKL-mediated
osteoclastogenesis (Figure 3(b)). Trauma to the neuropathic
diabetic foot leads to bone damage and uncontrolled inflam-
mation [6]. Bone fracture is the harbinger of Charcot
osteoarthropathy [27] and it leads to changes in the bone
matrix, which becomes a site of targeted remodelling with
increased numbers of apoptotic osteocytes (bone matrix
cells) and rapid degradation by activated osteoclasts [18, 28].
Furthermore, bone fracture triggers a coordinated healing
cytokine response with the induction of proinflammatory
cytokines, including TNF-𝛼 [29]. In the affectedCharcot foot,
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Figure 3: Model for osteoclast resorptive activity in Charcot osteoarthropathy in M-CSF + RANKL-treated cultures before and after the
addition of anti-TNF-𝛼 (a). In the presence of TNF-𝛼, continuous multidented pits (defined as lacunae or trenches) with increased area of
resorption both on the surface and under the surface are seen more frequently compared with less frequently noted unidented pits (single
resorption event). Resorption is prolonged and is not interrupted by migration episodes. After the inhibition of TNF-𝛼, the percentage
of multidented pits is reduced with a corresponding increase in the percentage of unidented pits suggesting that the resorptive cycle is
restored. Resorption alternates with migration and intermittent resorption events occur away from each other (unidented pits).The observed
differences in the resorption before and after the addition of anti-TNF-𝛼 suggest that TNF-𝛼 (via cathepsin K upregulation) modulates
the resorptive behaviour of osteoclasts generated from Charcot patients and these highly active osteoclasts are capable of extensive lacunar
resorption with aberrant pit morphology and geometry due to reduced migration, increased survival, and reduced apoptosis. The proposed
role of TNF-𝛼 in the pathogenesis of pathological bone destruction in the acute Charcot foot (b).
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the inflammatory response to traumawith increased cytokine
release leads to an upregulation of receptors and adhesion
molecules in the endothelium which then forms a firm
attachment to osteoclast precursors resulting in enhanced
recruitment of osteoclasts to sites of bone resorption [30].
Furthermore, the activation of RANK by RANKL attracts
osteoclastic precursors [31] and its upregulation contributes
to an enhanced RANKL-induced monocyte migration to the
affected foot. Thus TNF-𝛼-primed osteoclastic precursors
in the presence of increased local expression of RANKL
differentiate into highly aggressive osteoclasts with extensive
resorbing activity characterised by increased survival and
reduced apoptosis and migration. This increased osteoclastic
activity may be due to cathepsin K upregulation, which
requires further studies, as this may provide scientific basis
for novel intervention with cathepsin K inhibitors. Overall,
these aberrantly activated osteoclasts play a key role in the
pathological bone destruction of the acute Charcot foot.

In conclusion, using a traditional osteoclast resorp-
tion assay together with surface profilometry, this study
has demonstrated for the first time that the proinflamma-
tory cytokine TNF-𝛼 modulated RANKL-mediated osteo-
clastic resorption in vitro in patients with acute Charcot
osteoarthropathy and these observations shed light into the
pathogenesis of this devastating condition.
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bová, “Calcaneal ultrasonometry in patients with Charcot
osteoarthropathy and its relationship with densitometry in the
lumbar spine and femoral neck and with markers of bone
turnover,” Diabetic Medicine, vol. 18, no. 6, pp. 495–500, 2001.



10 Journal of Diabetes Research

[20] N. L. Petrova, A. V. M. Foster, and M. E. Edmonds, “Calcaneal
bone mineral density in patients with Charcot neuropathic
osteoarthropathy: differences between Type 1 and Type 2
diabetes,” Diabetic Medicine, vol. 22, no. 6, pp. 756–761, 2005.

[21] J. F. Baumhauer, R. J. O’Keefe, L. C. Schon, and M. S. Pinzur,
“Cytokine-induced osteoclastic bone resorption in charcot
arthropathy: an immunohistochemical study,” Foot & Ankle
International, vol. 27, no. 10, pp. 797–800, 2006.

[22] N. L. Petrova, T. K. Dew, R. L. Musto et al., “Inflammatory
and bone turnover markers in a cross-sectional and prospective
study of acute Charcot osteoarthropathy,” Diabetic Medicine,
vol. 32, no. 2, pp. 267–273, 2015.

[23] L. Uccioli, A. Sinistro, C. Almerighi et al., “Proinflammatory
modulation of the surface and cytokine phenotype of mono-
cytes in patients with acute Charcot foot,” Diabetes Care, vol.
33, no. 2, pp. 350–355, 2010.

[24] K. Fuller, C. Murphy, B. Kirstein, S. W. Fox, and T. J. Cham-
bers, “TNF𝛼 potently activates osteoclasts, through a direct
action independent of and strongly synergistic with RANKL,”
Endocrinology, vol. 143, no. 3, pp. 1108–1118, 2002.

[25] K. Søe, D. M. H. Merrild, and J.-M. Delaissé, “Steering the
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Abstract We hypothesized that newly formed osteoclasts

from patients with acute Charcot osteoarthropathy can resorb

surfaces of bone more extensively compared with controls.

Peripheral blood monocytes, isolated from eight Charcot

patients and nine controls, were cultured in vitro on 24-well

plates and bovine bone discs in duplicate with macrophage

colony-stimulating factor (M-CSF) and receptor activator of

nuclear factor jb ligand (RANKL). Osteoclast formation

was assessed by tartrate-resistant acid phosphatase staining

(TRAcP) at day 17. Resorption was measured at day 21 after

toluidine blue staining by two methods: (1) area of resorption

at the surface by image analysis (%) and (2) area of resorp-

tion under the surface (lm2) measured by a Dektak 150

Surface Profiler. Ten 1,000 lm-long scans were performed

per disc. Pits were classified as unidented, bidented, and

multidented according to their shape. Although the number

of newly formed TRAcP positive multinucleated cells ([3

nuclei) was similar in M-CSF ? RANKL-treated cultures

between controls and Charcot patients, the latter exhibited

increased resorbing activity. The area of resorption on the

surface by image analysis was significantly greater in

Charcot patients compared with controls (21.1 %

[14.5–26.2] vs. 40.8 % [35.4–46.0], median [25–75th per-

centile], p \ 0.01), as was the area of resorption under the

surface (2.7 lm2 [1.6–3.9] vs. 8.3 lm2 [5.6–10.6], p \ 0.01)

after profilometry. In Charcot patients pits were deeper and

wider and more frequently presented as multidented pits.

This application of the Dektak 150 Surface Profiler revealed

novel differences in resorption pit profile from osteoclasts

derived from Charcot patients compared with controls.

Resorption in Charcot patients was mediated by highly

aggressive newly formed osteoclasts from monocytes erod-

ing large and deep areas of bone.

Keywords Charcot osteoarthropathy � Osteoclasts �
Resorption pits � Surface profilometry

Introduction

Charcot osteoarthropathy (or Charcot foot) is one of the

most challenging foot complications of diabetes in the

twenty first century [1]. Trauma of the insensate diabetic

neuropathic foot triggers inflammation and aggressive

osteolysis which result in multiple fractures, bone frag-

mentations, and joint dislocations [2]. The mechanisms of

severe bone destruction seen in the acute Charcot foot are

not fully understood, but we have recently hypothesized

that aberrantly activated osteoclasts play a key role in this

pathological process.

Osteoclasts are the principal cell type responsible for

bone resorption [3] and are derived from mononuclear cell

precursors of the monocyte/macrophage lineage that
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circulate in the blood in the monocytic fraction [4].

Osteoclastogenesis is regulated by receptor activator of

nuclear factor jb ligand (RANKL), a cytokine from the

TNF-ligand superfamily, which acts via its receptor

RANK, expressed on osteoclastic precursors and osteo-

clasts [5]. Another cytokine required for proliferation and

survival of mononuclear cells is macrophage-colony

stimulating factor (M-CSF), which acts via its receptor,

c-fms [6]. Osteoclastic precursors in the presence of

RANKL and M-CSF undergo differentiation and fusion

resulting in large multinucleated cells, which express a

series of osteoclast markers, including tartrate-resistant

acid phosphatase (TRAcP) and calcitonin receptors [7]. To

degrade mineralized matrix, these cells have a unique

cytoskeleton. In contact with bone, they form ruffled

membrane and actin rings, characteristic of actively

resorbing osteoclasts [8].

The discovery of M-CSF and RANKL has led to the

development of an in vitro resorption assay to generate

functional human osteoclasts from peripheral blood

mononuclear cells (PBMCs) in the presence of these

cytokines [9]. Recently, using this technique, we have

shown that newly formed osteoclasts generated from

Charcot patients exhibit an increased response to RANKL,

as demonstrated by large areas of resorption on dentine

slices after toluidine blue staining [10]. Although the

technique to generate functional human osteoclasts is

widely used to assess osteoclastic activity, measurement of

the percentage area resorbed by image analysis has its

limitations because it does not provide information on the

depth and shape of erosions. Thus, measurement of the

erosion profile could be a useful method to describe the

resorptive capacity of newly formed osteoclasts in vitro as

it may provide more information on how osteoclasts exert

their resorbing activity. We hypothesized that osteoclasts

from Charcot patients have increased osteoclastic potential

and can carry out extensive resorption not only at the

surface but also under the surface of bovine discs.

In order to investigate this hypothesis, we used a Dektak

150 Surface Profiler to measure the surface profile of

eroded bovine discs from osteoclasts generated in the

presence of M-CSF and RANKL from PBMCs isolated

from Charcot patients and controls.

Materials and Methods

Patients

Samples from peripheral blood were obtained from 8 dia-

betic patients with acute Charcot osteoarthropathy (4 men

and 4 women, 4 type 1 diabetes and 4 type 2 diabetes) and

9 healthy control subjects (5 men and 4 women).

Patients with acute Charcot osteoarthropathy were

matched for age and gender with the healthy subjects. The

median age was similar between Charcot patients and

control subjects (57 years [43–60.5], median [25–75th

percentile] vs. 45 years [41–51.5], p [ 0.05), and there was

no difference in the gender distribution between the two

groups (p [ 0.05). All patients with acute Charcot osteo-

arthropathy presented with a unilateral red, hot, swollen

foot and radiological evidence of acute Charcot fractures,

demonstrated on plain foot and ankle radiographs [1]. The

study was approved by the Outer West London Research

Ethics Committee, and all patients and control subjects

gave written informed consent.

Isolation and Culture of PBMCs

PBMCs were isolated from patients and control subjects as

previously described [10]. Briefly, blood was diluted with

a-minimal essential medium (a-MEM; Lonza Ltd., Woking-

ham, UK) in 1:1, layered over Histopaque (Sigma-Aldrich Ltd.,

Poole, UK), and centrifuged for 25 min at 4 �C at 2,300 rpm.

The interface layer was washed in a-MEM and centrifuged at

1,500 rpm at 4 �C for 15 min. Cells were resuspended in

a-MEM, and after a second round of centrifugation (1,500 rpm

at 4 �C for 15 min), the pellet was resuspended in culture

medium and 2 9 106 cells were cultured on 24-well plates and

5 9 105 cells were cultured on bovine bone discs in duplicate

to assess osteoclast formation and resorption, respectively. The

bone discs (IDS Ltd., Boldon, UK) were made from the cortical

part of the femur of bovine bones (6 mm in diameter and

approximately 200 lm thick).

After 2 h of incubation at 37 �C, plates and bovine bone

discs were washed to remove nonadherent cells and then

maintained in culture medium, supplemented with peni-

cillin (50 U/ml)/streptomycin (50 lg/ml) (Sigma-Aldrich

Ltd., Poole, UK), L-glutamine (2 mM) (Sigma-Aldrich

Ltd., Poole, UK), and 10 % heat-inactivated FBS (Lonza

Ltd., Wokingham, UK) under the following conditions:

cultures with M-CSF 25 ng/ml (added at day 0)—negative

control (M-CSF, R&D Systems Europe, Ltd., Abingdon,

UK); cultures with M-CSF and soluble RANKL 100 ng/ml

(added at day 7)—positive control (RANKL-PeproTech

EC Ltd., London, UK). Culture medium was refreshed

every 3 or 4 days and was supplemented with the appro-

priate agents as described above.

Osteoclast formation was assessed at day 17 after tar-

trate-resistant acid phosphatase (TRAcP) staining, as pre-

viously described [10]. TRAcP-positive (TRAcP?) cells

with more than three nuclei were identified as osteoclasts.

The number of newly generated osteoclasts on plastic (24-

well plates) was assessed by light microscopy.

Functional evidence of osteoclast resorption was asses-

sed on bovine bone discs after 21 days of culture. The discs
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were initially placed in NH4OH (1 mol/l) overnight and

sonicated to remove any adherent cells, then stained with

1 % toluidine blue for 5 min. Excess staining was removed

by washing with distilled water. After air drying, the

bovine bone discs were mounted onto a glass slide.

Resorption pits were identified by light microscopy. The

extent of eroded surface on each bovine bone disc was

determined using image analysis and expressed as the

percentage of surface area resorbed. Additional bovine

bone discs were stained with FitC-phalloidin (Sigma-

Aldrich Ltd., Poole, UK) and mounted with Vectashield

mounting medium with DAPI (Vector Laboratories,

Peterborough, UK) for the assessment of actin ring for-

mation, a marker of actively resorbing osteoclasts [11].

Surface Profilometry

The erosion profile of each bovine bone disc was measured

by the Dektak 150 Surface Profiler (Veeco, New York, NY,

USA), fitted with a stylus which had a radius of 2.5 lm.

The glass slide with the mounted bovine bone disc was

placed on the stage and positioned under the stylus. Ini-

tially, the surface of each disc was examined for the pre-

sence of erosions using the camera integrated with the

profiler. The resorbed areas appeared as dark areas sur-

rounded by grey areas. In order to set up the unresorbed

bone at the zero level, the starting point of each measure-

ment was preset away from a randomly selected eroded

area. Then the stylus was dragged across the surface of the

sample in hills and valleys mode with vertical measure-

ment range of 65.5 lm. Each measurement was carried out

with the following scan parameters: stylus force 3.00 mg,

scan length 1,000 lm, and scan duration 60 s, which

resulted in a resolution of 0.056 lm/scan. The Veeco

software graphically reproduced the measured erosion

profile. In order to compensate for the tilt of the mounted

discs, the profiler software was used to level the mea-

surement and to set the unresorbed bovine surface as the

zero level. The measurement data was exported and saved

as an Excel-formatted document for further analysis. Ten

scans for each subject were carried out at random sites on

each of the two bovine discs. The median area of disc

erosion under the surface (lm2) was calculated for each

subject by Origin Pro 8.6 software. A total of 1,233 pits

(median of 48 and 73 pits per Charcot patient and control

subject, respectively) were evaluated. According to their

shape, pits were defined as unidented (erosion with one

dent starting from and finishing at the level of the unre-

sorbed surface), bidented (erosion with two clearly defined

dents starting from and finishing at the level of the unre-

sorbed surface), and multidented (erosion with three or

more dents starting from and finishing at the level of the

unresorbed surface). Each pit was characterized by the

following parameters: width at the surface (lm), maximum

depth (lm), and full-width–half-maximum (FWHM),

where the width was measured at the half of the maximum

depth. The median width, depth, and FWHM for the uni-

dented, bidented, and multidented pits were calculated for

each subject.

Statistical Analyses

Data were expressed as median [25–75th percentile] and

analysed by the Mann–Whitney nonparametric test.

Resorption on bovine bone discs was quantitated by two

methods: (1) resorption at the surface by image analysis

(%), and (2) area of resorption under the surface (lm2) by

profilometry. The area of resorption (at the surface and

under the surface), together with the pit parameters (width,

FWHM, and maximum depth) for the unidented, bidented,

and multidented pits were compared between the controls

and the Charcot patients. Differences were considered

significant at p \ 0.05.

Results

Microscopy

Observation of the 24-well plates with light microscopy

showed no difference in osteoclast formation in M-CSF-

treated cultures and also in M-CSF ? RANKL-treated

cultures between the two groups. The median number of

TRAP? multinucleated cells in controls was not signifi-

cantly different from the median number of TRAP? mul-

tinucleated cells in Charcot patients in MCSF-treated

cultures (controls 18 [1–52]) vs. Charcot 39 [12–65]),

p [ 0.05) and also in M-CSF ? RANKL-treated cultures

(controls 82 [71–141] vs. Charcot 140 [87–208], p [ 0.05).

Observation of bovine bone discs by light microscopy

showed no evidence of pit formation in M-CSF-treated

cultures in both control subjects and Charcot patients

(Fig. 1a, b). In contrast, numerous pits were noted in

M-CSF ? RANKL-treated cultures on bovine bone discs

in both controls and Charcot patients (Fig. 1c, d). Fur-

thermore, actin ring formation assessed with immunofluo-

rescent microscopy was noted only in M-CSF ? RANKL-

treated cultures (Fig. 1g, h) but not in cultures treated with

M-CSF alone (Fig. 1e, f). Thus, M-CSF on its own did not

trigger osteoclastic resorptive activity; these cultures

served as a negative control, whereas M-CSF ? RANKL-

treated cultures served as a positive control.

Visualization under the light microscope after toluidine

blue staining revealed that there was a remarkable differ-

ence in the morphology of the pits between the two groups.

In control subjects, the resorption events more commonly
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Fig. 1 Typical appearance of

bovine bone discs after toluidine

blue staining in M-CSF-treated

cultures and

M-CSF ? RANKL-treated

cultures in a control subject (a,

c) and in a Charcot patient (b,

d), respectively (Olympus

BX60; original magnification,

9200; scale bar =200 lm). No

resorption pits were identified in

M-CSF-treated cultures in both

groups (a, b). RANKL-induced

osteoclastic resorption in a

control subject (c) and a Charcot

patient (d). The arrows denote

some of the resorption pits (c,

d). Immunofluorescent images

of bovine bone discs (Olympus

IX81; original magnification,

9200; scale bar =100 lm)

stained with FitC-phalloidin and

mounted with Vectashield with

DAPI mounting medium for

visualization of actin rings and

nuclei in M-CSF-treated

cultures and

M-CSF ? RANKL-treated

cultures in a control subject (e,

g) and a Charcot patient (f,
h) respectively. No actin ring

formation was observed in both

groups in M-CSF-treated

cultures (e, f). Multinucleated

actin ring positive cells were

noted in M-CSF ? RANKL-

treated cultures in both control

subject and Charcot patient (g,

h; white arrows denote some of

the multinucleated actin ring

positive cells). Scatter plot

graph represents the total area of

bone resorption on bovine bone

discs (%) in control subjects and

Charcot patients in

M-CSF ? RANKL-treated

cultures (j). Lines represent

medians; ** p \ 0.01
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appeared as discrete round pits, sometimes separated from

each other and sometimes in clusters (Fig. 1c), whereas

those in Charcot patients tended to be elongated, appearing

as continuous grooves described as lacunae or trenches

(Fig. 1d). Furthermore, the total area of the resorbed sur-

face measured by light microscopy was significantly dif-

ferent between control subjects (21.1 % [14.5–26.2]) and

Charcot patients (40.8 % [35.4–46.0]), resulting in a two-

fold increase in Charcot patients compared with controls

(p \ 0.01) (Fig. 1j).

Surface Profilometry

Observation of the surface of each bone disc with the

camera integrated with the profiler revealed no evidence of

pits (erosions) in M-CSF-treated cultures in control sub-

jects (Fig. 2a) and Charcot patients (Fig. 2b). However, in

M-CSF ? RANKL-treated cultures, there were numerous

erosions in both control subjects (Fig. 2c) and Charcot

patients (Fig. 2d). The eroded surface appeared as dark

areas surrounded by grey areas of unresorbed bone. These

observations with the profiler camera were in agreement

with the data from light and immunofluorescent micros-

copy, which showed no resorption and no evidence of actin

ring positive cells in M-CSF-treated cultures (negative

control) (Fig. 1a, b, e, f, respectively) but numerous

resorptive events and actin ring–positive cells in

M-CSF ? RANKL-treated cultures (positive control), as

seen in both control subjects and Charcot patients (Fig. 1c,

d, g, h, respectively).

