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Introduction
Charcot neuroarthropathy (CNA) is a progressive, degenerative 

process which usually occurs in the bones of the ankle and midfoot. 
While not exclusive to patients with diabetes, CNA will develop in 
about 0.1-2.5% of those with diabetes [1,2] and has been reported in up 
to 13% of people with diabetes at a specialized diabetic foot and ankle 
clinic [3]. The precise incidence is not known, but it is estimated that 
over 375,000 patients in the United States alone are affected by CNA 
[4]. 

Acute clinical presentation is marked by localized redness, 
inflammation, possible pain, and joint and/or bone deformity. The 
underlying peripheral neuropathy that always accompanies CNA 
may make the condition go unnoticed due to a lack of pain sensation. 
Standard radiography in the early stage is often unable to distinguish 
CNA from other conditions and while radioisotope technetium (Tc-
99m) bone scintigraphy has good sensitivity, it has poor specificity for 
showing osseous changes until later stages of the condition. Magnetic 
resonance imaging (MRI) has been shown to be a good technique for 
evaluating bony inflammation and localized soft tissue involvement in 
the early stage [5] but may over-estimate damage and can be difficult 
to assess in the presence of osteomyelitis. MRI has, however, been 
shown to correlate bone marrow edema with clinical evaluations such 
as soft tissue edema and/or pain [6]. During the acute phase, the CNA 
foot is hot with increased blood flow when measured by laser doppler 
techniques [7]. The chronic (quiescent) stage of CNA is characterized 
by absence of edema, erythema or warmth, and hypertrophic bone 
healing. Several systems exist for classifying CNA and are summarized 
in a concise clinical review by Slater et al. [8]. The following brief review 
will present what is currently known about the possible pathogenesis 
of CNA and will suggest some possible pathways that warrant further 
study.

Mechanical Theories of the Pathogenesis of CNA
While two theories were once thought to provide competing 

views of the cause of CNA, they are now accepted to both provide 
useful information about the pathogenesis of this condition. The 
“neurovascular theory” of CNA suggests that bony changes are the 
result of damage to the autonomic nervous system causing hyperemia 
and an increase in blood flow to the limbs due to arteriovenous shunts. 
The “neurotraumatic theory” postulates that in the presence of sensory 
neuropathy, CNA may be triggered by some external trauma to the 
foot that sets the inflammatory response into motion. In either case, the 
progression of localized inflammation eventually leads to bone lysis, 
microfracture and bone deformity. Interestingly these two pathways 
may be linked since it has become evident that autonomic dysfunction 
is associated with an increase in circulating inflammatory cytokines 
[9]. Recent studies support the notion that autonomic reflexes may 
control the inflammatory response [10].

Although each of these theories has merit, both fail to explain why 
CNA occurs in only a small percentage of those with neuropathy, why 
the condition is often unilateral, and how the inflammatory response 
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Abstract
Charcot neuroarthropathy (CNA) is a degenerative bone disease of unknown origin that occurs in the ankle and 