The surface profile of bovine bone discs from M-CSF-

treated cultures measured with the Dektak 150 Surface

Profiler appeared as an almost straight line with a fluctu-

ation of ±1 lm after levelling for the tilt of the mounted

discs, and this was observed in both control subjects

(Fig. 3a, solid line) and Charcot patients (Fig. 3c, solid

line). In M-CSF ? RANKL-treated cultures, the surface

profile measurements of randomly selected areas revealed

multishaped erosions of resorbed bovine bone discs in

control subjects and Charcot patients. Examples of typical

profiles are shown in Fig. 3a, c, respectively (dashed lines).

The shapes of pits were categorized into three main

types according to the number of clearly defined dents

below the unresorbed bone surface as unidented, bidented,
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Fig. 2 Appearance of the bovine bone disc surface as viewed during

machine operation. Images were taken with the integrated camera of

the Profiler prior surface measurement. The stylus is lifted above the

surface of the sample. White arrow stylus, white dashed arrow stylus

shadow, white dashed line scan line). The edges of the images appear

out of focus as a result of the acquisition setup of the camera supplied

with a mirror positioned at a 45� angle in respect to the sample plane.

Typical appearance of bovine bone discs observed with the integrated

camera in M-CSF-treated cultures and in M-CSF ? RANKL-treated

cultures in a control subject (a, c) and in a Charcot patient (b, d),

respectively. No erosions were noted in M-CSF-treated cultures in

control subjects (a) and Charcot patients (b) in contrast to numerous

erosions in M-CSF ? RANKL-treated cultures, as seen in both

control subjects (c) and Charcot patients (d). Erosions appeared as

dark areas surrounded by grey areas of unresorbed bone (c, d)
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and multidented. Examples of each type of pit, together

with the dents and the measured parameters (width at the

surface, FWHM depth, and maximum depth) in a control

subject and a Charcot patient, are shown in Fig. 3b, d,

respectively.

Comparison of controls and Charcot patients using

surface profilometry showed a marked difference in the

erosion profile in M-CSF ? RANKL-treated cultures

between the two groups. The erosions on bovine discs in

Charcot patients appeared greater and deeper compared to

erosions in control subjects (Fig. 4a). The total area of the

resorbed bone under the surface was significantly different

between control subjects (2.7 lm2 [1.6–3.9]) and Charcot

patients (8.3 lm2 [5.6–10.6]), and there was a threefold

increase in the area of resorption under the surface in

M-CSF ? RANKL-treated cultures between Charcot

patients and controls (p \ 0.01) (Fig. 4b).

Furthermore, there was a significant difference in the pit

parameters in the two groups. The median pit width,

median FWHM, and median depth were significantly

greater in Charcot patients compared with controls for the

unidented (p \ 0.05, p \ 0.01, p \ 0.01) and multidented

pits (p \ 0.01, p \ 0.01, p \ 0.05), respectively (Table 1).

The median pit width and median FWHM for the bidented

pits were also significantly greater in Charcot patients

compared with controls (p \ 0.05, p \ 0.05, respectively),

although there was no difference in the median pit depth

between the two groups (p [ 0.05) (Table 1).

Discussion

We have shown for the first time the utility of the Dektak 150

Surface Profiler in measuring the surface profile of eroded

bovine discs and pit characteristics. Using traditional light

microscopy techniques, we have demonstrated that although

osteoclast formation was similar between controls and

Charcot patients, the percentage of the area resorbed at the

surface by Charcot osteoclasts was significantly increased

compared with controls. In addition, using surface profil-

ometry, we have shown that there is a notable difference in

the way osteoclasts generated from monocytes from controls

and Charcot patients exert their resorbing activity. This

technique revealed that pits on bovine discs were signifi-

cantly wider and deeper in Charcot patients compared with

controls and more frequently appeared as multidented pits.

Thus, we have overcome the limitations of the resorption pit

b Fig. 3 Erosion profile of bovine bone discs in M-CSF-treated

cultures (solid line) and M-CSF ? RANKL-treated cultures (dashed

line) in a control subject (a) and a Charcot patient (c) after

profilometry. Erosion profile in M-CSF-treated cultures (solid line)

appeared as almost a straight line, in contrast to the multishaped

erosion profiles in M-CSF ? RANKL-treated cultures (dashed line)

in a control subject (a) and a Charcot patient (c). Examples of

unidented, bidented, and multidented pits together with an illustration

of the dents (arrow) and pit parameters (width at the surface; FWHM

and maximum depth: dashed arrow) are shown for a control subject

(b) and a Charcot patient (d)

408 N. L. Petrova et al.: Resorption Pit Profile in Charcot Patients

123



assay by introducing a novel method of measurement of

erosion profile and pit parameters. These new observations of

highly aggressive (active) osteoclasts in acute Charcot os-

teoartropathy may explain the extremely destructive nature

of the pathological bone resorption observed in this devas-

tating condition.

By using a well-established osteoclastic culture assay,

we have demonstrated that there was a similar number of

TRAcP? multinucleated cells between controls and Char-

cot patients in M-CSF-treated cultures and also after the

addition of RANKL. Although TRAP staining did not

differentiate between osteoclasts and TRAP-positive mac-

rophage polykaryons, osteoclast differentiation was unli-

kely to be different between controls and Charcot patients

on the basis of TRAcP? multinucleated cell data. Fur-

thermore, these newly derived cells from monocytes were

able to resorb bone only in M-CSF ? RANKL-treated

cultures, but not in cultures treated with M-CSF alone. This

was demonstrated by both resorption assay and actin ring

formation on bovine bone discs. However, these newly

formed osteoclasts from Charcot patients had increased

osteoclastic activity, as indicated by a twofold increase in

the percentage area resorbed on bovine bone discs. Mea-

surement of pit area by image analysis on the surface of

bone discs is not always fully representative of osteoclastic

resorbing activity [12, 13]. Pit depth can be different in the

presence of the same pit area [14] and can be modulated by

various factors. For example, eroded depth and volume

were significantly increased in osteoclasts generated in

M-CSF ? RANKL-treated cultures compared to cultures

treated with M-CSF plus lipopolysaccharides [13]. Estro-

gen treatment added to osteoclast cultures significantly

decreased the depth of resorption pits with no effects on the

total area resorbed [15]. Furthermore, glucocorticoids can

act directly on osteoclasts and can alter the morphology of

resorption lacunae, resulting in elongated continuous

groves of resorption with a significant increase in depth

[16].

Similarly, by using surface profilometry, we have shown

a difference in the erosion profile of bovine bone discs as

well as a difference in the morphological appearance of pits

in Charcot patients compared with control subjects. In the

Fig. 4 Erosion profiles in a control subject (solid line) and a Charcot

patient (dashed line) in M-CSF ? RANKL-treated cultures after

profilometry (a). Scatter plot graph represents the area of resorption

under the surface on bovine bone discs (lm2) in control subjects and

Charcot patients in M-CSF ? RANKL-treated cultures (b). Lines

represent medians; **p \ 0.01

Table 1 Measurements of uni-, bi-, and multidented pits in M-CSF ? RANKL-treated cultures in control subjects and Charcot patients

Pits Parameter Control subjects, median [25–75th percentile] Charcot patients, median [25–75th percentile] p value

Unidented Width (lm) 39 [36–52] 59 [50–62] \0.05

FWHM (lm) 18 [17–21] 27 [24–30] \0.01

Depth (lm) 6 [4–7] 10 [9–12] \0.01

Bidented Width (lm) 74 [67–84] 89 [82–97] \0.05

FWHM (lm) 39 [32–41] 50 [39–54] \0.05

Depth (lm) 11 [8–15] 13 [10–19] [0.05

Multidented Width (lm) 118 [98–133] 182 [166–240] \0.01

FWHM (lm) 70 [56–81] 110 [99–145] \0.01

Depth (lm) 13 [11–18] 20 [18–28] \0.05

Median number of pits analysed in control subjects: 43 unidented pits, 17 bidented pits, 13 multidented pits. Median number of pits analysed in

Charcot patients: 17 unidented pits, 13 bidented pits, 18 multidented pits

M-CSF macrophage colony-stimulating factor, RANKL receptor activator of nuclear factor jb ligand, FWHM full-width–half-maximum

N. L. Petrova et al.: Resorption Pit Profile in Charcot Patients 409

123



latter, the unidented pits were most frequently found,

whereas in Charcot patients the majority of pits were bi-

dented and multidented. These observations may suggest

that newly formed osteoclasts from controls and Charcot

patients exert their resorbing activity in a different way. It

is possible that under control conditions, resorption alter-

nates with migration, which results in punching out bone at

different points away from each other, whereas in Charcot-

derived osteoclasts resorption tends to proceed without

being interrupted by migration and osteoclasts carry out

erosions of the bovine surface over an extended length.

This may explain the severity of bone destruction seen in

Charcot patients and the presence of multifragmented

fractures and extensive osseous damage.

The mechanisms that determine resorption depth and

erosion profile are currently unclear [17]. Increased sur-

vival and reduced osteoclast apoptosis could modify the

eroded surface area and pit characteristics [15]. Although

the mechanisms leading to these alterations in osteoclastic

function remain unknown, we have shown that newly

formed osteoclasts from Charcot patients have increased

resorbing potential after RANKL stimulation and have

confirmed the role of this cytokine in this condition.

Osteoclastic bone resorption in acute Charcot osteoar-

thropathy takes place on the background of severe

inflammation, and it is possible that this response to

RANKL is modified by proinflammatory cytokines [18].

Indeed, in acute Charcot osteoarthropathy, there is an

inflammatory modulation of the surface and cytokine

phenotype of monocytes with increased expression of

the proinflammatory cytokines tumour necrosis factor-a
(TNF-a) and interleukin-1b (IL-1b), decreased secretion of

the anti-inflammatory cytokines IL-4 and IL-10, and

increased resistance to apoptosis [19]. Thus, it is possible

that proinflammatory modulation of the surface and cyto-

kine phenotype of monocytes in Charcot patients [19] can

give rise to aberrant osteoclasts. Indeed, TNF-a and IL-1b
are known to enhance osteoclastic activity [8]. In addition,

inflammatory-activated endothelium recruits osteoclastic

precursors to the site of bone resorption [20], and in the

context of the Charcot foot, this relates to the site of foot

trauma and subsequent bone destruction. Alternatively,

there may be an increased expression of RANKL by acti-

vated T lymphocytes which are involved in the inflam-

matory response to trauma and bone destruction. Further

studies are now required to determine how these pathways

may affect osteoclastic activation.

A limitation to our study was that we assessed bone

resorption in two planes, one at the surface and the other

under the surface. There are a number of methods that

could be used to measure the volume and the depth of

eroded areas, including scanning electron microscopy,

confocal laser microscopy, and contact profilometry [13].

However, these methods are time-consuming, and the 3D

reconstruction images do not always provide a true repre-

sentation of the resorption lacuna [13]. In contrast, surface

profilometry is a quick and simple method which allows

direct and unbiased measurement of the erosion profile of

resorbed discs.

In conclusion, we have clearly demonstrated, using the

Dektak 150 Surface Profiler, that bone destruction in

Charcot osteoarthropathy is mediated by highly aggressive

osteoclasts with increased resorbing activity in response to

RANKL. We have shown that surface profile measure-

ments of resorbed bone discs provide additional informa-

tion compared to the classical resorption pit assay. Surface

profilometry provides a new perspective for measuring

osteoclastic activity and may be used to evaluate erosion

patterns and parameters (depth, width, and FWHM) in a

variety of conditions associated with increased osteoclastic

activity.
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Erratum to: Novel Use of a Dektak 150 Surface Profiler Unmasks
Differences in Resorption Pit Profiles Between Control
and Charcot Patient Osteoclasts

Nina L. Petrova • Peter K. Petrov • Michael E. Edmonds •

Catherine M. Shanahan

Published online: 18 February 2014

� Springer Science+Business Media New York 2014

Erratum to: Calcif Tissue Int

DOI 10.1007/s00223-013-9820-9

Unfortunately, all reported values representing the area of

resorption under the surface were missing the 103 multi-

plication factor in abstract, surface profilometry section and

Fig. 4 in the original publication. The correct presentation

is shown in this erratum.

The eighth sentence of the abstract should read ‘‘The

area of resorption on the surface by image analysis was

significantly greater in Charcot patients compared with

controls (21.1 % [14.5–26.2] versus 40.8 % [35.4–46.0],

median [25–75th percentile], p \ 0.01), as was the area of

resorption under the surface (2.7 9 103 lm2 [1.6 9 103–

3.9 9 103] versus 8.3 9 103 lm2 [5.6 9 103–

10.6 9 103], p \ 0.01) after profilometry’’.

The last sentence of the fourth paragraph in the Results

(section surface profilometry) should read ‘‘The total area of

the resorbed bone under the surface was significantly different

between control subjects (2.7 x103 lm2 [1.6 9 103–3.9

9 103]) and Charcot patients (8.3 9 103 lm2 [5.6 9 103–

10.6 9 103]), and there was a threefold increase in the area of

resorption under the surface in M-CSF ? RANKL-treated

cultures between Charcot patients and controls (p \ 0.01)

(Fig. 4b)’’.

The correct version of Fig. 4 is presented below.

The online version of the original article can be found under doi:10.

1007/s00223-013-9820-9.
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Fig. 4 Erosion profiles in a control subject (solid line) and a Charcot

patient (dashed line) in M-CSF ? RANKL-treated cultures after

profilometry (a). Scatter plot graph represents the area of resorption

under the surface on bovine bone discs (lm2) in control subjects and

Charcot patients in M-CSF ? RANKL-treated cultures (b). Lines

represent medians; **p \ 0.01
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Abstract

Aims To assess markers of inflammation and bone turnover at presentation and at resolution of Charcot

osteoarthropathy.

Methods We measured serum inflammatory and bone turnover markers in a cross-sectional study of 35 people with

Charcot osteoarthropathy, together with 34 people with diabetes and 12 people without diabetes. In addition, a

prospective study of the subjects with Charcot osteoarthropathy was conducted until clinical resolution.

Results At presentation, C-reactive protein (P = 0.007), tumour necrosis factor-a (P = 0.010) and interleukin-6

(P = 0.002), but not interleukin-1b, (P = 0.254) were significantly higher in people with Charcot osteoarthropathy than

in people with and without diabetes. Serum C-terminal telopeptide (P = 0.004), bone alkaline phosphatase (P = 0.006)

and osteoprotegerin (P < 0.001), but not tartrate-resistant acid phosphatase (P = 0.126) and soluble receptor activator

of nuclear factor-jb ligand (P = 0.915), were significantly higher in people with Charcot osteoarthropathy than in

people with and without diabetes. At follow-up it was found that tumour necrosis factor-a (P = 0.012) and interleukin-6

(P = 0.003), but not C-reactive protein (P = 0.101), interleukin-1b (P = 0.457), C-terminal telopeptide (P = 0.743),

bone alkaline phosphatase (P = 0.193), tartrate-resistant acid phosphatase (P = 0.856), osteoprotegerin (P = 0.372) or

soluble receptor activator of nuclear factor-kb ligand (P = 0.889), had significantly decreased between presentation and

the 3 months of casting therapy time point, and all analytes remained unchanged from 3 months of casting therapy until

resolution. In people with Charcot osteoarthropathy, there was a positive correlation between interleukin-6 and

C-terminal telopeptide (P = 0.028) and tumour necrosis factor-a and C-terminal telopeptide (P = 0.013) only at

presentation.

Conclusions At the onset of acute Charcot foot, serum concentrations of tumour necrosis factor-a and interleukin-6

were elevated; however, there was a significant reduction in these markers at resolution and these markers may be useful

in the assessment of disease activity.

Diabet. Med. 00, 000–000(2014)

Introduction

The excessive inflammatory response to trauma and the well

described rapid bone resorption are established features of

acute Charcot osteoarthropathy [1]. Recent studies have

reported either inflammatory markers or markers of bone

turnover in small cohorts of people with Charcot osteoar-

thropathy, but have not measured these at the same time and

therefore have not explored any possible association between

inflammation and bone resorption [2–5]. In a clinical study,

we reported an association between inflammation and bone

mineral density as indicated by a significant reduction in

bone mineral density of the Charcot foot after 3 months of

casting therapy with no further reduction of bone mineral

density at the time of resolution [6].

The aim of the present study was to measure serum

markers of inflammation and bone turnover, firstly, in a

cross-sectional study of people with acute Charcot

osteoarthropathy together with people with diabetes and

people without diabetes and, secondly, in a prospective

study of those people with Charcot osteoarthropathy, with
Correspondence to: Nina L. Petrova. E-mail: petrovanl@yahoo.com
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assessment after 3 months of casting therapy and then at

clinical resolution.

Subjects and methods

We studied 35 consecutive people with diabetes and acute

Charcot osteoarthropathy (group 1), matched for age and

gender with 34 people with diabetes and no previous

history of Charcot osteoarthropathy (group 2) and 12

people with no previous history of diabetes (group 3).

Subjects from group 1 presented to the diabetic foot clinic

at King’s College Hospital over a 3-year period with a red,

swollen, intact foot and a skin temperature > 2°C compared

with the same site on the contralateral foot. Foot skin

temperatures were measured using a DermaTemp 1001

thermometer (Exergen, Watertown, MA, USA). The diag-

nosis of acute Charcot osteoarthropathy was made in

keeping with the diagnostic criteria defined in the recent

task force document [7] and was confirmed in 24 cases by

evidence of subluxation, dislocation or fragmentation of

bone on standard foot radiographs and, in 11 cases, by the

presence of an increased focal uptake on the blood flow,

blood pool and bony uptake phases of the triphasic

technetium-diphosphonate bone scan (Tyco Healthcare,

Gosport, UK), indicative of early bone damage.

People with diabetes (group 2) were recruited consecu-

tively from King’s Diabetes Centre when attending routinely

for their annual diabetes review. People without diabetes

(group 3) included members of staff and relatives who agreed

to take part in the study.

There was no evidence of any skin breakdown, foot

ulceration or infection in any of the groups. None of the

subjects was on any treatment for osteoporosis, including

hormone replacement therapy or bisphosphonates. None of

the people with diabetes was treated with thiazolidinediones.

All participants gave informed written consent. The study

was approved by King’s College Hospital NHS Trust

Research Ethics Committee and carried out in accordance

with the Declaration of Helsinki.

People from group 1 were monitored in the diabetic foot

clinic and treated by off-loading and cast immobilization.

Foot skin temperatures were measured monthly. When the

temperature difference between the feet was < 2°C at two

consecutive visits, the Charcot foot was deemed to have

resolved and the people with Charcot osteoarthropathy were

then changed from casts to orthotic footwear [8]. The

duration of casting treatment was recorded in weeks.

Blood samples were obtained by venepuncture from the

forearm veins. Serum was immediately separated by centri-

fugation and stored at �80°C. A single blood sample was

obtained from groups 2 and 3. Markers of inflammation and

bone turnover were compared between the three groups as

part of a cross-sectional study.

To assess changes in these measurements in the natural

history of the osteoarthropathy, further blood samples were

obtained from subjects from group 1 after 3 months of

casting and at the time of resolution. Two people were

withdrawn from the study at 3 months because of the

development of foot ulceration. Eight further people did not

complete the study because of foot ulceration (n = 4),

reconstructive surgery (n = 1), non-compliance with casting

therapy (n = 1), needle phobia (n = 1) and a new tibial

fracture (n = 1; Fig. 1).

The following markers of inflammation were measured in

the sera: C-reactive protein (CRP), measured by Cormay

high-sensitivity (hs) CRP assay (Cormay, Warsaw, Poland;

inter- and intra-assay coefficients of variation 4.1 and 3.4%,
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FIGURE 1 Flow chart showing the two study arms: a cross-sectional

study in people with Charcot osteoarthropathy, people with diabetes

and people without diabetes and a prospective study in which the

people with Charcot osteoarthropathy were followed up from

presentation until clinical resolution.

What’s new?

• At the onset of Charcot osteoarthropathy, serum

concentrations of tumour necrosis factor-a and inter-

leukin-6 are significantly higher in people with Charcot

osteoarthropathy than in people with and without

diabetes.

• At presentation, in people with Charcot osteoarthrop-

athy, tumour necrosis factor-a and interleukin-6 are

positively correlated to C-terminal telopeptide, a

marker of bone turnover.

• On follow-up, serum tumour necrosis factor-a and

interleukin-6 decreased significantly between time of

presentation and 3 months of casting therapy and

remained unchanged from the 3 months of casting time

point until resolution.

• Serum tumour necrosis factor-a and interleukin-6 could

serve as markers of disease activity.
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respectively), human hs tumour necrosis factor-a (TNF-a),
measured by Quantikine enzyme-linked immunosorbent

assay (ELISA) hs-TNF-a assay (R&D Systems, Abingdon,

UK; inter- and intra- coefficients of variation 8.4 and 5.3%,

respectively), human interleukin-6, measured by Quantikine

ELISA hs interleukin-6 assay (R&D Systems; inter-assay and

intra-assay coefficients of variation 7.8 and 7.4%, respec-

tively), and human hs interleukin-1b, measured by Quanti-

kine ELISA hs interleukin-1b assay (R&D Systems; inter-

and intra-assay coefficients of variation 8.9 and 6.7%,

respectively).

Markers of bone turnover were serum C-terminal

telopeptide, a breakdown product of type 1 collagen,

measured by serum CrossLaps ELISA kits (Nordic Biosci-

ence Diagnostics, Herlev, Denmark; inter- and intra-assay

coefficients of variation 7.7 and 2.2%, respectively), serum

tartrate-resistant acid phosphatase, measured by bone

tartrate-resistant acid phosphatase assay (Immunodiagnos-

tic Systems, Bolden, UK; inter- and intra-assay coefficients

of variation 10.0 and 4.1%, respectively), serum bone-spe-

cific alkaline phosphatase, measured by Ostase bone

alkaline phosphatase immunoenzymetric assay (Immunodi-

agnostic Systems; inter- and intra-assay coefficients of

variation 5.5 and 4.1%, respectively). Serum osteoproteg-

erin and soluble receptor activator of nuclear factor jb
ligand (RANKL) cytokines, which modulate bone turnover

and osteoclastic activity, were measured by Osteoproteg-

erin ELISA assay (Biomedica, Vienna, Austria; inter- and

intra-assay coefficients of variation 7.5 and 6%, respec-

tively) and soluble RANKL was measured by human

ELISA ampli-sRANKL assay (Biomedica, Vienna, Austria;

inter- and intra-assay coefficients of variation 4.5 and

8.5%, respectively).

Small fibre function was assessed by measurement of

temperature perception threshold to hot and cold using the

method of limits (Thermotest; Somedic, Stockholm, Swe-

den), in groups 1 and 2 as previously described [9,10]. The

average detected change of five stimuli towards higher

(temperature perception to hot) and lower temperatures

(temperature perception to cold) was recorded in degrees

centigrade (°C). Temperature perception threshold to hot

and temperature perception threshold to cold > 15°C was

recorded as 15°C for the purpose of the analysis.

Large fibre function was assessed by measurement of

vibration perception threshold in volts (range 0–50 V) at the

apex of the hallux in groups 1 and 2 (Neurothesiometer;

Horwell Scientific Laboratory Supplies, Nottingham, UK)

and was determined as an average of three readings [11].

Vibration perception threshold > 50 V was taken as 50 V

for the purpose of the analysis.

Statistical analyses

Baseline characteristics were recorded for all groups. Data

were analysed with Predictive Analytics Software 18 statis-

tical package. Comparisons between people with Charcot

osteoarthropathy, people with diabetes and people without

diabetes at baseline were carried out using non-parametric

Kruskal–Wallis analysis for the three-group comparisons

and a Mann–Whitney U-test for the two-group compari-

sons. A chi-squared test was used for categorical variables.

In group 1, a paired t-test was used to assess the

longitudinal changes of markers of inflammation and bone

turnover between presentation and the 3-month follow-up,

and also the change between the 3-month follow-up and

clinical resolution. The association between markers of

inflammation and bone turnover was determined by Spear-

man’s correlation coefficient (rs) at baseline and at fol-

low-up. Results are presented as median (25th–75th

percentile). A P value < 0.05 was considered to indicate

statistical significance.

Results

Demographic and clinical details are shown in Table 1. Age

and gender distribution were similar between the three

groups. Duration and type of diabetes, as well as diabetes

control as indicated by glycated haemoglobin (HbA1c) were

also similar between groups 1 and 2. People with Charcot

osteoarthropathy had impaired small and large nerve fibre

function as shown by a significantly higher vibration

perception threshold, temperature perception threshold to

cold and temperature perception threshold to hot than those

of people with diabetes (Table 1).

Baseline data

With regard to markers of inflammation, there was a

significant difference in serum CRP (P = 0.007), TNF-a
(P = 0.010), interleukin-6 (P = 0.002) but not interleu-

kin-1b (0.254) between the three groups, (Table 2). Fur-

thermore, serum concentrations of CRP, TNF-a,
interleukin-6 were significantly higher in people with

Charcot osteoarthropathy than in people with diabetes

(P = 0.045, P = 0.009 and P = 0.013, respectively) and

were also significantly higher in people with Charcot

osteoarthropathy than in people without diabetes

(P = 0.005, P = 0.021 and P = 0.003, respectively).

With regard to markers of bone turnover, there was a

significant difference in serum C-terminal telopeptide

(P = 0.004), bone alkaline phosphatase (P = 0.006) and

osteoprotegerin (P < 0.001), but not tartrate-resistant acid

phosphatase (P = 0.126) and soluble RANKL (P = 0.915)

between the three groups (Table 2). Serum C-terminal

telopeptide and osteoprotegerin, but not serum bone alkaline

phosphatase, were significantly higher in people with Char-

cot osteoarthropathy than in people with diabetes

(P = 0.001, P = 0.019 and P = 0.158, respectively). Serum

bone alkaline phosphatase and osteoprotegerin, but not

serum C-terminal telopeptide were significantly higher in
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people with Charcot osteoarthropathy than in people with-

out diabetes (P = 0.006, P < 0.001 and P = 0.128, respec-

tively).

Prospective study

The people with Charcot osteoarthropathy were followed up

from presentation until clinical resolution. The median

(25th–75th percentile) duration of follow-up was 29 (23–

36.5) weeks. The serum concentrations of the inflammatory

and bone turnover markers were compared between time of

presentation and the 3 months of casting therapy time point

and also between the 3 months of casting therapy time point

and time of clinical resolution.

There was a significant fall in serum TNF-a (P = 0.012)

and interleukin-6 (P = 0.003) but not serum CRP

(P = 0.101), interleukin-1b (P = 0.457), C-terminal telopep-

tide (P = 0.743), bone alkaline phosphatase (P = 0.193),

tartrate-resistant acid phosphatase (P = 0.856), osteoproteg-

erin (P = 0.372) and soluble RANKL (P = 0.889) from time

of presentation to the 3 months of casting therapy time point

(Table 3). Despite the ongoing casting treatment, there was

no further reduction in the serum concentrations of TNF-a
(P = 0.388) and interleukin-6 (P = 0.472) from the

3 months of casting therapy time point to the time of clinical

resolution (Table 3). Similarly, serum C-reactive protein (P =

0.489), interleukin-1b (P = 0.996), C-terminal telopeptide

(P = 0.351), bone alkaline phosphatase (P = 0.847), tar-

trate-resistant acid phosphatase (P = 0.365), osteoprotegerin

(P = 0.767) and soluble RANKL (P = 0.211) remained

unchanged from 3 months of casting therapy to clinical

resolution (Table 3).

Table 1 Demographic and clinical characteristics of the study subjects

People with Charcot osteoarthropathy
(group 1)

People with diabetes
(group 2)

People without diabetes
(group 3) P

Number of subjects, n 35 34 12
Gender (M: F), n 23:12 21:13 8:4 0.926
Age, years 53 (44–75) 56.5 (47–62) 44 (37.3–51) 0.066
Duration of diabetes, years 26 (12–31.3) 19 (7.8–28.3) n/a 0.259*
Type 1: Type 2 diabetes, n 17:18 17:17 n/a 0.503
HbA1c

mmol/mol
63 (53–86) 72 (60–84) n/a 0.513*

% 7.9 (7.0–10.0) 8.7 (7.6–9.8)
Vibration perception
threshold, V

48.3 (20.8–50.0) 19.3 (9.3–25.8) Not measured < 0.001*

Temperature perception
threshold to cold, °C

15.0 (8.4–15) 7.0 (4.3–10.4) Not measured < 0.001*

Temperature perception
threshold to hot, °C

15.0 (9.0–15.0) 4.1 (2.7–6.5) Not measured < 0.001*

Data are median (25th–-75th percentile) values, unless otherwise indicated.
*P values indicate the comparison between people with Charcot osteoarthropathy and people with diabetes (group 1 vs group 2).

Table 2 Markers of inflammation and bone turnover of the study subjects at baseline

People with Charcot osteoarthropathy
(group 1)

People with diabetes
(group 2)

People without diabetes
(group 3) P

CRP, mg/l 5.4 (1.8–19.9) 3.7 (1.1–5.7) 0.8 (0.4–2.1) 0.007
TNF-a, ng/l 1.3 (1.0–1.85) 1.0 (0.8–1.3) 0.8 (0.5–1.4) 0.010
Interleukin-6, ng/l 3.3 (1.7–9.3) 2.0 (1.3–2.9) 1.4 (0.5–2.3) 0.002
Interleukin-1b, ng/l 0.27 (0.19–0.62) 0.20 (0.10–0.67) 0.18 (0.08–0.89) 0.254
C-terminal telopeptide, lg/l 0.24 (0.13–0.61) 0.12 (0.08–0.28) 0.15 (0.12–0.22) 0.004
Bone alkaline phosphatase, lg/l 16.4 (11.7–26.2) 13.6 (11.1–17.5) 10.1 (8.0–11.9) 0.006
Tartrate-resistant acid phosphatase, U/l 3.9 (2.9–5.3) 3.9 (3.3–4.7) 2.7 (2.0–4.3) 0.126
Osteoprotegerin, pmol/l 5.4 (4.2–6.8) 4.4 (3.1–5.6) 2.9 (2.7–3.7) < 0.001
Soluble RANKL†, pmol/l 0.29 (0.22–0.58) 0.41 (0.20–0.56) 0.13 (0.06–0.22) 0.915

TNF-a, tumour necrosis factor-a; RANKL, receptor activator of nuclear factor-jb ligand; CRP, C-reactive protein.
Kruskal–Wallis non-parametrical test P values indicate differences between the three groups.
Data are median (25th–75th percentile) values.
Serum soluble RANKL† was detected in only 22 people with Charcot osteoarthropathy, 18 people with diabetes and 12 people without
diabetes.
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Correlation between inflammatory and bone turnover

markers in people with Charcot osteoarthropathy

At presentation, there was a significant positive correlation

between serum TNF-a and C-terminal telopeptide concen-

trations (rs =0.457, P = 0.013) and between serum interleu-

kin-6 and C-terminal telopeptide concentrations (rs =0.401,

P = 0.028). These correlations were only noted at presenta-

tion and were not present after 3 months of casting therapy

or at clinical resolution. There was also a significant positive

correlation between TNF-a concentrations and osteoproteg-

erin at presentation (rs =0.376, P = 0.031) but not after

3 months of casting or at resolution.

Discussion

We believe this is the first study to evaluate the role of

inflammatory markers and their correlation with bone

turnover markers in Charcot osteoarthropathy. It has shown

that presentation of the acute Charcot foot was characterized

by increased concentrations of the proinflammatory cyto-

kines TNF-a and interleukin-6, thus supporting the

pro-inflammatory cytokine hypothesis of the pathogenesis

of the osteoarthropathy [1]. There was a positive correlation

between the proinflammatory cytokines and serum bone

markers C-terminal telopeptide and osteoprotegerin. The

prospective arm of the study showed that TNF-a and

interleukin-6 significantly declined from the time of presen-

tation to the 3 months of casting therapy time point and then

showed no further change until the time of clinical

resolution.

In our previous study of systemic serological markers of

inflammation, we have shown that in the acute stage of

Charcot osteoarthropathy, C-reactive protein was normal

or slightly increased, white blood cell count was normal

and there was a mild increase in the erythrocyte sedimen-

tation rate [4]; however, in almost 50% of our patients,

C-reactive protein was below the limit of detection of the

assay (< 5 mg/l), [4]. In the present study, we measured

CRP with a high-sensitivity assay to detect concentrations

of this marker in all samples. Serum concentrations of CRP

were elevated at presentation in people with Charcot

osteoarthropathy compared with control subjects.

Although CRP showed a trend to decline at resolution,

this decline was not significant. This is in contrast to the

situation with osteomyelitis, when CRP, together with

white blood cell count and erythrocyte sedimentation rate

have been shown to be reliable markers for both diagnosis

and prognosis [12].

At presentation, serum concentrations of TNF-a and

interleukin-6 were significantly higher in people with acute

Charcot osteoarthropathy than in aged-matched people with

diabetes and people without diabetes. On follow-up, there

was a significant reduction in the concentration of these

cytokines after 3 months of casting therapy but no further

change was noted at clinical resolution. These proinflamma-

tory cytokines may therefore be useful in assessing the

activity of acute Charcot feet and, indeed, TNF-a and

interleukin-6 have been shown to be helpful in assessing

fracture healing in fragility fractures and high-energy frac-

tures in people without diabetes [13].

With regard to bone turnover markers, two previous

studies have shown increased concentration of the bone

resorption marker carboxyterminal telopeptide of type 1

collagen, but this elevation was not coupled with a rise of the

bone formation markers procollagen carboxyterminal and

bone alkaline phosphatase isoenzyme [2,3]. In the present

study, we have shown that serum C-terminal telopeptide, but

not bone alkaline phosphatase, was significantly higher in

people with Charcot osteoarthropathy at presentation than

in people with diabetes. The observed lack of increased levels

of bone alkaline phosphatase in response to the raised

C-terminal telopeptide suggests that, in people with Charcot

osteoarthropathy, there may be adynamic bone, related to

the presence of diabetic neuropathy, which could impair the

regulation of bone remodelling [14,15]. Alternatively, it is

Table 3 Markers of inflammation and bone turnover of people with Charcot osteoarthropathy at presentation and during follow-up (after 3 months
of casting therapy and at the time of resolution)

People with Charcot osteoarthropathy (group 1)
Presentation
(n = 35)

3 months
(n = 33)

Resolution
(n = 25) P* P†

CRP, mg/l 5.4 (1.8–19.9) 2.5 (0.9–11.1) 2.5 (0.6–4.9) 0.101 0.489
TNF-a, ng/l 1.3 (1.0–1.85) 1.1 (0.8–1.8) 1.1 (0.6–2.0) 0.012 0.388
Interleukin-6, ng/l 3.3 (1.7–9.3) 2.5 (1.5–4.1) 2.2 (1.4–3.2) 0.003 0.472
Interleukin-b, ng/l 0.27 (0.19-0.62) 0.35 (0.16-0.63) 0.34 (0.18-0.56) 0.457 0.996
C-terminal telopeptide, lg/l 0.24 (0.13–0.61) 0.35 (0.16–0.63) 0.19 (0.12–0.69) 0.743 0.351
Bone alkaline phosphatase, lg/l 16.4 (11.7–26.2) 16.4 (11.7–20.6) 16.4 (12.4–21.5) 0.193 0.847
Tartrate-resistant acid phosphatase, U/l 3.9 (2.9–5.3) 4.0 (3.1–5.4) 3.6 (2.9–5.0) 0.856 0.365
Osteoprotegerin, pmol/l 5.4 (4.2–6.8) 5.2 (3.9–6.6) 5.0 (3.7–6.0) 0.372 0.767
Soluble RANKL, pmol/l 0.29 (0.22–0.58) 0.39 (0.26–0.55) 0.37 (0.18–0.50) 0.889 0.211

TNF-a, tumour necrosis factor-a; RANKL, receptor activator of nuclear factor-jb ligand; CRP, C-reactive protein.
*Pair-wise comparison between presentation and after 3 months of casting therapy.
†Pair-wise comparison between 3 months of casting timepoint and resolution.
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possible that these systemic bone turnover markers fail to

represent the extent of the localized bone destruction that

takes place in the affected Charcot foot. A similar situation

may occur in osteomyelitis in which bone turnover markers

do not differentiate between those with osteomyelitis and

control subjects [16]. Our longitudinal study indicated that

the moderate elevation of serum C-terminal telopeptide at

presentation in people with Charcot osteoarthropathy was

followed by a further rise after 3 months of casting therapy

and then decreased to its initial concentration at the time of

resolution. These observations are consistent with a large

population-based study of people with fractures that showed

a significant rise in C-terminal telopeptide concentration at

4 months after fracture, followed by a decrease to its

pre-injury concentration 5–6 months after the fracture [17].

Although the present study, together with previous studies,

has shown higher levels of markers of bone turnover in acute

Charcot osteoarthropathy, the lack of longitudinal changes

at the time of resolution indicates that bone turnover markers

may not be useful in monitoring the activity of the Charcot

foot. Furthermore, the lack of reduction may be attributable

to the continued presence of the inflammatory condition or

to the ongoing fractures.

Serum osteoprotegerin, but not soluble RANKL, was also

elevated in people with Charcot osteoarthropathy. It is

possible that the increased serum osteoprotegerin reflects

enhanced RANKL activation and osteoclastic activity. Early

studies that have measured the serum concentration of

RANKL have shown that in the majority of cases, the levels

were below the sensitivity of the assay used [18]. Although in

the present study we could only detect soluble RANKL in

50% of our cohort, we have clearly shown, through in vitro

studies, that RANKL is essential for osteoclastic activation in

acute Charcot osteoarthropathy [19]. Furthermore, more

recent studies have reported elevated RANKL concentrations

and an elevated RANKL–osteoprotegerin ratio in people

with Charcot osteoarthropathy [20]. Alternatively, the ele-

vated serum osteoprotegerin level may be associated with the

presence of neuropathy in people with Charcot osteoar-

thropathy, who had significantly impaired small and large

nerve fibre function compared with patients with diabetes

[21]. Larger studies are needed to establish the role of

RANKL and osteoprotegerin in the natural history of

Charcot osteoarthropathy [22].

The present study has shown a significant positive

correlation between the pro-inflammatory cytokines TNF-a
and interleukin-6 and the bone turnover marker C-terminal

telopeptide; however, such an association does not prove

causation. It is difficult to be sure whether the observed

increase in the inflammatory and bone turnover markers

may be related to the presence of the acute active osteoar-

thropathy itself or to the presence of fractures per se.

Nevertheless, recent in vitro studies on newly formed

osteoclasts in people with Charcot osteoarthropathy have

suggested that TNF-a, interleukin-6 and RANKL can be

modulators of increased osteoclastic activity [23]. Also

osteoclastic bone resorption has been shown to take place

in the presence of TNF-a and interleukin-6 [24] accompa-

nied by lymphocyte and eosinophil infiltration [25] in bone

specimens from people with Charcot osteoarthropathy.