midfoot. While not exclusive to patients with diabetes, CNA will develop in about 0.1-2.5% of those with diabetes [1,2]. 
Recent work has focused on understanding the common link between inflammation induced by oxidative stress and the 
ensuing accumulation of advanced glycation end products (AGEs) leading to impaired bone mineral matrix mineralization 
and reduced bone strength in CNA. Collagen cross-linking is important for bone strength but non-enzymatic cross-
linking results in an accumulation of AGEs in bone, accelerated by oxidative stress. AGEs stimulate apoptosis of 
osteoblastic cells mediated through RAGE, the pattern recognition receptor for AGE. AGE-RAGE interactions alter 
intracellular signaling via pro-inflammatory cytokines that further propagate diabetic complications. sRAGE is a soluble 
form of RAGE that competes with membrane-bound RAGE receptors for AGEs and functions as a decoy to “mop up” 
circulating AGEs, preventing them from binding to RAGE and causing an inflammatory cascade. A reduction in serum 
sRAGE is associated with increased vascular risk factors in diabetes mellitus and the metabolic syndrome. Recently, 
it was shown that bone specimens removed from CNA patients display reduced trabecular number and the presence 
of woven bone. We have previously shown derangements in collagen structure of the Achilles tendon and reduced 
calcaneal bone stiffness in CNA patients correlated with a marked reduction in circulating sRAGE. These results 
suggest a relationship between impaired AGE defense, bone turnover, and reduced bone quality in CNA. Based on 
limited studies relating RAGE to bone status and a few animal studies using sRAGE administration to interfere with 
RAGE expression, we speculate that sRAGE administration may have potential to interrupt osteoclastic activation in 
those who lack adequate endogenous production such as patients with CNA.
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contributes to the progression of the disease. The work of Mabilleau 
and Edmonds [11] suggests that although osteoclastic resorption 
mediated by receptor activator for nuclear factor-κB ligand (RANKL) 
occurs in acute CNA, a RANKL-independent pathway mediated by 
proinflammatory cytokines may also be important [11]. As a result, 
recent work has focused on understanding the common link between 
inflammation induced by oxidative stress and the ensuing accumulation 
of advanced glycation end products (AGEs) leading to impaired bone 
mineral matrix mineralization and reduced bone strength. As the 
authors have previously reported, the common link may indeed be the 
severity of autonomic neuropathy found in CNA [12]. This observation 
was cross sectional, however, and requires further elaboration.  

AGEs, collagen cross-linking, and bone strength

Bone density and bone quality are both important, and arguably 
independent, factors in the determination of bone strength. 
Stabilization of newly formed bone collagen fibers is achieved by cross-
linking between nearby collagen molecules. Collagen cross-linking is 
a determinant of bone quality due to its effects on tensile strength and 
post-yield properties of bone. Cross-links can form enzymatically by 
the action of lysyl oxidase or non-enzymatically, resulting in advanced 
glycation end products (AGEs). In contrast to the beneficial effects of 
enzymatic cross-linking processes on bone strength, AGEs cross-links 
have been shown to deteriorate both the biological and mechanical 
properties of bone [13]. Glycated collagen has an impaired ability to 
promote differentiation of preosteoblasts to mature osteoblasts in 
vitro [14] and impairs the adhesion of osteoblastic cells to the matrix 
[15]. Non-enzymatic cross-links AGEs in bone collagen make collagen 
fibers brittle, leading to an accumulation of fatigue damage over time, 
which results in increased bone fragility [16-18]. These cross-links 
are markedly increased in bone with both low and high levels of bone 
turnover via oxidation reactions and are accelerated by oxidative stress 
[19,20]. 

The AGEs-diabetes-bone connection 

Hyperglycemia increases protein glycation and causes a gradual 
accumulation of advanced glycation end products in body tissues. 
These AGEs form on intra- and extracellular proteins, lipids, and 
nucleic acids, in complex arrangements that lead to cross-linking. It 
has also been shown that an accumulation of AGEs in collagen tissue 
such as skin, measured by skin autofluorescence, correlates with 
severity of peripheral and autonomic nerve abnormalities in diabetes, 
even before being clinically manifest [21]. We, along with others, have 
also shown that CNA patients display significantly worse autonomic 
neuropathy (both sympathetic and parasympathetic) than diabetic or 
control subjects [12]. We suspect that this loss of sympathetic activity 
is responsible for the increase in skin blood flow we have observed in 
the affected foot of Charcot patients, possibly indicating an opening 
of shunt vessels that increase perfusion of the feet which may further 
increase osteoclastic activity and speed bone resorption [7]. 