A limitation of the present study is that blood samples

were obtained from the forearm veins rather than from the

affected foot. It is possible that there is a difference in the

concentrations of the pro-inflammatory cytokines, bone

turnover markers, RANKL and osteoprotegerin between

the local and systemic circulations [26]. A further limitation

is the impact of neuropathy on people with Charcot

osteoarthropathy who had a significantly greater small and

large nerve fibre deficit compared with people with diabetes.

In conclusion, at the onset of the acute Charcot foot,

serum concentrations of TNF-a and interleukin-6 were

increased; however, there was a significant reduction in

these markers at resolution and these markers may be useful

in the assessment of disease activity.
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A Prospective Study of Calcaneal Bone
Mineral Density in Acute Charcot
Osteoarthropathy
NINA L. PETROVA, MD

MICHAEL E. EDMONDS, FRCP

OBJECTIVE — To measure prospectively bone mineral density (BMD) of the Charcot and
non-Charcot foot in 36 diabetic patients presenting with acute Charcot osteoarthropathy.

RESEARCH DESIGN AND METHODS — Calcaneal BMD was measured with quanti-
tative ultrasound at presentation, at 3 months of casting, and at the time of the clinical resolution.

RESULTS — BMD of the Charcot foot was significantly reduced compared with BMD of the
non-Charcot foot at presentation (P � 0.001), at 3 months of casting (P � 0.001), and at the time
of clinical resolution (P � 0.001). Overall, from the time of presentation to the time of resolution
there was a significant fall of BMD of the Charcot foot (P � 0.001) but not of the non-Charcot foot
(P � 0.439).

CONCLUSIONS — Although the Charcot foot was treated with casting until clinical reso-
lution, there was a significant fall of BMD only from presentation up until 3 months of casting.

Diabetes Care 33:2254–2256, 2010

S tudies on bone mineral density
(BMD) have shown a reduction of
BMD of the Charcot foot compared

with the contralateral non-Charcot foot
(1–4). However, it is not known what
happens to BMD in the natural history
of the osteoarthropathy. The aim of this
study was to measure prospectively the
longitudinal changes of BMD of the
Charcot and non-Charcot foot in pa-
tients presenting with acute Charcot
osteoarthropathy.

RESEARCH DESIGN AND
METHODS — We studied 36 consec-
utive patients (19 type 1 diabetic patients;
20 male subjects; mean age 54 years [95%
CI 49.4–57.9]; mean duration of diabetes
22 years [16.9–26.3]) who presented to
the Diabetic Foot Clinic between Febru-
ary 2002 and October 2008 with a red,
hot, swollen foot and a skin temperature
�2°C compared with that of the con-
tralateral foot and who had no previous
offloading treatment. Foot skin tempera-

tures were measured by Dermatemp 1001
(Exergen, Watertown, MA). All patients
were treated with offloading and cast im-
mobilization until the temperature differ-
ence between the feet was �2°C at two
consecutive monthly visits (5,6).

BMD of the calcaneum was measured
by quantitative ultrasound (Sahara Clini-
cal Bone Sonometer; Hologic, Waltham,
MA) as described previously (1). BMD of
the Charcot foot was compared with BMD
of the non-Charcot foot at presentation, at
3 months, and at the time of the clinical
resolution at the end of the casting treat-
ment using a paired Student t test. One-
way repeated-measures ANOVA was used
to assess the longitudinal change of BMD
and foot skin temperature difference be-
tween feet. Pairwise comparisons be-
tween the means for BMD at presentation,
at 3 months, and at clinical resolution
were carried out to assess the effect of
time. Results are presented as means
(95% CI). Differences were considered
significant at P � 0.05. All subjects gave

informed written consent to participate.
The study was approved by King’s College
Hospital NHS Trust Research Ethics
Committee and carried out in accordance
with the Declaration of Helsinki.

RESULTS — BMD of the Charcot foot
was significantly reduced compared with
BMD of the non-Charcot foot at presenta-
tion (0.456 g/cm2 [95% CI 0.411–0.502]
vs. 0.494 g/cm2 [0.456 – 0.533]; P �
0.001), at 3 months of casting (0.433
g/cm2 [0.389 – 0.476] vs. 0.482 g/cm2

[0.393–0.564]; P � 0.001), and at the
time of clinical resolution (0.432 g/cm2

[0.388–0.477] vs. 0.479 g/cm2 [0.393–
0.579]; P � 0.001).

Time to clinical resolution was 8.2
months (95% CI 6.9–9.5). The multivar-
iate analysis demonstrated a significant
fall of BMD of the Charcot foot from the
time of presentation to the time of clinical
resolution (Wilks � � 0.525, P � 0.001).
This was noted in both type 1 (Wilks � �
0.528, P � 0.006) (Fig. 1A) and type 2
diabetes (Wilks � � 0.497, P � 0.015)
(Fig. 1B).

The pairwise comparisons between
the different time points demonstrated a
significant fall of BMD of the Charcot foot
from presentation to clinical resolution
(P � 0.015). The fall of BMD from pre-
sentation (0.456 g/cm2 [95% CI 0.411–
0.502]) to 3 months of casting (0.433
g/cm2 [0.389–0.476]) was highly signif-
icant (P � 0.001), both in type 1 (P �
0.002) and type 2 diabetes (P � 0.004),
but the subsequent fall of BMD from 3
months of casting to clinical resolution
was not significant (0.433 g/cm2 [0.389–
0.476] to 0.432 g/cm2 [0.388–0.477];
P � 0.949). This applied to both type 1
(P � 0.748) and type 2 diabetes (P �
0.832).

In contrast to the Charcot foot, the
multivariate analysis in the non-Charcot
foot indicated that there was a nonsignif-
icant fall of BMD from the time of presen-
tation (0.494 g/cm2 [95% CI 0.456 –
0.533]) to the time of resolution (0.479
g/cm2 [0.393–0.579], Wilks � � 0.947;
P � 0.439), and this was present in both
type 1 (Wilks � � 0.935, P � 0.583)
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(Fig. 1A) and type 2 diabetes (Wilks � �
0.799, P � 0.259) (Fig. 1B).

There was a significant fall of the foot
skin temperature difference between the
Charcot and non-Charcot foot from the
time of presentation to the time of resolu-
tion (Wilks � � 0.423, P � 0.001). The
foot skin temperature difference also fell
significantly from 3.5°C (95% CI 3.1–
4.1) at presentation to 2.2°C (1.8–2.2) at
3 months of casting (P � 0.001), and the
latter further significantly reduced to
1.4°C (1.1–1.8) at clinical resolution (P �
0.001).

CONCLUSIONS — This study dem-
onstrated that from the time of presenta-
tion to clinical resolution there was a
significant fall of BMD of the Charcot foot
but not of the non-Charcot foot. Although
there was a significant fall of BMD of the
Charcot foot at 3 months of casting com-
pared with BMD at presentation, there
was no further significant reduction of
BMD from 3 months of casting up until
clinical resolution, despite the ongoing
casting of the Charcot foot.

Our study showed a fall of BMD at 3
months of casting in the Charcot foot both

in type 1 and type 2 diabetes. The foot
skin temperature of the Charcot foot was
still 2°C greater compared with that of the
non-Charcot foot, and this may have been
related to inflammatory osteolysis that
would have resulted in a fall of BMD (4).
Increased levels of proinflammatory cyto-
kines have been reported in patients with
acute Charcot osteoarthropathy, and this
may explain this observed reduction of
BMD (7–9).

However, this fall of BMD may have
been aggravated by the cast immobiliza-
tion of the Charcot foot, and a recent case
report has documented a fall of BMD in a
total contact cast, highlighting the effect
of immobilization (10). In our study, al-
though there was a significant fall of BMD
of the Charcot foot from presentation to 3
months of casting, this was not followed
by a further significant fall of BMD up
until clinical resolution despite the ongo-
ing casting. Thus, it is more likely that the
overall fall of BMD was related to inflam-
matory osteolysis rather than casting
immobilization.

A limitation of this study is that we mea-
sured BMD of the calcaneum not BMD at
the site of Charcot osteoarthropathy. Nev-
ertheless, the calcaneum is a disease-
responsive bone with a high metabolic
turnover rate (11) and should have reflected
overall changes of BMD in the foot.

In conclusion, although the Charcot
foot was treated with casting until clinical
resolution, there was a significant fall of
BMD only from presentation until 3
months of casting. This may be related to
the inflammatory osteolysis of Charcot
osteoarthropathy.
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Increased osteoclastic activity in acute Charcot’s
osteoarthopathy: the role of receptor activator of nuclear
factor-kappaB ligand
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Abstract
Aims/hypothesis Our aims were to compare osteoclastic
activity between patients with acute Charcot’s osteoarthro-
pathy and diabetic and healthy controls, and to determine
the effect of the receptor activator of nuclear factor-kappaB
ligand (RANKL) and its decoy receptor osteoprotegerin
(OPG).
Methods Peripheral blood monocytes isolated from nine
diabetic Charcot patients, eight diabetic control and eight
healthy control participants were cultured in the presence of
macrophage-colony stimulating factor (M-CSF) alone,
M-CSF and RANKL, and also M-CSF and RANKL with
excess concentrations of OPG. Osteoclast formation was
assessed by expression of tartrate-resistant acid phosphatase
on glass coverslips and resorption on dentine slices.
Results In cultures with M-CSF, there was a significant in-
crease in osteoclast formation in Charcot patients compared
with healthy and diabetic control participants (p=0.008). A
significant increase in bone resorption was also seen in the
former, compared with healthy and diabetic control par-
ticipants (p<0.0001). The addition of RANKL to the
cultures with M-CSF led to marked increase in os-
teoclastic resorption in Charcot (from 0.264±0.06% to

41.6±8.1%, p<0.0001) and diabetic control (0.000±0.00%
to 14.2±16.5%, p<0.0001) patients, and also in healthy
control participants (0.004±0.01% to 10.5±1.9%, p<0.0001).
Although the addition of OPG to cultures with M-CSF and
RANKL led to a marked reduction of resorption in Charcot
patients (41.6±8.1% to 5.9±2.4%, p=0.001), this sup-
pression was not as complete as in diabetic control patients
(14.2±16.5% to 0.45±0.31%, p=0.001) and in healthy
control participants (from 10.5±1.9% to 0.00±0.00%,
p<0.0001).
Conclusions/interpretation These results indicate that
RANKL-mediated osteoclastic resorption occurs in acute
Charcot’s osteoarthropathy. However, the incomplete inhi-
bition of RANKL after addition of OPG also suggests the
existence of a RANKL-independent pathway.

Keywords Charcot’s osteoarthropathy . OPG . Osteoclasts .

Osteolysis . RANKL . Resorption
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LIGHT homologous to lymphotoxins exhibiting in-

ducible expression and competing with herpes
simplex virus glycoprotein D for herpes virus
entry mediator (HVEM), a receptor expressed
by T lymphocytes

MEM minimum essential medium
M-CSF macrophage-colony stimulating factor
OPG osteoprotegerin
PBMCs peripheral blood monocytes
RANK receptor activator of nuclear factor-kappaB
RANKL receptor activator of nuclear factor-kappaB

ligand
sRANKL soluble receptor activator of nuclear factor-

kappaB ligand
TRAcP tartrate-resistant acid phosphatase
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Introduction

Although Charcot’s osteoarthropathy is characterised by
increased local bone resorption [1], the exact cellular
mechanisms contributing to the pathogenesis of this
condition remain unresolved. Osteoclasts have been shown
to be the principal cell type responsible for bone resorption
[2]. These cells originate from the haemopoietic lineage and
are known to undergo various stages of proliferation, fusion
and differentiation before they are fully functionally active,
mature osteoclasts. Recently, receptor activator of nuclear
factor-kappaB (RANK) ligand (RANKL) has been identi-
fied as an essential mediator of osteoclast formation and
activation [3]. RANKL is expressed on a variety of cell
types such as bone forming osteoblasts, T lymphocytes,
dendritic cells, endothelial cells and fibroblasts. RANKL
mediates the process of osteoclastogenesis by binding to its
RANK, which is expressed on mononuclear osteoclast
precursors. The effects of RANKL–RANK interaction are
physiologically counterbalanced by osteoprotegerin (OPG),
which acts as a soluble receptor decoy for RANKL and
blocks the interaction of RANKL with RANK. The ratio of
RANKL to OPG has been suggested to regulate the extent
of osteoclast formation and resorption. Therefore, any
alteration in the RANKL/OPG ratio could be critical in
the pathogenesis of osteolytic bone disorders [4].

Recently, Jeffcoate hypothesised that the RANK/RANKL/
OPG pathway may play an important role in the osteolysis
seen in acute Charcot’s osteoarthropathy [5]. Using an in
vitro technique to generate functional human osteoclasts
from peripheral blood monocytes (PBMCs) [6] in the pres-
ence of macrophage-colony stimulating factor (M-CSF) [7]
and soluble RANKL, it is possible to determine the cellular
mechanisms involved in the process of osteoclast formation
and resorption in physiological and pathological conditions.
To our knowledge, this technique has not yet been studied
in patients with Charcot’s osteoarthropathy.

The aims of this study were: (1) to generate functional
human osteoclasts in vitro from diabetic patients with acute
Charcot’s osteoarthropathy and from healthy and diabetic
control participants; (2) to compare the extent of osteoclast
formation and resorption; and (3) to determine the role of
the RANK/RANKL/OPG pathway in osteoclastic activity
in Charcot’s osteoarthropathy.

Methods

Patients

We studied nine consecutive diabetic patients with recent
onset of acute Charcot’s osteoarthropathy (five men, four
women; five type 1, four type 2 diabetes), eight diabetic

patients with no previous history of Charcot’s osteoarthro-
pathy (five men, three women; four type 1, four type 2) and
eight healthy control participants (five men, three women).
Patients with acute Charcot’s osteoarthropathy were matched
for age and duration of diabetes with the diabetic control
patients and for age with the healthy control participants. The
mean age was similar between patients with Charcot’s
osteoarthropathy and diabetic control patients (53±2.8 versus
59±2.9 years [mean±SEM], p=0.167) as was the mean age
between the former and healthy control participants (53±2.8
versus 47±2.7 years, p=0.114). The mean duration of diabetes
was similar in both groups with diabetes (31±5.1 [Charcot
patients] versus 27±4.6 years, p=0.606). Diabetes control as
indicated by glycated Hb was also similar in the two diabetes
groups (7.7±0.6 [Charcot’s] versus 7.8±0.4%, p=0.743).

Diagnosis of Charcot’s osteoarthropathy was made on
the presentation of a hot swollen foot, with skin foot
temperature 2°C greater than the corresponding site on the
contralateral foot and with typical radiological changes of
subluxation, dislocation or fragmentation of bone on
standard foot radiographs [8]. All patients had intact feet
and no evidence of foot infection or ulceration.

Ethical permission for this study was obtained from the
King’s College Hospital Research Ethics Committee and all
participants gave written informed consent.

Isolation and culture of monocytes

Peripheral blood mononuclear cells were isolated as
previously described [6]. Briefly, blood was diluted 1:1 in
α-minimum essential medium (MEM; Invitrogen, Paisley,
UK), layered over Histopaque and centrifuged (693 g) for
20 min. The interface layer was resuspended in MEM, then
centrifuged (600 g) for a further 10 min. The resultant cells
were resuspended in MEM with 10% heat-inactivated FCS
and counted in a haemocytometer following lysis of
erythrocytes by a 5% (vol./vol.) acetic acid solution.

To assess the extent of osteoclast formation and resorption,
PBMCs were cultured on glass coverslips and dentine slices.
Initially, 5×105 PBMCs were added to 6-mm diameter glass
coverslips and 4-mm diameter dentine slices in MEM
containing 100 UI/ml penicillin, 100 μg/ml streptomycin
and 10% FCS (Gibco, Paisley, UK). After 2 h incubation,
coverslips and dentine slices were vigorously rinsed in
medium to remove non-adherent cells. The cultures were
maintained in MEM/FCS under three different culture
conditions: (1) human M-CSF (R&D Systems Europe,
Abingdon, UK) alone at 25 ng/ml; (2) M-CSF plus 100 ng/ml
human soluble RANKL (sRANKL; Peprotech, London,
UK) (a concentration known to facilitate differentiation of
osteoclast precursors to active bone-resorbing osteoclasts in
vitro); and (3) M-CSF plus sRANKL plus 250 ng/ml human
OPG (R&D Systems Europe).
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Coverslips and dentine slices were cultured at 37°C in
5% CO2 for 14 and 21 days respectively.

Osteoclast formation

After 14 days, the coverslips were examined histochemically
for the expression of tartrate-resistant acid phosphatase
(TRAcP), an osteoclast marker. Coverslips with newly formed
osteoclasts were collected and rinsed in PBS buffer, fixed with
formalin (10% [vol./vol.] in PBS buffer) for 10 min and rinsed
in distilled water. TRAcP was histochemically revealed by a
simultaneous coupling reaction using Naphtol AS-BI-phosphate
as substrate and Fast violet B as the diazonium salt. The
coverslips were incubated for 90 min at 37°C in a dark room,
rinsed three times in distilled water and the residual activity
was inhibited by 4% NaF (wt/wt) for 30 min. Coverslips were
then rinsed in distilled water, counterstained with DAPI for
20 min and allowed to dry before mounting, using an aqueous
medium. TRAcP-positive cells withmore than three nuclei were
identified as osteoclasts. The number of newly generated osteo-
clasts was assessed using a light microscope examination.

Osteoclast resorption

After 21 days, the dentine slices were removed from the
culture wells, placed in NH4OH (1 mol/l) for 30 min and
sonicated for 5 min to remove any adherent cells. They were
then rinsed in distilled water and stained with 0.5% (vol./vol.)
toluidine blue prior to examination by light microscopy. The
surface of each dentine slice was examined for evidence of
lacunar resorption and the extent of eroded surface on each
dentine slice was determined using image analysis and
expressed as the percentage of surface area resorbed.

Statistical analyses

Data were expressed as a mean±SEM. Initially the difference
within the three study groups (Charcot patients, healthy and
diabetic controls) was assessed with the non-parametric
Kruskall–Wallis test. Then the differences between Charcot
and diabetic patients, and Charcot patients and healthy controls
were assessed by the non-parametricMann–WhitneyU test. In
each patient group, the differences between the various culture
conditions were also assessed using theMann–WhitneyU test.
Differences were considered significant at p<0.05.

Results

Osteoclast cultures in the presence of M-CSF

Osteoclast formation The mean number of newly formed
TRAcP-positive multinucleated osteoclasts in the presence

of M-CSF alone was significantly greater in the patients
with acute Charcot’s osteoarthropathy (48.6±18.2) than in
diabetic (6.8±2.7) and healthy control participants (5.0±0.7)
(p=0.008). The number of TRAcP-positive multinucleated
osteoclasts formed in acute Charcot’s osteoarthropathy
was 7.2 and 9.7 times greater than those formed in diabetic
(p=0.010) and healthy control groups (p=0.003), respectively.

Osteoclast resorption The newly formed osteoclasts
exhibited increased functional activity as demonstrated by
the extent of resorption on dentine slices, with percentage
area resorption significantly elevated in the patients with
acute Charcot’s osteoarthropathy (0.264±0.06%) compared
with diabetic (0.000±0.00%) and healthy control groups
(0.004±0.01) (p<0.0001). The percentage of resorption
was significantly greater in the Charcot patients than in the
diabetic (p=0.001) and healthy control groups (p=0.001).

Osteoclast cultures in the presence of M-CSF and sRANKL

Osteoclast formation The addition of sRANKL led to an
increase in the number of TRAcP-positive multinucleated
osteoclasts in all three groups of patients. The mean number
of these osteoclasts in patients with acute Charcot’s os-
teoarthropathy was 96.0±21.6, which was significantly
greater than that in the diabetic (56.5±11.5) and healthy
(29.0±5.1) control groups (p=0.010; Fig. 1a,c,e). The number
of TRAcP-positive multinucleated osteoclasts in the
patients with acute Charcot’s osteoarthropathy was 1.7
times higher than in diabetic control patients, but this
finding did not reach significance (p=0.105). However, the
number of these osteoclasts in the acute Charcot group was
3.3 times (and significantly) higher than in the healthy
control group (p=0.005). When the number of cells in the
cultures with M-CSF alone was compared with that after
the addition of sRANKL, there was a significant increase in
the diabetic control patients (from 6.8±2.7 to 56.5±11.5,
p=0.003) and in the healthy participants (from 5.0±0.7 to
29.0±5.1, p=0.002), while the increase in the number of
TRAcP-positive multinucleated osteoclasts in the acute
Charcot group failed to reach significance (increase from
48.6±18.2 to 96.0±21.6, p=0.059; Fig. 2a).

Osteoclast resorption The percentage area resorption on
dentine slices with M-CSF and sRANKL was significantly
increased in the acute Charcot group (41.6±8.1%) com-
pared with that in the diabetic (14.2±16.5%) and healthy
control groups (10.5±1.9%; p=0.005). Resorption in the
Charcot patients was 2.9 times higher than in diabetic
control patients (p=0.008) and four times higher than in
healthy participants (p=0.005; Fig. 1b,d,f). The addition
of sRANKL to the cultures with M-CSF led to the
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following rises in the percentage area resorption when
compared with M-CSF alone: Charcot’s 0.264±0.06% to
41.6±8.1%, p<0.0001; diabetic control 0.000±0.00% to
14.2±16.5%, p<0.0001; healthy control 0.004±0.01%
to 10.5±1.9%, p<0.0001 (Fig. 2b).

Osteoclast cultures in the presence of M-CSF, sRANKL
and excess concentrations of OPG

Osteoclast formation The addition of excess concentrations
of OPG led to a reduction in the number of TRAcP-positive
multinucleated osteoclasts in the cultures with M-CSF,
sRANKL and OPG in all the three groups of patients.
However, after the addition of OPG, the number of TRAcP-
positive multinucleated osteoclasts was still significantly
increased in the Charcot group (54.4±17.6), as compared
with diabetic (8.8±5.3) and healthy control participants
(4.4±1.2; p=0.003). In the cultures with M-CSF, sRANKL
and OPG, the number of TRAcP-positive multinucleated
osteoclasts was greater in the Charcot patients than in the
diabetic (p=0.005) and healthy control groups (p=0.001).

When OPG was added to the cultures with M-CSF and
sRANKL, the reduction in the number of TRAcP-positive

cells in Charcot patients was not significant (96.0±21.6
versus 54.4±17.6, p=0.189). OPG on the other hand
significantly inhibited the number of TRAcP-positive cells
in M-CSF and RANKL-mediated cultures from diabetic
(reduced from 56.5±11.5 to 8.8±5.3, p=0.005) and healthy
control participants (29.0±5.1 to 4.4±1.2, p=0.003;
Fig. 3a).

Osteoclast resorption The addition of OPG led to a marked
reduction of the percentage area resorption on dentine
slices in Charcot patients (from 41.6±8.1% to 5.9±2.4%,
p=0.001) and also in diabetic (14.2±16.5% to 0.45±0.31%,
p=0.001) and healthy control (from 10.5±1.9% to
0.00±0.00%, p<0.0001) participants (Fig. 3b).

However, the percentage area resorption on the dentine
slices was still greater in the cultures with M-CSF, RANKL
and OPG from the patients with acute Charcot’s osteo-
arthropathy (5.9±2.4%) than in those from diabetic (0.45±
0.31%) and healthy control (0.00±0.00%) participants
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Fig. 2 a Quantitative comparison between the number (n) of TRAcP-
positive cells formed in cultures with M-CSF alone (white bars) or with
M-CSF and sRANKL (black bars) in patients with Charcot’s osteo-
arthropathy and diabetic and healthy control participants. b Quantitative
comparison between the percentage area resorption in the same cultures
and patient groups. Statistical differences between the groups were
determined using the Mann–Whitney U test, with significance as
follows: a Charcot’s p=0.059, diabetic control p=0.003, healthy control
p=0.002; b Charcot’s p<0.0001, diabetic control p<0.0001, healthy
control p<0.0001
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Fig. 3 a Comparison between the number (n) of TRAcP-positive cells
formed in cultures with M-CSF and sRANKL (black bars) or with
M-CSF, sRANKL and excess concentrations of OPG (250 ng/ml)
(grey bars) in patients with Charcot’s osteoarthropathy and diabetic
and healthy control participants. b Comparison between the percent-
age area resorption in the same cultures and patient groups. Statistical
differences between the groups were determined using the Mann–
Whitney U test, with significance as follows: a Charcot’s p=0.189,
diabetic control p=0.005, healthy control p=0.003; b Charcot's p=0.001,
diabetic control p=0.001, healthy control p<0.0001

Fig. 1 Multinucleated TRAcP-positive cells were formed on glass
coverslips (a, c, e) capable of lacunar resorption (b, d, f) after 14 and
21 days incubation, respectively, in the presence of 25 ng/ml human
M-CSF and 100 ng/ml sRANKL. Newly formed osteoclasts were
numerous and highly active in Charcot’s patients (a, b) compared with
diabetic (c, d) and healthy control (e, f) participants. Scale bars, 10 μm
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(p=0.003). Resorption on the dentine slices was greater in
the Charcot patients than in diabetic (p=0.005) and healthy
control (p=0.003) groups.

Discussion

This study shows that monocytes from patients with acute
Charcot’s osteoarthropathy cultured in the presence ofM-CSF
alone were capable of differentiating into mature osteoclasts
that exhibited increased resorption compared with diabetic
and healthy control participants. Furthermore, osteoclasts
generated after the addition of sRANKL were functionally
more aggressive, exhibiting a considerable increase in the
extent of resorbing activity in patients with acute Charcot’s
osteoarthropathy. This resorption was partially blocked by the
addition of excess concentrations of OPG, a soluble receptor
decoy for RANKL. This suggests that the increased osteo-
clastic activity in patients with acute Charcot’s osteoarthrop-
athy is mediated through both a RANKL-dependent and a
RANKL-independent pathway.

Cultures from the patients with Charcot’s osteoarthrop-
athy showed increased osteoclast formation and resorption
when cultured with M-CSF alone. Although M-CSF is an
essential factor for proliferation, differentiation and survival
of the monocyte-macrophage lineage [9, 10], it is not an
osteoclastogenic factor and it is unusual to detect osteoclast
formation and resorption in cultures with M-CSF, as was
seen in the diabetic and healthy controls. This observation
suggests that in acute Charcot’s osteoarthropathy there may
be increased levels of other circulating pro-inflammatory
factors such as TNF-α [11, 12], IL-6 [13], IL-8 [14] and
LIGHT (homologous to lymphotoxins exhibiting inducible
expression and competing with herpes simplex virus
glycoprotein D for herpes virus entry mediator [HVEM],
a receptor expressed by T lymphocytes) [15], which have
been previously shown to stimulate osteoclastogenesis
independently of RANK/RANKL mechanisms. The con-
centrations of these circulating factors in diabetic and
healthy control participants may not be sufficient to induce
the formation and differentiation of active osteoclasts in the
presence of M-CSF alone.

After the addition of sRANKL to M-CSF cultures, the
newly formed osteoclasts exhibited markedly increased
resorption in the patients with Charcot’s osteoarthropathy,
although the number of osteoclasts did not significantly
increase in these patients compared with cultures with M-CSF
alone. These observations may not be unique to Charcot’s
osteoarthropathy, and indeed similar observations have been
reported in other conditions associated with increased bone
resorption, such as rheumatoid arthritis where the addition of
sRANKL resulted in a significant increase in lacunar
resorption, but did not lead to a significant increase in the

number of TRAcP-positive cells [16]. Overall, the observed
extensive resorption in acute Charcot patients, in the pres-
ence of M-CSF and sRANKL, as compared with the diabetic
or healthy control groups, may suggest that the osteoclast
precursors circulating in acute Charcot patients are in a
higher activated state and as such are more primed to
becoming osteoclasts (mediated through RANKL) than those
in the control groups.

In order to ascertain that RANKL was a major osteo-
clastic activator in patients with Charcot’s osteoarthropathy,
excess concentrations of OPG, the soluble receptor decoy
to RANKL, were added to the cultures with M-CSF and
RANKL. The rationale for this approach was that if osteo-
clastogenesis is mediated solely through RANK–RANKL
interaction, addition of excess concentrations of OPG (as
had been previously determined to be sufficient to block
osteoclastogenesis through RANKL [15]) would complete-
ly abolish the process of osteoclast differentiation and
activation. In the current study, although osteoclast forma-
tion and resorption in the diabetic and healthy control
groups was completely blocked by the addition of OPG, the
latter did not achieve total inhibition of osteoclast formation
and resorption in patients with acute Charcot’s osteo-
arthropathy. These results suggest that although RANKL-
dependent pathways do play a significant role in the
osteoclastic activity of Charcot’s osteoarthropathy, an
alternative pathway (other than RANK/RANKL) may also
be involved. Osteoclastogenic mediators other than
RANKL that have been reported to stimulate osteoclast
differentiation independently of the RANKL pathway
include TNF-α [11, 12], IL-6 [13], IL-8 [14] and LIGHT
[15]. In acute Charcot’s osteoarthropathy, it is possible that
one or a combination of these factors may have initiated the
circulating osteoclast precursors to be in a more ‘primed’
condition, a situation which as such could explain the
observed resorption in Charcot monocyte cultures supple-
mented with M-CSF alone, without the exogenous addition
of any osteoclastogenic mediators.

The osteolysis of Charcot’s osteoarthropathy may be
explained by our observation that osteoclast precursors
from Charcot patients develop into mature osteoclasts that
exhibit increased resorptive activity, especially in response
to RANKL, unlike the increased resorption in response to
bacterial infection, which is not mediated by RANKL [17].
Increased expression of RANKL has been previously
demonstrated in pathological osteolysis associated with
the development of various bone diseases [18] and a similar
mechanism may contribute to osteolysis of Charcot’s
osteoarthropathy [5]. Furthermore, patients with Charcot’s
osteoarthropathy have severe neuropathy, which itself can
also lead to increased expression of RANKL as a result of
the loss of nerve-derived peptides known to antagonise its
effect such as calcitonin gene-related peptide [5]. In
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addition to the RANKL-dependent pathway, our results
suggest that a RANKL-independent pathway, mediated by
pro-inflammatory cytokines, may also be important. Indeed,
Charcot’s foot is characterised by excessive inflammation
and proinflammatory cytokines have been implicated in its
pathogenesis [19]. In support of this, a recent immunohis-
tochemical analysis of bone samples isolated from Charcot’s
osteoarthropathy patients showed excessive osteoclastic
activity in a microenvironment enriched with mediators of
bone resorption (IL-1, IL-6 and TNF-α) [20]. Thus a
RANKL-independent pathway, which is also known to
play a role in other osteolytic disorders such as rheumatoid
arthritis [21] and aseptic loosening [22], could contribute
also to the pathogenesis of the Charcot’s osteoarthropathy.

This study has indicated, for the first time that the
RANKL-dependent pathway is important in the pathogen-
esis of Charcot’s osteoarthropathy, thereby raising the
possibility of the use of RANKL inhibition in the
management of Charcot’s foot. However, our observations
also suggest that a RANKL-independent pathway may play
a role, but further investigation is required to fully clarify
the mechanism involved. If confirmed, specific pharmaco-
logical agents that counteract the RANKL-independent
pathway, such as anti-TNF strategies, may be useful in the
treatment of Charcot’s osteoarthropathy. Whatever the
relative importance of either pathway, this in vitro tech-
nique of generating human osteoclasts from PBMCs may
allow specific characterisation of osteoclastic activity in
each patient and could, in the future, lead to individually
tailored anti-osteoclastic treatment for the patient with acute
Charcot’s osteoarthropathy.
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A lthough patients with acute Charcot
osteoarthropathy exhibit a marked
local inflammatory response to

trauma by the classical presentation of a
red, hot swollen foot, the systemic acute
phase response has not been fully inves-
tigated. The aim of this study was to mea-
sure the systemic serologic markers of
inflammation in acute Charcot osteoar-
thropathy.

RESEARCH DESIGN AND
METHODS — We studied 36 consec-
utive patients who presented to the Dia-
betic Foot Clinic over the last 5 years with
a red, hot swollen foot and a skin temper-
ature �2°C compared with the same site
on the contralateral foot and who had no
previous treatment. There was no evi-
dence of any skin breakdown or ulcer-
ation. Foot skin temperatures were
measured by Dermatemp 1001 (Exergen,
Watertown, MA). The diagnosis of Char-
cot osteoarthropathy was confirmed in 25
cases by evidence of subluxation, disloca-
tion, or fragmentation of bone on stan-
dard foot radiographs and in 11 cases by
the presence of an increased focal uptake
on the bony (third) phase of the triphasic
Technetium-Diphosphonate bone scan
(Tyco Healthcare) even though the radio-
graphs at presentation were normal. In
the patients with radiological abnormali-
ties, the patterns of involvement were de-
scribed using Sanders and Frykberg’s
classification (1). Four patients presented
with pattern I (metatarsal-phalangeal
joints), seven with pattern II (tarso-
metatarsal joints), four with pattern III

(tarsal joints), one with pattern IV (ankle
joint), and two with pattern V (calca-
neum). Seven patients presented with
multiple sites of involvement: six had a
combination of patterns II and III, and
one had patterns I and II. In the remaining
11 patients who presented with normal
radiographs, there was increased focal
uptake on the bony (third) phase of the
triphasic Technetium Diphosphonate
bone scan: 10 in the midfoot and 1 in the
forefoot. These patients were similar to
the Charcot foot stage 0 with normal ra-
diograph and abnormal bone scan as de-
scribed in Sella and Barrette’s staging of
Charcot osteoarthropathy (2).

Serum C-reactive protein (CRP),
white cell count (WCC), erythrocyte sed-
imentation rate (ESR), Hb, and GHb were
measured at presentation. Data on liver
synthesis function including liver en-
zymes (aspartate transminase, alkaline
phosphatase, and �-glutamyl tranferase)
and serum proteins (albumin and globu-
lin) were also recorded. Renal function
was assessed by serum creatinine levels.

Statistical analyses
Data are presented as median (25th–75th
percentile). The limit for detection of the
CRP assay was 5 mg/l, and therefore levels
�5 mg/l were taken as 5 mg/l for the pur-
pose of the analysis.

RESULTS — There were 21 type 1 (11
male and 10 female) and 15 type 2 (7 male
and 8 female) diabetic patients. Median
age was 51 years (41–62), and median
duration of diabetes was 20 years (13–

26.5). Skin foot temperature was 3.1°C
(2.4 – 4.2) greater in the Charcot foot
compared with the contralateral foot. Me-
dian CRP level was 5.8 mg/l (5–11) and
�5 mg/l in 47.2% of patients presenting
with acute Charcot osteoarthropathy. Me-
dian ESR was 21 mm/h (13–36); WCC
was 7.0 10\S\9/1 (5.8 – 8.1), reference
range 4–11; GHb was 8.5% (7.3–10.3),
reference range �6; and Hb was 13.1 g/dl
(11.7–14.7). Patients had preserved syn-
thesis liver function as indicated by nor-
mal liver enzymes (median aspartate
transminase 25 units/l [19–29], reference
range 10–50; alkaline phosphatase 105
units/l [76 –136], reference range 30 –
130; �-glutamyl tranferase 26 units/l
[18–43], reference range 1–55) and nor-
mal protein synthesis (median serum al-
bumin 44 g/l [40–46], reference range
35–50, and serum globulin 29 g/l [27–
31], reference range 25–35). The median
creatinine level was 88 �mol/l (79–109),
reference range 45–120, and only one pa-
tient had renal failure and was on he-
modyalisis treatment.

CONCLUSIONS — This report has
shown that in the acute stage of Charcot
osteoarthropathy, there is dissociation
between the presence of local signs of in-
flammation, as demonstrated by in-
creased skin temperature in the Charcot
foot, and the lack of systemic response, as
shown by a normal to slight increase in
CRP levels, normal WCC, and mild
increase in ESR. CRP is one of the well-
established sensitive markers of inflam-
mation widely used in clinical practice as
a direct serological measure of acute
phase response to injury and infection.
The local inflammatory response seen in
our patients may be related to increased
expression of proinflammatory cytokines
(3), but this did not lead to a classical
systemic acute phase response. Lack of
rise of CRP levels in our patients with
acute Charcot osteoarthropathy cannot
be related to abnormal hepatic synthesis,
as both liver enzymes and albumin levels
were within the reference range. Al-
though there is evidence that CRP levels
are markedly raised in patients with dia-
betic foot infection and osteomyelitis,
some reports have suggested that it might
be normal in patients with Charcot osteo-
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arthropathy (4,5). Indeed, in a small se-
r ies of pat ients , serum CRP was
significantly lower in patients with Char-
cot osteoarthropathy compared with pa-
tients with osteomyelitis (6). The WCC
was normal in our patients with acute
Charcot osteoarthropathy. Although the
ESR was mildly raised in our patients, this
was not related to anemia, as our patients
had normal Hb levels. However, ESR has
a high sensitivity but a low specificity, and
there are many conditions that can lead to
a rise in ESR in diabetic patients, includ-
ing diabetic nephropathy per se. Thus, a
moderate rise in ESR may not necessarily
indicate the presence of acute Charcot
osteoarthropathy (4).

Thus, there is dissociation between
the local and systemic inflammatory re-

sponse in acute Charcot osteoarthropa-
thy. When patients present with a hot red
foot, with no obvious skin breakdown
and a CRP level that is normal or only
slightly raised, acute Charcot osteoar-
thropathy should be firmly suspected.
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Abstract Emerging evidence from the last two decades has
shown that vascular calcification (VC) is a regulated, cell-
mediated process orchestrated by vascular smooth muscle
cells (VSMCs) and that this process bears many similarities
to bone mineralization. While many of the mechanisms driv-
ing VSMC calcification have been well established, it remains
unclear what factors in specific disease states act to promote
vascular calcification and in parallel, bone loss. Diabetes is a
condition most commonly associated with VC and bone ab-
normalities. In this review, we describe how factors associated
with the diabetic milieu impact on VSMCs, focusing on the
role of oxidative stress, inflammation, impairment of the
advanced glycation end product (AGE)/receptor for AGE
system and, importantly, diabetic neuropathy. We also explore
the link between bone and VC in diabetes with a specific
emphasis on the receptor activator of nuclear factor κβ
ligand/osteoprotegerin system. Finally, we describe what in-
sights can be gleaned from studying Charcot osteoarthropathy,
a rare complication of diabetic neuropathy, in which the
occurrence of VC is frequent and where bone lysis is extreme.

Keywords Bone fracture . Charcot osteoarthropathy .

Diabetes .Neuropathy .RANKL/OPG .Vascular calcification

Introduction

Evidence emerging from the past 20 years has shown that
vascular calcification (VC) is a major health problem, associ-
ated with increased cardiovascular morbidity and mortality.
Calcification or biomineralization of arteries involves the
deposition of hydroxyapatite (HA) in the extracellular matrix
and occurs at two distinct sites within the vessel wall: the
intima and the media [1]. Intimal calcification is commonly
found in the aorta and coronary arteries, whereas medial calci-
fication affects large-, medium- and small-sized arteries [2].
Intimal calcification is associated with lipid, macrophages and
vascular smooth muscle cells (VSMCs) and occurs in the
context of atherosclerosis, whereas medial calcification can
exist independently of atherosclerosis and is associated with
extracellular matrix components such as elastin and collagen
and VSMCs [1]. HA deposition in the intima is often eccentric
and is associated with luminal narrowing, plaque formation and
rupture [3]. In contrast, medial calcification can occur through-
out the vessel media and contributes to vascular stiffness, which
in turn increases pulse–wave velocity to decrease diastolic
blood pressure and increase systolic blood pressure [1].