Both immunohistochemical and biochemical studies have shown 
that carboxymethyllysine (CML)-modified proteins are AGEs that 
accumulate in tissues affected by diabetic complications, such as bone. 
AGEs have been shown to stimulate apoptosis of osteoblastic cells 
via CML collagen, one of the predominant AGEs found in bone and 
serum in individuals with low bone mass [22]. This process is mediated 
through RAGE, the pattern recognition receptor for AGE. Of the three 

known receptors for AGE, RAGE is of particular interest because it is 
found on many cell types, especially those affected by diabetes. RAGE 
is constitutively expressed but is induced by reactions known to initiate 
inflammation. Patients with diabetes often display elevated CML 
levels that can bind and activate RAGE signaling [23]. Furthermore, 
AGE-RAGE interaction creates a chronic cascade of inflammation 
and tissue injury. In a study comparing bone properties of RAGE -/- 
deficient vs wild type mice, Ding et al. [24] showed increases in bone 
mineral density and content, trabecular bone volume, bone quality and 
decreased osteoclast formation in RAGE knockout mice compared to 
controls, asserting the important role of RAGE in osteoclast formation 
and diabetes-induced bone destruction.

In homeostasis, RAGE is expressed at low levels but during biological 
stresses such as inflammation and diabetes, RAGE expression is greatly 
up regulated as a direct result of AGE accumulation. Many studies have 
now shown that AGE-RAGE interactions alter intracellular signaling 
via pro-inflammatory cytokines such as IL-6, TNF-α, and free radicals 
that further propagate diabetic complications [24]. These cytokines may 
stimulate an increased activation of NF-κB ligand (RANKL) and lead 
to enhanced osteoclastogenesis and impaired matrix mineralization 
[25,26] which predisposes bone to fracture. However, Mabilleau et al. 
[27] suggests that a RANKL-independent pathway also plays a role in 
the development of CNA. Specifically, they have shown that patients 
with CNA have 1.7 and 2.1 times higher numbers of CD14-positive 
monocyte cells than either diabetic patients without CNA or healthy 
controls. These increases were mirrored by a similar elevation in TNF-α 
in patients with CNA versus the other two groups. CD14-positive 
monocytes are the most potent of the monocyte subpopulations to 
transform into bone resorbing osteoclasts. They suggest that anti-TNF 
biological therapies may be useful therapeutic agents for controlling 
progression to CNA [28].

AGEs and bone quality

Historically, bone research involving diabetic patients has shown a 
paradoxical relationship whereby type 2 diabetes patients often display 
above average bone mineral density (BMD) but unusually high rates 
of fracture [29]. We now suspect, however, that type 2 diabetes may 
induce a condition of low bone quality, suggesting impaired material 
properties of bone. An increase in AGEs cross-links in diabetic bone 
may explain the discrepancy between density and strength although 
direct evidence does not yet exist to support this hypothesis. 

In support of this idea, the authors have previously shown 
derangements in collagen structure of the Achilles tendon of Charcot 
patients, perhaps caused by accumulation of AGE cross-links [30,31]. 
A recent study by La Fontaine et al. [32] extends these findings 
to include an observation of reduced trabecular number and the 
presence of woven bone in bone specimens removed from the feet 
of patients with CNA undergoing corrective surgery. Woven bone 
is characterized by disorganized collagen fibers with a high cellular 
content and inconsistent mineral content. La Fontaine et al. [32] 
further described the CNA bone specimens as having osteoid-like 
trabeculae with surrounding inflammatory infiltrate dominated by 
lymphocytes and eosinophils. They further observed an increase in 
the number of Howship’s lacunae indicating increased osteoclastic 
activity [32]. They conclude that the trabeculae in CNA patients 
appear to have poor quality characteristics compared with controls and 
diabetic patients without CNA. It is difficult, however, to distinguish 
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characteristics attributable to the acute vs. chronic stage of the disease 
since they included a mixed sample of CNA patients. This is the first 
study, however, to qualitatively describe the histochemical properties 
of Charcot bone which further sets the stage for continued work in this 
important area. 