It is now well-established that arterial calcification is a
regulated, cell-mediated process orchestrated by VSMCs and
that this process bears many similarities to bone mineraliza-
tion [4]. Under normal conditions, VSMCs express potent
inhibitors of calcification including matrix Gla protein and
pyrophosphate and there are also powerful circulating inhib-
itors of HA formation such as fetuin A. In calcifying environ-
ments, expression or function of these inhibitory proteins is
impaired [5]. In addition, VSMCs undergo phenotypic mod-
ulation and upregulate expression of a number of bone pro-
teins including the master transcription factors Runx 2 and
Msx2, as well as their downstream targets such as bone
sialoprotein, osteocalcin and alkaline phosphatase (ALP)
which act to further promote mineralization [6]. In particular,
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ALP has been shown to degrade the potent calcification
inhibitor pyrophosphate to promote VSMC calcification [7].
Concomitant with VSMC phenotypic change, cell death by
apoptosis as well as matrix vesicle release, provide mem-
branes and protein complexes that act as a nidus to nucleate
mineral [8]. Importantly, many of the signals that promote
VSMC osteo/chondrocytic change also have profound effects
on bone mineralization leading to the suggestion that these
processes not only share features in common, but may also be
pathologically linked in some disease processes [4].

Whilst many of the mechanisms driving VSMC calcifica-
tion have been well established, it remains unclear what
factors in specific disease states act to promote vascular cal-
cification and in parallel, bone loss. Diabetes is a condition
most commonly associated with VC and bone abnormalities
and with the global increase in the prevalence of diabetes, the
burden of VC and its related adverse outcomes is also
expected to rise (http://www.idf.org/diabetesatlas/5e/
mortality). Indeed, VC is four times more common in
diabetic patients compared with healthy subjects [9] and is
associated with significant morbidity and mortality [10, 11]. It
is a significant predictor of future fatal and nonfatal
myocardial infarction, stroke and amputation [12] and is also
a strong independent predictor of cardiovascular mortality in
type 2 diabetes [13]. It is associated with the duration of
diabetes, poor glycaemic control and nephropathy [10] but is
often independent of chronic kidney disease [14], as it also
occurs in subjects with preserved renal function [11],
suggesting that diabetes itself can modulate calcification.
Patients with diabetes are also at greater risk of developing
osteoporosis and fragility fractures [15], and a link between
VC and impaired bone health is now well established [16].

Many factors lead to the development of VC in diabetes,
and drivers that require specific attention include oxidative
stress, inflammation and derangement in the advanced
glycation end product (AGE)/receptor for AGE (RAGE) sys-
tem. Although these factors are common players in the path-
ogenesis of VC per se, in diabetes their importance is further
emphasised by their association with the development of
diabetic neuropathy, a common complication of diabetes,
identified as the harbinger of VC [17]. Importantly, neuropa-
thy not only modulates various pathways and mechanisms
that cause calcification in diabetes [17] but also impacts on
bone mineralization. The receptor activator of nuclear factor
κβ ligand (RANKL)/osteoprotegerin (OPG) signalling path-
way is of particular importance as these factors are key regu-
lators of VC and bone loss potentially modulated by neurop-
athy, via the calcitonin-gene related protein (C-GRP) [18].
Disturbance of this pathway is significantly marked in Charcot
osteoarthropathy, a rare complication of diabetes presenting
with specific neuropathy, extensive local VC and severe
osteolysis. However, the interactions between these patholo-
gies have not been fully investigated.

To address this deficit, in this review, we describe how
factors associated with the diabetic milieu impact on VSMCs
to promote calcification and we also explore the link between
bone and VC in diabetes with a specific emphasis on the
RANKL/OPG system. Finally, we describe what lessons can
be learnt from Charcot osteoarthropathy, where VC and ex-
treme bone lysis occur concomitantly, in the context of neu-
ropathy and inflammation.

Vascular calcification and neuropathy are linked
in diabetes

Both intimal and medial artery calcification correlate with
significant cardiovascular morbidity and are important predic-
tors of cardiovascular mortality [1]. In diabetes, VC occurs at
both anatomical sites and although either process may arise
independently, a combination of intimal and medial calcifica-
tion is frequently found [19]. Factors commonly associated
with driving intimal calcification and atherosclerosis include
oxidative stress, inflammation and accumulation of AGEs
although these may also contribute to medial calcification. In
contrast, neuropathy appears to be exclusively associated with
medial calcification suggesting that the neuropathic environ-
ment has adverse effects on local VSMCs. However, both
processes are likely to be interlinked as inflammation, oxida-
tive stress and AGE/RAGE derangement can also lead to nerve
impairment and hence neuropathy. Thus, there may be a vi-
cious cycle of VSMC and nerve damage, which acts synergis-
tically to further promote VC in the context of diabetic neu-
ropathy (Fig. 1). How these factors potentially act to drive both
VSMC and nerve damage are described below [17].

Oxidative stress

Oxidative stress plays a critical role in the pathobiology of VC
[20] and has been identified as a key event in the pathogenesis
of diabetic complications. Chronic hyperglycaemia leads to
excessive free radical production and oxidative stress resulting
in cellular injury and death. Increased oxidative stress occurs
early in the onset of diabetes and is characterised by the
presence of a decreased antioxidant capacity and an increased
rate of lipoperoxidation [21] with clinical studies suggesting
that this environment may be associated with the development
of intimal calcification. For example, increased levels of
oxidised low-density lipoprotein (LDL) immune complexes at
baseline, in patients with type 1 diabetes, were associated with
an increased risk of developing clinically significant coronary
artery calcification, detected by computed tomography after a
period of 11–20 years [22]. Atherosclerotic plaques contain
high levels of oxysterols [23] which enhance VSMC calcifica-
tion in vitro by inducing increased ALP activity and apoptosis
[24]. Moreover, numerous studies have implicated reactive
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oxygen species (ROS) in promoting the phenotypic switch of
VSMCs from a contractile to an osteogenic phenotype,
characterised by increased expression of the key osteogenic
differentiation factor Runx2 [25]. In addition, hyperglycemia-
induced oxidative stress is also associated with inflammation,
another factor shown to promote VC in diabetes [26].

Inflammation

Inflammatorymarkers including acute-phase response proteins
(C-reactive protein (CRP), haptogobin, fibrinogen, plasmino-
gen activator inhibitor and serum amyloid A) as well as cyto-
kines (tumour necrosis factorα (TNF-α) and interleukin-6) are
raised in type 2 diabetes and correlate with calcification [27].
Raised inflammatory markers in patients with type 1 diabetes
are also strongly associated with the progression of coronary
artery calcification [28], while increased plasma levels of high
sensitivity CRP and matrix GLA protein have been noted in
patients with type 2 diabetes, suggesting that the process of VC
may be paralleled by low-grade inflammation [29].

Raised levels of ROS and inflammatory cytokines in dia-
betes may link vascular and nerve damage. Chronic
hyperglycaemia has been shown to promote endogenous
TNF-α production by activated macrophages in microvascu-
lar and neural tissues, promoting increased microvascular
permeability, hypercoagulation and associated nerve damage
[30]. Hyperglycaemia-induced oxidative stress also leads to
increased TNF-α expression in response to oxidised LDL, and
evidence from pigs with streptozotocin-induced diabetes has
shown increased expression of TNF-α and IL-6 in both the
coronary media and adventitia, as a result of increased ROS
production via augmented NAD(P)H oxidase activity [31].
Importantly, the proinflammatory cytokines TNF-α and IL-6
have been identified as key cytokines involved in promoting
VC. These factors have been shown to promote VSMC oste-
ogenic differentiation in vitro as blocking antibodies can

inhibit TNF-α-induced ALP activity in human VSMCs.
Upregulation of adventitial TNF-α production by activated
monocytes and macrophages has also been shown to induce
pro-calcific MSX-2 activity via the NF-kappaB pathway and
paracrine Wnt signalling cascades leading to mural calcifica-
tion and fibrosis via activation of mesenchymal progenitors in
the arterial wall [32]. IL-6 can induce osteoblastic differenti-
ation of VSMCs by increasing STAT3 phosphorylation and
ALP activity [33] and in diabetes, IL-6 also triggers increased
expression of heat shock proteins, thus potentiating bone
morphogenic protein (BMP)2/4 action to promote VSMC
osteogenic differentiation [34].

AGE/RAGE

A further signalling pathway that may be important in the
pathogenesis of VC in diabetes is the AGE/RAGE system.
Hyperglycaemia increases protein glycation and leads to for-
mation of AGEs and tissue accumulation of fluorescent
AGEs, detected by skin autofluorescence, is a significant
predictor of cardiac mortality in diabetic patients [35]. Some
of the biological effects of AGEs are modulated through the
interaction with RAGE which activates signalling pathways
leading to cellular dysfunction, organ damage and subse-
quently to complications. In diabetes, activation of AGEs/
RAGE contributes to the acceleration of vascular inflamma-
tion as a result of enhanced inflammatory gene expression and
proatherogenic responses in VSMCs [36].

Activation of RAGE plays a central role in the develop-
ment of accelerated atherosclerosis in diabetes. A study in
streptozotocin-induced diabetic RAGE (−/−)/apolipoprotein E
(apoE−/−) double knockout mice clearly showed that RAGE
activation has a central role in the formation and progression
of atherosclerotic lesions, as the absence of RAGE was asso-
ciated with significant attenuation of atherosclerotic plaque.
The anti-atherosclerotic effects seen in these mice were asso-
ciated with reduced expression of ROS and inflammatory
cytokines, ultimately leading to reduced leukocyte recruitment
[37]. Additional evidence from both animal and cell studies on
the role of non-cross-linked and nonfluorescent Nε-
carboxymethyl-lysine (CML), a major immunogen of AGEs,
on the progression of atherosclerotic calcification, showed
that the CML/RAGE axis induces apoptosis of macrophages,
followed by osteogenic differentiation of VSMCs [38]. Fur-
thermore, in vitro RAGE activation has been shown to induce
osteogenic differentiation of VSMCs through Notch/MSX-2
induction, providing further evidence of its role in VC [39].

Diabetic neuropathy

Neuropathy is a common complication of diabetes and is an
important risk factor for diabetic foot complications [40]. The
first evidence to suggest the link between neuropathy and

Oxidative stress

NeuropathyVC

Diabetes

AGE/ RAGEInflammation

Fig. 1 Interaction between common risk factors for VC and neuropathy
in diabetes. Diabetes is associated with VC and neuropathy and these two
pathologies share common risk factors including oxidative stress, inflam-
mation and AGE/RAGE derangement. Neuropathy is also linked with
VC. It is possible that in diabetes, there may be a vicious cycle of parallel
VSMC and nerve damage, which acts synergistically to further promote
VC

Osteoporos Int (2014) 25:1197–1207 1199



calcified arteries came from clinical observations of diabetic
foot patients [41] where it was noted that VC and bone loss
often have a predominant peripheral distribution, similar to the
distal “stocking” distribution of neuropathy. Calcified arteries
can be identified on plain foot and ankle radiographs and
recognised by the typical “pipe-stem or tramline” appearance
of continuous parallel lines of calcification of foot and leg
arteries [41]. This distal distribution suggests an interaction
with peripheral diabetic neuropathy and indeed impaired vi-
bration sensation, a clinical measure of neuropathy, has long
been noted as a risk factor for VC [10]; more recently, a
significant association between distal sensorimotor
polyneuropathy and VC has been documented [9].

Studies focused on histological examination of the periph-
eral artery specimens from diabetic patients with neuropathy
revealed medial calcification, characterised by the presence of
calcified elastic fibres in the mildly affected arteries, to exten-
sive calcium deposits and areas of true bone formation in the
advanced lesions [19, 42]. Using immunohistochemisty and
in situ hybridization, it was demonstrated that calcified vessels
from diabetic patients showed diminished expression of ma-
trix Gla-protein and osteonectin, key inhibitors of vascular
calcification. Conversely, they showed increased expression
of ALP, bone sialoprotein, bone Gla protein and collagen II—
indicators of osteo/chondrogenesis [19].

Importantly, inflammation, oxidative stress and AGEs/
RAGE disturbances are common players in the pathogenesis
of both VC and neuropathy that impact on VSMCs and nerve
fibres [43–45. Excess production of mitochondrial ROS and
reactive nitrogen species is a pivotal step in hyperglycemia-
induced nerve damage [46]. It is also the main cause of nerve
damage in diabetic patients with good overall glucose control,
as a result of short episodes of postprandial hyperglycaemia
and increased ROS production [43]. Subclinical inflammation
is also associated with the development of neuropathy in vivo
[47] while in animal models, inactivation of TNF-α via either
genetic inactivation or by neutralisation of the TNF-α protein
using the monoclonal antibody infliximab, ameliorates dia-
betic neuropathy in mice [48]. Tissue accumulation of fluo-
rescent AGEs, detected by skin autofluorescence, is associat-
ed with the severity of diabetic neuropathy [49] and accumu-
lation of AGEs has been noted in peripheral nerves from
diabetic rats and dogs [50]. Moreover, the absence of RAGE
attenuates both structural and electrophysiological changes
within the peripheral nerves in diabetic RAGE−/− mice [51];
it has been postulated that strategies targeting RAGE activa-
tion could be helpful to prevent both diabetic vascular com-
plications and neuropathy.

Thus, the same factors and their complex interactions in “at
risk” individuals modulate the occurrence and progression of
both VC and nerve damage. However, an association does not
always mean causation. While the same factors may drive
both vascular and nerve damage concomitantly, it remains

unknown whether loss of trophic factors, from damaged
nerves in neuropathic tissues in diabetes, directly impacts on
the vessel wall to drive VSMC-mediated calcification.

The impact of neuropathy on VC and bone
in diabetes—the role of RANKL/OPG

Neuropathy may also provide a link between the vasculature
and the skeletal system [18]. A high prevalence and coinci-
dence of VC and cardiovascular disease in patients with
osteoporosis has been well documented [52–54] and such an
association has also been noted in patients with diabetes.
Moreover, patients with both type 1 (due to underlying
osteopenia) and type 2 diabetes (due to impaired bone quality
and increased risk of falls) have increased osteoporotic frac-
ture risk [15], while osteopenia in the diabetic lower limb is
associated with peripheral nerve damage [55, 56].

The interaction between arteries and bone in diabetes is
complex. However, one signalling pathway which could ac-
count for this association is the RANKL/OPG cytokine sys-
tem [57, 58], which is also potentially modulated by neurop-
athy [18]. This cytokine system was initially linked with bone
break down as RANKL, a cytokine from the TNF superfam-
ily, has been described as a key regulator of osteoclast matu-
ration and differentiation. RANKL binds to its target RANK,
expressed on mononuclear osteoclastic precursors, induces
NF-kβ signalling, resulting in NF-kβ translocation to the
nucleus and drives osteoclastogenesis [59]. Apart from
bone-forming osteoblasts, it has been shown that RANKL
is expressed by a variety of cells including endothelial
cells, T-cells, dendritic cells and fibroblasts. OPG, a
soluble decoy receptor for RANKL, blocks the interac-
tion between RANKL-RANK, thus acting as an antag-
onist for RANKL [59].

The first evidence to suggest the importance of the
RANKL/OPG signalling pathway in the pathogenesis of cal-
cification came from animal knockout studies. Mice lacking
OPG develop arterial calcification of the aorta and renal
arteries together with severe osteoporosis [60], and conversely
transgenic mice overexpressing OPG develop osteopetrosis
[61]. These important observations have led to a number of
studies exploring this signalling pathway and its link with VC.
There is evidence that calcified arteries of OPG−/− mice ex-
press RANKL and RANK, proteins not normally present in
non-calcified arteries [62]. Similarly, a study in atherosclerotic
human arteries has shown the presence of OPG and RANKL in
advanced calcified lesions [63]. In vitro studies revealed that
VSMCs incubated with RANKL, show a dose-dependent in-
crease in calcification via RANKL/RANK interaction, associ-
ated with increased expression of BMP4 [64]. RANK activa-
tion leads to nuclear translocation of NF-kβ with involvement
only of the alternative pathway with IKK-α activation, but not
of the classical pathway of IKK-β. Furthermore, the process of
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calcification was abolished by co-inhibition with OPG [64].
Immunohistochemistry of atherosclerotic tissue specimens re-
vealed that OPG is deposited at sites of calcification [65], and
this may be a protective mechanism to block RANKL-induced
calcification. Paradoxically, OPG inhibits calcification of
VSMCs induced by high calcium/phosphate treatment only in
physiological concentrations, as its inhibitory effect is blunted
at high concentrations [65]. This observation of a bi-phasic
effect of its action on calcification supports the clinical findings
of elevated serum OPG levels in patients with vascular disease
and it has been suggested that this glycoprotein could serve as a
marker of arterial vascular damage [65].

Similarly, in diabetes, serum OPG levels are raised [66],
and significantly correlate with cardiovascular mortality [67].
In a 17-year prospective observational follow-up study in type
2 diabetes, elevated plasma OPG was a strong predictor of all-
cause mortality, an effect which was independent of kidney
function [68]. Furthermore, high serum OPG levels but not
fibroblast growth factor 23 and 25-hydroxyvitamin D3 (mod-
ulators of VC in renal disease) were closely associated with
the presence of arterial calcification in patients with type 2
diabetes [69]. Thus, in diabetes, there is a shift in classical
factors known to modulate VC in chronic kidney disease,
providing further evidence to support the notion that VC
in diabetes is independent from progression of diabetic
nephropathy [69].

Interestingly, it has been recently postulated that
upregulated RANKL-mediated effects on arteries and bone
could be triggered by the loss of nerve-derived peptides, e.g.
calcitonin gene-related peptide (CGRP) [18]. The latter is a
neuropeptide that acts as a neurotransmitter in small fibres (C-
fibres) [70]. Local innervation plays a modulating role in bone
growth, repair and remodelling. The terminal structure of the
osseous CGRP-containing nerves directly contact osteoblasts,
osteoclasts and the periosteal lining cells, and are a source of
local CGRP, which can act as a local modulator of bone
metabolism. CGRP increases osteoblastic cyclic adenosine
monophosphate via acting on bone specific CGRP receptors
[71] thus stimulating osteogenesis [72]. Osseous CGRP-
containing fibres are also involved in pathologic events in
bone. The density of CGRP fibres is increased near sites of
post-fracture osteogenesis (healing callus) and is decreased at
the stumps of non-union [73]. Evidence from bone marrow
macrophage cultures has shown that CGRP inhibits RANKL-
induced NF-κB activation, downregulates osteoclastic genes
like tartarate-resistant acid phosphatase (TRAP) and cathepsin
K, decreases the number of TRAP+ cells and RANKL-
mediated bone resorption [74]. Interestingly, CGRP is also
known as a potent vasodilatory peptide and an inhibitor of
vascular hypertrophy. Loss of CGRP innervation in large
vessels in rats contributes to age-related hypertrophy of
VSMCs and intimal thickening [75]. However, whether it
has any direct effects on VC has not been explored.

Thus, CGRP deficiency in diabetes may lead to impaired
osteogenesis and delayed fracture healing, and also increased
RANKL-mediated osteoclastic activity. It may also be respon-
sible for enhanced RANKL-mediated calcification as calcified
arteries and bone loss are frequently seen in patients with
diabetic neuropathy. Although the full impact of neuropathy
on vascular damage and bone loss has not been fully investi-
gated, the magnitude of this interaction may be most dramat-
ically illustrated in Charcot osteoarthropathy.

VC and bone destruction in Charcot osteoarthropathy
are mediated via the RANKL/OPG signalling pathway

The association between diabetic neuropathy and VC extends
to neuropathy-related complications including foot ulceration,
osteomyelitis and Charcot osteoarthropathy. VC in peripheral
arteries was reported in 54 % of patients presenting with
uncomplicated foot ulcer and in 66 % of patients with osteo-
myelitis [76]. A condition in which VC is particularly com-
mon is Charcot osteoarthropathy (or Charcot foot) [76]; in
some groups, VC has been observed in up to 90 % of cases
[77]. This rare but devastating complication of diabetes re-
quires specific attention as it links VC, neuropathy and bone
destruction in diabetes and could provide novel insights into
the interactions between these processes.

Although neuropathic joint disease has been associated with
many conditions such as tabes dorsalis, syringomyelia, leprosy,
hereditary sensory neuropathy and familial amyloid neuropa-
thy, in the twenty-first century, Charcot foot is most frequently
seen in patients with diabetes [77]. It has been reported that a
prevalence of 1:680 of people with diabetes develop this con-
dition [78]; however, more recent radiological analysis has
shown the presence of Charcot joints on foot and ankle radio-
graphs in up to 10 % of the patients with diabetes and neurop-
athy [79]. It commonly presents in the mid-foot with severe
metatarsal/tarsal fracture/dislocation (Fig. 2) but also occurs in
the forefoot and hind foot [77]. Rarely, in diabetes, the knee and
the wrist can be affected [77]. Neuropathic joint disease is
associated with enormous morbidity and disability [80]. The
development of Charcot osteoarthropathy is preceded by trau-
ma which subsequently leads to severe bone and joint destruc-
tion, foot deformity, ulceration and then sepsis and often am-
putation. It is also associated with significant mortality [81, 82],
possibly related to the high prevalence of VC and extensive
neuropathy, affecting not only the peripheral nervous
system but also the autonomic nervous system [17].

The exact mechanisms which link neuropathy, VC and bone
loss in Charcot osteoarthropathy are not fully understood but
evidence from the last few years has highlighted the importance
of RANKL/OPG. This signalling pathway is upregulated in
patients with Charcot osteoarthropathy who exhibit elevated
serum levels of RANKL, OPG and RANKL/OPG ratio [73],
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with high serum OPG significantly associated with the pres-
ence of VC in foot and leg arteries in neuropathic patients [83].

In the vasculature histological examination of tibial periph-
eral artery specimens from Charcot patients, undergoing sur-
gery identified positive RANKL staining in both medial and
intimal calcified areas, which were not present in non-
calcified areas or in specimens from control subjects [84].
Moreover, VSMCs from Charcot patients treated with
RANKL show a greater capacity to mineralise and this in-
creased osteoblastic differentiation was inhibited by OPG,
confirming the role of RANKL in the process of calcification
[84]. In bone, evidence from in vitro studies has shown that
newly formed osteoclasts, derived from patients with Charcot
osteoarthropathy, exhibit extensive resorbing activity in the
presence of macrophage-colony stimulating factor (a survival
factor) and RANKL, a response which is attenuated by OPG
[85]. Thus, in the vessel wall, progenitor cells differentiate
into osteoblast-like cells, depositing mineralised matrix,
whereas in bone, the enhanced osteoclastic activation results
in osteolysis and severe bone damage [86].

If RANKL and OPG are key players in both VC and bone
loss in Charcot osteoarthropathy, what are the factors that
activate this pathway? Importantly, evidence suggests that
both neuropathy and inflammation may be causal.

Neuropathy and inflammation promote RANKL/OPG

The exact type of nerve damage in the pathogenesis of Char-
cot foot is not fully understood. However, a selective small
fibre neuropathy has been noted [87] with a possible impair-
ment of C-fibres and associated lack of CGRP. Whether
CGRP modulates the vessel wall in diabetes is unknown;
however, a small pilot immunohistological study has shown
a trend towards reduced expression of CGRP in bone speci-
mens from Charcot patients compared with controls [31]. The
role of CGRP deficiency in the aetiology of Charcot
osteorthropathy has not been fully proven; however, it is
thought that deficiency of this neuropeptide may enhance

the ratio of RANKL to OPG and thus promote VC and
accelerate bone resorption [88]. Further work on the direct
effects of CGRP on diabetic vessels and bone is now required.

A red hot inflamed foot is the classical clinical presentation
of Charcot osteoarthropathy and uncontrolled inflammation has
been shown to have deleterious effect on both vessels and bone.
Indeed, VSMCs treated with Charcot serum showed increased
capacity to mineralise suggesting that there are secreted medi-
ators including proinflammatory cytokines, which can directly
induce osteoblastic differentiation of VSMCs and promote
calcification within the Charcot milieu [84]. Indeed, Charcot
patients present with raised serum inflammatory markers
(hsCRP, TNF-α and IL-6) as well asmarkers of bone resorption
(C-terminal telopeptide of type I collage and alkaline
phosphatase) when compared with controls [89]. Calcaneal
bone mineral density of the affected foot is decreased when
compared with the non-affected contralateral foot [90]. A fur-
ther reduction in bone mineral density of the affected foot is
noted in the natural history of the osteoarthropathy and this fall
is closely associated with inflammation [91]. Recent in vitro
studies on newly formed osteoclasts in patients with Charcot
osteoarthropathy also suggest that inflammation modulates os-
teoclastic activity with a particular interaction between TNF-α,
IL-6 and RANKL [92]. It is possible that in Charcot
osteoarthropathy, TNF-α could promote bone resorption, as
this pro-inflammatory cytokine not only induces RANKL ex-
pression but also enhances osteoclastogenesis in the presence of
permissive levels of RANKL (Fig. 4) [93]. This is in agreement
with a previous histological study of bone specimens from
Charcot patients which has demonstrated that osteoclastic bone
resorption is taking place in the presence of TNF-α, and IL-1β
[94], cytokines also known to modulate VC [95].

All these observations provide firm evidence to support the
recent hypothesis of the role of proinflammatory cytokines
and RANKL activation in the pathogenesis of Charcot
osteoarthropathy [96] and these could also promote VC.
Questions that remain to be answered are why VC is common
in diabetic neuropathy, whereas bone destruction leading to
Charcot joints affects only a small subset of patients.

BA

LF RF

Fig. 2 Anterior–posterior foot radiograph (a) and lateral ankle radio-
graph (b) in a patient with left foot Charcot osteoarthropathy. Severe
metatarsal-tarsal Lisfranc fracture/dislocation of the left mid-foot (a) with

collapse of the medial arch and associated rocker-bottom foot deformity
(b). Bilateral VC of the left and right dorsalis pedis arteries (a) and of the
left posterior tibial and anterior tibial arteries (b) (white arrows)
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One possible explanation is that there may be feedback
mechanisms which elaborate RANKL signalling in both the
vasculature and bone in the Charcot foot. For example, the
osteogenic transcription factor Runx2, which is upregulated in
the calcified vessel wall, is known to bind directly to the
promoter region of RANKL and to promote its expression
[97]. Increased RANKL in the vessel wall results in enhanced
migration and differentiation of macrophages into osteoclast-
like cells, ultimately leading to calcification and true bone
formation in the affected arteries (Fig. 3) [98]. It is thought
that these osteoclast-like cells may drive VC. It is plausible
that in the context of Charcot foot, where there is great
availability/differentiation of osteoclastic precursors [99], that
VC is accelerated via this pathway. Moreover, in bone, trauma

(with or without fracture), sets off an exaggerated inflamma-
tory response with the release of proinflammatory cytokines
and RANKL activation [96]. Fracture itself triggers a coordi-
nated healing cytokine response with enhanced production
of IL-1 and TNF-α [100]. Cytokine stimulation of the
endothelium results in upregulation of receptors and
adhesion molecules which in turn are capable of
forming firm attachment with osteoclast precursors
[94]. Furthermore, RANKL itself exhibits chemotactic
properties towards human monocytes (osteoclastic pre-
cursors) [88]. Thus, local inflammation and enhanced
RANKL expression may contribute to fracture and bone
destruction as well as VC in Charcot osteoarthropathy
(Fig. 4).
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Fig. 3 The potential role of RANKL in the pathogenesis of VC in
Charcot osteoarthropathy. In neuropathy, activation of VSMCs via lack
of CGRP and inflammation associated with a rise in TNF-α and IL-6
could upregulate RANKL and possibly MSX-2 and Runx2 resulting in
enhanced osteoblastic activity and formation of osteoblast-like cells.

Upregulated Runx-2 in VSMCs in response to oxidative stress leads to
enhanced RANKL expression due to direct promoter binding. RANKL
attracts circulating microphages which differentiate into vascular osteo-
clasts. This results in mineralisation and true bone formation in the vessel
wall ultimately leading to VC

Circulating 
osteoclastic 
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Fig. 4 The potential role of RANKL in bone destruction in Charcot
osteoarthropathy. Nerve damage in diabetes is associated with loss of
CGRP and increased RANKL-mediated osteoclastic activity. Trauma
itself triggers an inflammatory response with a rise in TNF-α and IL-6,
which modulates RANKL activation and osteoclastogenesis. TNF-α
itself acts on osteoclast precursors and has a synergistic effect with

RANKL on osteoclast activation. The increased local RANKL expres-
sion exhibits chemotactic properties towards circulating osteoclastic pre-
cursors resulting in increased osteoclastic activity, bone fracture and
ultimately bone destruction. Reduced endothelial expression of nitric
oxide synthase (eNOS) in diabetic neuropathy also contributes to this
increased osteoclastic activity in the diabetic neuropathic foot
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Although the interaction between VC, bone lysis and neu-
ropathy in Charcot osteoarthropathy is highly probable, it has
yet to be established why the frequently seen VC in diabetic
peripheral neuropathy is bilateral, whereas the occurrence of
Charcot joints is more commonly unilateral and is associated
with the site of foot trauma and inflammation. Furthermore,
RANKL itself has contrasting action on vessels and bone. In the
vasculature, upregulated RANKL promotes both osteoclast
differentiation of macrophages and osteoblast differentiation
of progenitor cells (via binding with RANK expressed by
VSMCs) [64, 98], whereas in bone, its effects are mainly
limited to osteoclast regulation [86]. Furthermore, the temporal
association between VC and bone destruction in Charcot
osteoarthropaty is unknown. Although VC is frequently seen
in diabetic neuropathy, only a subset of patients develops
Charcot joints. Furthermore, it is not clear whether the local
production of RANKL and cytokines in the vessels could
increase osteoclastic activity and lead to destruction of bone
through loss of mineral [86]. Alternatively, release of calcium
and minerals could modulate the process of VC in Charcot
osteoarthopathy, although evidence to support this hypothesis is
sparse. A better understanding of the mechanisms and interac-
tion of VC and bone could contribute to better management of
this condition, as the current standard of treatment includes only
casting immobilisation during the acute active stage of bone
destruction [101]. Although recent studies have highlighted the
importance of RANKL and inflammation in the pathogenesis
of osteoclast activation and VC in Charcot osteoarthropathy,
currently, there is no clinical experience with the use of thera-
pies aimed to inhibit RANKL or TNF-α activation [101].

In addition, emerging evidence suggests that other potential
vascular/bone pathways, mediated by neuropathy, may also be
involved. Endothelial nitric oxide synthase (eNOS) is the
enzyme that generates the vasoprotective molecule nitric ox-
ide which acts to suppress osteoclast activity. In neuropathy,
and particularly in Charcot osteoarthropathy, eNOS levels are
significantly decreased suggesting endothelial dysfunction
could also impact on bone loss [31].

In summary, these studies suggest that enhanced RANKL
activity (via neuropathy, inflammation and oxidative stress), as
well as other mechanisms, could modulate both VSMCs and
osteoclasts and lead to VC and bone destruction. More research
is now needed to establish whether VC in diabetic neuropathy
identifies subjects “at risk” of developing Charcot
osteoarthropathy, or alternatively could neuropathy-related bone
destruction itself drive calcium deposition in diabetic arteries.

Conclusions

Bone and vessels are frequently damaged in diabetes and this
damage could be modulated by neuropathy. Further studies of
the complex relationship between VC and bone damage in the

presence of neuropathy are now needed for a better under-
standing of the mechanisms whereby the diabetic milieu im-
pacts on these processes. Charcot osteoarthropathy, a rare
neuropathy-related complication in diabetes, is a useful model
of VC and bone destruction, processes mediated via the
RANKL/OPG signalling pathway and inflammatory modula-
tors that now requires further investigation with the ultimate
aim of devising therapeutics to ameliorate these interrelated
and morbid conditions.
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Medical management of Charcot arthropathy
N. L. Petrova & M. E. Edmonds

Diabetic Foot Clinic, King’s College Hospital, London, UK

Charcot arthropathy is a major complication of diabetes and it poses management challenges to health care professionals. Early diagnosis
and timely intervention are essential for improved outlook of these patients. Casting therapy has been accepted as the mainstay treatment
of the acute Charcot foot, although there are still controversies regarding its duration, the choice of removable and non-removable device
and weight-bearing casts vs. non-weight-bearing casts. Two groups of antiresorptive therapies have been evaluated in the treatment of the
acute Charcot foot, bisphosphonates (intravenous and oral) and calcitonin. These therapies have clearly shown a reduction of bone turnover,
although, they have not shown a significant effect on temperature reduction. Current evidence to support their use is weak. An anabolic agent
to speed up clinical resolution and fracture healing may be helpful and a clinical trial to evaluate the possible benefit of 1–84 recombinant
human parathyroid hormone on fracture healing in the acute Charcot foot is in progress. This paper summarises the current approach to
medical management of acute Charcot arthropathy with specific emphasis on casting and pharmacological therapy. Emerging new studies of
the pathogenesis of this condition are also discussed.
Keywords: bisphosphonates, calcitonin, casting therapy, Charcot arthropathy, receptor activator of nuclear factor κβ ligand (RANKL), TNF-α
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Charcot neuropathic arthropathy, commonly referred as the
Charcot foot, is a rare but devastating complication of type
1 and type 2 diabetes [1]. It presents without warning and
can rapidly lead to severe bone and joint destruction resulting
in horrendous foot deformity [2]. Predisposing factors are
somatic and autonomic neuropathy, osteopenia and renal
impairment [3]. It classically presents as unilateral redness and
swelling of the foot. These initial signs may be underestimated
by the patient because of the co-existing peripheral neuropathy
and only 30% report pain or discomfort at presentation [4].
Trauma is an important trigger and has been reported by
22–53% of the patients [2,5]. It commonly presents in the
mid-foot but also occurs in the forefoot and hind-foot. Rarely,
in diabetes, the knee and the wrist can also be affected by
Charcot arthropathy [6–8].

It is extremely important to have a high index of suspicion.
This should be followed by a rapid diagnosis and early
intervention, and with such a modern approach, many Charcot
feet can now be healed and deformity prevented [3].

Medical Management
The medical management of Charcot arthropathy includes
casting therapy and treatment with bisphosphonates and
calcitonin.

Casting Therapy

Casting therapy is considered as the mainstay in Charcot
foot management [9]. It offloads the foot, reduces mechanical
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forces, oedema and inflammation, redistributes the plantar
pressure, limits bone and joint destruction and arrests the
progression of deformity [2]. Its overall aim is to maintain
a plantigrade foot which can then allow weight-bearing in a
shoe or brace. In patients with suspected Charcot feet, instant
offloading can arrest the development of the osteoarthropathy.
A favourable outcome has been reported in patients in whom
casting was initiated early compared with patients with delayed
presentation [10]. Only 1 out of 11 index patients developed
extended foot fractures and severe deformity in contrast to the
12 out of 13 control patients in whom a late diagnosis has been
made [10]. These patients were treated with casting late in the
course of the disease, in contrast to the remaining 11 patients
in whom offloading was started immediately [10].

Although casting has been accepted as the gold standard
treatment for acute Charcot arthropathy, there are still three
controversies associated with it. Firstly, the duration of casting
therapy, secondly the use of non-removable or removable casts
and thirdly should patients be weight-bearing or not.

Duration of Casting Therapy. Duration of casting therapy can
vary from an average of 9 weeks to a median of 11 months
according to different studies (Table 1). The response to
casting therapy is usually monitored by clinical assessment of
reduction of redness and swelling of the foot and by reduction
of skin foot temperature difference measured by infrared
thermometry [15].

The response of Charcot arthropathy to casting therapy
has been evaluated by quantitative assessment of activity by
bone scanning and skin foot temperatures. There was a strong
correlation between temperature difference and the ratio of
isotope uptake of the affected and non-affected foot (r = 0.90,
p < 0.00001) [16]. More recently, the role of dynamic MRI in
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Table 1. Duration of casting therapy in patients treated for acute Charcot
arthropathy

Study Patients/Charcot feet Duration of casting

Pinzur et al. [11] 10 patients Average 9.2 weeks (range
8–16 weeks)

De Souza [12] 27 patients/34 feet Average 14 weeks (range
4–20 weeks)

Armstrong et al. [4] 55 patients Average 18.5 ± 10.6 weeks
(range 4–56 weeks)

Game et al. [13] 219 patients Median 10 months (range
2–29 months)

Bates et al. [14] 46 patients Median 11 months (range
8–17 months)

the follow-up of 40 patients treated with casting therapy for
acute Charcot arthropathy has been investigated. All patients
underwent clinical and MRI follow-up at 3 monthly intervals
and there was a strong correlation between clinical and MRI
findings in the healing of bony lesions [17].

Removable vs. Non-removable Cast. Although the superiority of
non-removable to removable casting has not been evaluated in
a randomised controlled study, it is generally accepted that the
non-removable cast is the gold standard therapy for Charcot
arthropathy. Interestingly, an audit of the current practice,
patterns in the initial management of Charcot arthropathy in
the United States indicated that total contact casting was the
first choice of management in only 49% of cases [18], whereas
in the UK, non-removable casts at any one point of time were
used only in 34% of the cases [13]. However, this UK web-based
survey of the management of acute Charcot arthropathy clearly
confirmed a superior outcome and shorter time to resolution
in non-removable vs. removable casts [13].

Although there are different modifications of a total contact
cast and no one method of its application has been universally
accepted, the general rule is that casts should be checked
regularly and replaced as necessary [19]. Furthermore, patients
should be instructed to monitor their blood glucose levels
and body temperature and to check casts for any stains or
cracks daily and report immediately if concerned about any
cast-related complications (cast rubs, ulcers and infection).

Weight-bearing or Non-weight-bearing Casts. There is no clear
evidence as to whether non-weight-bearing cast immobilisation
is superior to a weight-bearing one. In a recent study, 27
patients were treated with total contact cast for Charcot
arthropathy and were allowed to bear weight as tolerated and no
deleterious effect from weight-bearing was reported [12]. Strict
non-weight-bearing on the affected foot leads to increased
mechanical forces of the contralateral non-affected foot and
indeed development of contralateral Charcot arthropathy has
been reported in up to 40% of patients [2]. When instituting
offloading therapy in a patient, it is important to consider
patient’s comorbidities and risk of falls. It may be advisable
to use crutches for supported walking and/or wheelchair
to reduce pressure on both feet and prevent contralateral
involvement [20].

Progression from Casts to Footwear

Patients should be changed from cast to shoes when the
foot skin temperature difference is less than 2 ◦C [4]. Casting
immobilisation should be followed by a gradual rehabilitation
from cast treatment to suitable footwear. When the patient
comes out of the cast there will be wasting of the calf muscles
and joint stiffness. It is important to be aware of the dangers
of reactivating the bony destruction phase by excessive rapid
mobilisation or protracted weight bearing in the early stages
of rehabilitation. Too rapid mobilisation can be disastrous,
resulting in further bone and joint damage and can lead to
prolonged casting treatment. Extremely careful rehabilitation
should be the rule, beginning with just a few short steps in the
new footwear. At this stage patients should be provided with
removable bivalve casts or cast walkers which they should wear
the majority of time whilst they are gradually rehabilitating
into footwear. In patients with hind foot involvement, an
alternative to a removable cast or a removable bivalve cast is
the Charcot restraint orthotic walker (CROW), which can aid
the transition from cast to an ankle–foot orthosis (AFO) with
bespoke footwear [3]. This is a bespoke bivalved total-contact
device which externally fixates the ankle. The added extra
internal padding cushions the vulnerable medial malleolar area
and thus prevents ulceration and accommodates deformity. It
is used after swelling is controlled and progressive destruction
has been halted by total-contact casting.

In the rehabilitation phase, the patient should be instructed
to look for swelling, redness and warmth of the foot and
encouraged to seek urgent advice as soon as possible to rule
out relapse. If there is no increase in warmth, swelling and
redness then the patient can walk a few more steps the next
day, and very carefully build up to a reasonable amount of
walking. Finally, the patient may progress to bespoke footwear
with moulded insoles. The transition from cast to shoes is a
crucial element of the treatment and this should be performed
on an individual approach. Patients need close observation to
detect any relapse which will be evident from further swelling
and heat in the foot and in one series of patients, relapse was
detected in 30% of the cases [14].

In the chronic stable stage, deformity needs to be
accommodated, supported or corrected. Patients with Charcot
foot deformity should be followed up promptly to prevent
secondary ulceration, the risk of which is fourfold higher when
compared with the overall risk of foot ulcers in diabetic feet [20].

Pharmacological Management
Current therapies in the treatment of the Charcot foot aim
to correct the imbalance between bone resorption and bone
formation. There is firm evidence that Charcot arthropathy
is associated with increased osteoclastic activity [21] and
antiresorptive therapies have been used with some success. Two
groups of therapies have been evaluated in the treatment of the
acute Charcot foot consisting of bisphosphonates (intravenous
and oral) and calcitonin (Table 2), [22–25].

These therapies have clearly demonstrated a reduction of
bone turnover. However, they have not shown a significant
effect on temperature reduction between the active treatment
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Table 2. Antiresorptive therapies in acute Charcot osteoarthropathy

Bisphosphonates

Active substance Pamidronate Zolendronate Alendronate Calcitonin

Study design Double blind randomised
control trial

Double blind randomised
controlled trial

Randomised controlled
trial

Randomised controlled
trial

Subject number 39 39 20 32

21 active/18 placebo 18 active/17 placebo 11 active/9 controls 16 active/16 controls

InterventionActive/
control group

90 mg pamidronate in
normal saline/placebo
(normal saline)

4 mg zolendronic
acid/placebo

70 mg alendronate/9
control subjects

Salmon calcitonin
200 IU + calcium sup-
plementation/calcium
supplementation

Route of administration i.v./i.v. i.v./i.v. Oral once a week/nil nasal spray + oral/oral

Duration of intervention Single dose infusion for
4 h

Three infusions in
1 month intervals

6 months – weekly 6 months – daily

Reduction in skin foot
temperatures

Non-significant active vs.
placebo

N/A Non-significant active vs.
control

Non-significant active vs.
control

Reduction in bone
turnover

Significant active vs.
placebo

N/A Significant active vs.
control

Significant active vs.
control

Reduction in symptoms Significant active vs.
placebo

N/A Significant active vs.
control

N/A

Median total
immobilisation time

N/A Significant placebo vs.
active

N/A N/A

N/A, not available.

group and the control group [22,23,25]. Also the benefit of
these therapies on fracture healing and resolution of the
arthropathy is unknown, as none of these studies reported
data on radiological follow-up.

With regard to the time to clinical resolution, patients
treated with zolendronic acid required significantly longer
immobilisation compared with the placebo group (Table 2),
[24]. This is in agreement with recent data, which reported that
the median time to resolution in those who received any form
of bisphosphonates was greater compared with individuals
who did not [13].

Although some authors consider bisphosphonates as useful
adjuncts to standard management [26], a recent systematic
review of the treatment of acute Charcot arthropathy with
bisphosphonates has reported that the evidence to support
their use is weak [27] and indeed these therapies have not
been approved in the United States by the Food and Drug
Administration for use in patients with Charcot arthropathy
[28]. It is possible that the window of opportunity to administer
these antiresorptive therapies is limited and there may be
no definite benefit in patients who have already developed
extensive fractures and bone fragmentation at presentation.

Another way to improve bone remodelling is to use
an anabolic agent, as it may speed up clinical resolution
and fracture healing and an initial pilot study in acute
Charcot osteoarthropathy has evaluated the effect of human
parathyroid hormone on fracture healing in patients with
Charcot osteoarthropathy. Although this pilot observation
has shown more rapid fracture consolidation, faster oedema
control and temperature stabilisation, and earlier return to
weight bearing [29], larger studies are needed to confirm the
possible role of anabolic agents in the treatment of Charcot

foot. At present, a double-blind, randomised, control study in
patients with acute Charcot arthopathy to evaluate the possible
benefit of 1–84 recombinant human parathyroid hormone on
fracture healing is in progress [30].

Future Therapies
Recently, considerable progress has been made with our
understanding of the pathogenesis of this difficult condition. It
is a bone and joint destruction, associated with increased
osteoclastic activity and uncontrolled inflammation [31].
Advances in cellular biology have helped to elucidate the
mechanisms of increased osteoclastic activity in acute Charcot
arthropathy. The recently discovered receptor activator of
nuclear factor κβ ligand (RANKL), a cytokine from the
tumour necrosis factor (TNF)-ligand superfamily, has been
identified as a key factor for osteoclast differentiation and
regulation [32]. Using an in vitro technique to generate
functional human osteoclasts from peripheral blood monocytes
[33,34], it has been shown that newly formed osteoclasts from
patients with acute Charcot arthopathy exhibit an increased
response to RANKL in comparison with osteoclasts from
diabetic patients and healthy subjects [35]. Furthermore, this
response is modulated by the proinflammatory cytokine TNF-
α, [36]. This is in agreement with the recent hypothesis
that the proinflammatory cytokines play an important role
in the inflammatory osteolysis of Charcot arthropathy [31].
Moreover, a further study has shown increased expression
of TNF-α by activated monocytes and increased serum
levels of TNF-α in patients with active Charcot arthropathy
compared with diabetic control patients [37]. Thus, there is an
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interaction between inflammation and bone resorption. These
observations are important because they lead to possible novel
therapies with new pharmacological agents to inhibit RANKL
or TNF-α mediated osteoclastic activity and thus improve the
overall management of this condition.

Conclusions
Offloading and casting therapy remain the main medical
therapy of acute Charcot arthropathy. Recent studies have
highlighted the superiority of a non-removable cast to
removable devices. The overall benefit of the antiresorptive
therapies on healing remains unclear and the benefit of anabolic
therapy with parathyroid hormone is yet to be established.
Emerging new studies in cellular biology may lead to improved
understanding of the mechanisms of pathological bone and
joint destruction in Charcot arthropathy and may provide a
scientific basis for new interventions to improve the outlook of
these patients.
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Summary

It is extremely important to have a high index of suspicion for Charcot neuro-
osteoarthropathy (CN) and to encourage early presentation of the patient.
This should be followed by a rapid diagnosis and early intervention, and
with such a modern approach many CN can now be healed and deformity
prevented. CN can be divided into two phases: acute active phase and chronic
stable phase.

The acute active phase includes those patients presenting early with normal
X-ray and those presenting later with deformity and radiological changes of
CN. The acute phase is characterized by unilateral erythema and oedema.
The foot is at least 2 ◦C hotter than the contralateral foot.

Patients should have initially an X-ray examination which, at this time,
may be normal. We then proceed to two investigations: initially a technetium
diphosphonate bone scan, which will detect early evidence of bone damage
and also locate the site of this damage. If the result of the bone scan is positive,
we would proceed to magnetic resonance imaging (MRI) examination, which
would describe in more detail the nature of the bony damage.

The aim of treatment is immobilization in a plaster cast until there is no
longer evidence on X-ray of continuing bone destruction, and the foot temper-
ature is within 2 ◦C of the contralateral foot. An alternative treatment is a pre-
fabricated walking cast, such as the Aircast. A randomized controlled study of
a single 90 mg pamidronate infusion has shown a significant reduction of the
markers of bone turnover and skin temperature in treated, compared with con-
trol subjects although the fall in skin temperature was similar in both groups.
There was a similar finding in a recent study with alendronate. Calcitonin has
also been used in the acute stage and there was a more rapid transition to
the stable chronic phase in the treated group compared with controls.

In the chronic stable phase, the foot is no longer warm and red. There may
still be oedema but the difference in skin temperature between the feet is
usually less than 2 ◦C. The X-ray shows fracture healing, sclerosis and bone
remodelling. The patient must now be rehabilitated and gradually moved
from cast treatment to suitable footwear. The patient needs close observation
to detect any relapse, which will be evident from further swelling and heat
in the foot. Careful rehabilitation is always necessary after a long period in a
cast. Copyright  2008 John Wiley & Sons, Ltd.

Keywords Charcot neuro-osteoarthropathy; fracture; skin foot temperature;
casting; orthotics

Introduction

Charcot neuro-osteoarthropathy (CN) is a major complication of diabetes. It
often presents without warning and can rapidly deteriorate into severe and
irreversible foot deformity leading then to ulceration and amputation [1].

Copyright  2008 John Wiley & Sons, Ltd.
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Prognosis of this condition is poor and mortality is
high [2]. Although neuropathic joint disease has been
associated with many conditions such as tabes dorsalis,
syringomyelia, leprosy, hereditary sensory neuropathy
and familial amyloid neuropathy, it is now most
commonly seen in patients with diabetes. This article will
describe the incidence, predisposition and presentation of
CN and then discuss the current standards of management
in the two main stages of this condition, namely, the acute
active stage and the chronic inactive stable stage.

Incidence

Sinha et al cited a prevalence of 1 : 680 of people with
diabetes developing this condition [3]. Evidence of radio-
logical changes associated with the CN has been reported
in up to 10% of patients with diabetes and neuropathy
[4]. More recently, a difference in the presentation of
CN between type 1 and type 2 diabetes has been noted.
Patients with type 1 diabetes present at a younger age and
have longer duration of diabetes compared with type 2
diabetes [5]. A relative preponderance of type 1 diabetes
compared with type 2 diabetes has also been recorded.

Predisposition

The predisposing factors are somatic and autonomic
neuropathy, osteopenia and renal impairment. There is
evidence that a small fibre neuropathy predisposes to the
CN [6], although other work has shown both small and
large fibre neuropathy to be important [7]. Underlying
osteopenia has been reported in type 1 but not in type 2
diabetes [8]. A relationship between diabetic nephropa-
thy, renal replacement therapy and the development of
the CN has been noted. Diabetic patients who have had a
renal transplant have a high risk of fracture at the ankle
and the foot [9]. Trauma is an important factor in the
pathogenesis and was found to be present in 22–53%
of the cases [10,11]. CN may also follow injudicious
mobilization after surgery, a period of bed rest or casting.

Presentation

It is an acute osteoarthropathy with bone and joint
destruction. About 30% of patients complain of pain or
discomfort [10]. It commonly presents in the mid-foot but
also occurs in the forefoot and hind foot. The prognosis
for the hind foot is much more serious with the high risk
of instability of the ankle and the necessity for a major
amputation. Rarely, in diabetes, the knee can also be
affected by CN.

It is extremely important to have a high index of
suspicion and to encourage early presentation of the
patient. This should be followed by a rapid diagnosis

and early intervention, and with such a modern approach
many CN can now be healed and deformity prevented.

Differential diagnosis of Charcot
osteoarthropathy

It is important to differentiate between the red, hot,
swollen appearance of CN and the red, hot swollen cel-
lulitic foot. Cellulitis is more likely in the presence of
an ulcer that may show typical signs of infection. Infec-
tion severe enough to cause generalized redness, warmth
and swelling will usually cause local signs such as dis-
colouration of the bed of the wound, and discharge from
the ulcer. The swelling of CN responds more rapidly
to elevation than does that of the infected foot. Inter-
estingly, there is dissociation between the presence of
local signs of inflammation and the lack of systemic
response. Recent study has shown that C-reactive protein
was within the normal range in almost 50% of patients
of the patients presenting with acute CN and only mod-
erately elevated in the remainder [12]. Indeed, in a small
series of patients, serum C-reactive protein was signifi-
cantly lower in patients with CN compared with patients
with osteomyelitis [13].

Gout and deep vein thrombosis may also masquerade
as CN but can be excluded by measurement of serum uric
acid (which is usually raised in gout) and duplex vein scan.

Current standards of management

CN can be divided into two phases: the acute active stage
and the chronic inactive stage.

Acute active stage

The acute phase is characterized by unilateral erythema
and oedema. The foot is at least 2 ◦C hotter than the con-
tralateral foot and the difference may be as great as 10 ◦C.
This may be measured with an infrared skin thermometer
[14].

According to the presence of radiological abnormality,
the acute active stage may be divided into early acute stage
and advanced acute stage. Patients may present early in
the acute active phase with normal X-ray or later when
there may be already existing deformity and radiological
changes of CN. Normal radiograph at presentation does
not rule out CN and it is important to carry out further
imaging investigations to reveal underlying abnormality.
Initially a technetium diphosphonate bone scan will detect
early evidence of bone damage showing increased focal
uptake on the bony (third) phase. This stage has been
recently described as stage 0 with normal radiograph
and abnormal bone scan in Sella and Barrette’s staging
of CN [15]. Magnetic resonance imaging (MRI) may
describe in more detail the nature of the bony damage
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and MRI abnormalities at this early stage of CN include
sub-chondral bone marrow oedema with or without
microfracture [16,17].

Offloading at this stage is important and could arrest
progression to overt changes and indeed a pilot study has
reported a resolution of bone marrow oedema and healing
of microfractures after casting treatment [18]. Initially the
foot is immobilized in a non-weight bearing plaster cast.
The cast is checked after 1 week, and replaced if it has
become loose due to reduction of oedema. It should be
regularly checked and replaced as necessary. The patient
should use crutches and be encouraged to avoid weight
bearing on the affected side. However, we recognize that
in many cases it is difficult to be completely non-weight
bearing because the patient has multiple comorbidities
including loss of proprioception, postural hypotension,
high body mass index and, in some cases, neuropathy of
the upper limbs, all of which can make it difficult for him
to use crutches. Furthermore, a wheelchair existence is
often impractical in many home environments. Also, total
immobility has disadvantages in itself with loss of muscle
tone, reduction in bone density and loss of body fitness.
The casting is continued until the swelling has resolved
and the temperature of the affected foot is within 2 ◦C
of the contralateral foot. An alternative treatment is a
prefabricated walking cast, such as the Aircast. A moulded
insole should replace the standard insole provided with
the cast by the manufacturer. The hindfoot CN is probably
best treated in a total contact cast.

If diagnosis is not made at this early stage of CN
or patients present late, the osteoarthropathy progresses
to the advanced acute stage. Extensive bone damage is
incurred leading to joint sub-luxation and dislocation with
subsequent deformity. These changes can develop very
rapidly. Foot radiographs reveal the extensive damage
and changes at this stage include bone fractures and joint
sub-luxations or dislocations [1]. Treatment at this stage
is also with a cast immobilization until there is no longer
evidence on X-ray of continuing bone destruction and the
foot temperature is within 2 ◦C of the contralateral foot.

Chronic stable stage

Conservative treatment
The foot is no longer warm and red. The oedema may
persist but the difference in skin temperature between
the feet is usually less than 2 ◦C. The X-ray shows
fracture healing, sclerosis and bone remodelling. Although
some studies have reported an average time of casting
of 18 weeks [10], some patients may need a cast for
over a year. Indeed, a recent study of 46 patients with
acute CN treated with offloading, reported a median
duration of casting treatment of 11 months. Patients need
close observation to detect any relapse, which will be
evident from further swelling and heat in the foot and
in the same series of patients relapse was detected in
30% of them and total duration of casting treatment
required was 20 months [19]. This is a crucial stage in

the treatment. The patient must now be rehabilitated
and gradually moved from cast treatment to suitable
footwear. When the patient comes out of the cast there
will be wasting of the calf muscles and joint stiffness.
The physiotherapist must be aware of the dangers of
reactivating the bony destruction phase by excessively
rapid mobilization or protracted weight bearing in the
early stages of rehabilitation. Too rapid mobilization
can be disastrous, resulting in further bone and joint
damage. Extremely careful rehabilitation should be the
rule, beginning with just a few short steps in the new
footwear. The patient rests for the remaining of the day
and monitors the foot. If there is no increase in warmth,
swelling and redness then he can walk a few more steps
the next day, and very carefully build up to a reasonable
amount of walking. Finally, the patient may progress to
bespoke footwear with moulded insoles.

Treatment in the chronic stage will be described for the
forefoot, mid-foot and hind foot.

Forefoot
This usually stabilizes without bony deformity but patients
may need moulded insoles in bespoke shoes.

Mid-foot
When the mid-foot has stabilized, the patient can now
progress from a total-contact cast to a bivalved cast or
Aircast walker fitted with a cradled moulded insole.
The rockerbottom foot with plantar bony prominence
is a site of very high pressure. Regular reduction of
callus can prevent ulceration. If ulceration does occur,
an ostectomy may be needed. If stabilization cannot be
achieved by conservative means, then it is possible to
carry out operative procedures in the mid-foot.

Hindfoot
Hindfoot CN may be difficult to stabilize. An attempt may
be made with total-contact casting. The cast may have
been used during the acute phases, to reduce oedema and
halt progressive bony changes and deformity. Continued
use of the cast will help to achieve stability of the hindfoot.
Alternatively, a Charcot restraint orthotic walker (CROW)
may be used, followed by an ankle–foot orthosis (AFO)
with bespoke footwear.

The CROW
This is a bespoke bivalved total-contact device that
externally fixates the ankle. Extra internal padding has
been added to cushion the vulnerable medial malleolar
area. The yellow corrugations contain ethyl vinyl acetate
(EVA) to strengthen the device without increasing the
bulk. All internal metal rivets have extra padding.
The rigid, durable outer shell is constructed out of
polypropylene and is lined with EVA. There is a bespoke
moulded insole to accommodate any existing deformity
and to redistribute plantar pressures. A rockerbottom,
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crepe sole is attached to facilitate roll-off during walking.
It is used after swelling is controlled and progressive
destruction halted by total-contact casting.

The ankle–foot orthosis (AFO)
The AFO is a device used to stabilize the foot and
ankle. There are two main forms of AFO, the traditional
conventional metal and leather calliper and the newer
thermoplastic types, which are more cosmetic.

Surgical treatment
Although non-operative treatment with use of total con-
tact cast followed by an appropriate bracing and footwear
is considered to be the gold standard treatment for CN,
surgical treatment is essential when conservative treat-
ment fails. Operative treatment is indicated for chronic
recurrent ulcerations and joint instability when patients
present with unstable or displaced fracture-dislocations.
Surgical intervention includes open reductions and inter-
nal fixation and at times combined with external fixation
[20]. It can be ‘symptomatic’ such as exostotomy in cases
complicated by chronic recurrent ulceration associated
with osseous prominence in the Charcot deformed foot,
or incision and drainage in the infected CN. Alterna-
tively it can aim to address biomechanical problems and
currently surgical reconstruction for CN includes open
reduction with internal or external fixation, dorsiflectory
osteotomies of the metatarsals, intra-medullary rodding
and arthrodesis of the damaged joints [21]. In a series
of 28 patients with CN dislocation external fixation with
bone stimulation has been used with no further break-
down after surgery [21]. Early experience with using
specific Taylor spatial external fixation system has also
been reported [22].

Conclusion

We have described the natural history of the CN. A full
understanding of the progression of events is necessary
in order to make an early diagnosis and institute active
treatment. There should be a high index of suspicion for
the CN so as to intervene early and prevent the progression
to Charcot deformity.
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