In support of the observations of La Fontaine’s group, the authors 
have studied bone quality in vivo in CNA patients using quantitative 
ultrasonography (QUS) of the calcaneus. This study showed a 36% 
reduction in calcaneal bone stiffness using QUS between stage 2 CNA 
patients and both healthy controls and diabetic patients without CNA, 
despite comparable bone mineral density in the feet and proximal 
femur using DXA [12]. We measured BMD of the feet in “hand mode” 
using DXA, which provides a better estimate of actual foot BMD rather 
than inferring this from hip, spine, or whole body BMD scans. Others 
have shown a reduced BMD of the acute Charcot foot using quantitative 
ultrasound [33] but QUS likely underestimates BMD in acute CNA 
since edema increases the time for transmission of sound waves and 
has previously been shown to decrease the estimation of BMD [34]. The 
only study to report on BMD in stage 3 CNA found decreased BMD 
with an average of 5 years following the initial CNA event [35]. Our 
previous findings and those of La Fontaine et al. [32] correlate CNA 
pathogenesis with bone quality, rather than bone density which may 

be a more important predictor of fracture than bone density alone [26]. 

sRAGE: A Better Indicator of Charcot Susceptibility?
sRAGE is a soluble form of RAGE that competes with membrane-

bound RAGE receptors for AGEs and functions as a decoy to “mop 
up” circulating AGEs, preventing them from binding to RAGE and 
causing an inflammatory cascade (Figure 1). A reduction in serum 
sRAGE is associated with increased vascular risk factors in diabetes 
mellitus and the metabolic syndrome [36]. It is also decreased in 
chronic inflammatory diseases including atherosclerosis, renal failure 
and aging [37], and in patients with Grade 5 (Wagner classification) 
diabetic neuropathy in the feet [38]. El-Mesallamy et al. [38] showed 
that serum sRAGE was elevated in diabetic patients without severe 
complications in the feet but reduced in those with the most severe 
diabetic foot condition (characterized by ulceration, infection, and 
gangrene infection). We have also recently reported a significant 
reduction of sRAGE in patients with chronic (quiescent) Charcot 
neuroarthropathy. In our study, sRAGE levels in CNA were reduced by 
86% compared to healthy controls. We also showed that type 2 diabetic 
patients without CNA displayed a 50% reduction in sRAGE compared 
to controls [12], which is in contrast to the results of El-Mesallamy [38] 
who reported elevated sRAGE in diabetic patients without diabetic 
foot compared to controls. These discrepancies may well be explained 
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Figure 1: The relationship between binding of ligands to the pattern recognition AGE receptor, RAGE and inflammation, gene expression, oxidative and nitrosative 
stress, and damage to the macro- and microvasculature. Elevated levels of glucose bind to proteins and form AGEs (I), which bind to RAGEs. RAGE signaling activates 
NADPH oxidase (II) and production of reactive oxygen species (ROS) (III). Increased ROS increases advance oxidation protein products (AOPPs), more AGEs, 
and AGE-modification of oxidized LDLs (oxLDLs). Furthermore, increased ROS may deplete glutathione, thereby suppressing glyoxalase I activity, a mechanism 
favoring further AGE accumulation (IV). AGEs, AOPPs, macrophage glycoprotein (MAC-1), and AGE-oxLDL ligands of RAGE sustain stimulation of RAGE, and these 
processes, together with increased ROS, activate key transcription factors such as nuclear factor-κB (NF-κB) and Egr-1 (V), which increase gene transcription factors 
and activate inflammatory mechanisms (VI). Consequences include increased migration and activation of RAGE-expressing neutrophils, monocytes/macrophages, 
T-cells, and dendritic cells (VII). This results in the release of the proinflammatory RAGE ligands S100/calgranulins and high-mobility group protein box-1 (HMGB1). 
In this inflammatory environment, further AGEs may be formed as well. Via interaction with RAGE, these ligands magnify activation of NF-κB, Agr-1, and other factors 
(VIII), thereby amplifying cellular stress and tissue damage leading to neurovascular and bone dysfunction. Soluble RAGE (sRAGE) formed from cleavage of RAGE 
by disintegrins such as ADAM 10, a metalloproteinase, and β- and γ-secretases. sRAGE or a spliced variant (esRAGE) compete for binding of ligands to RAGE, and 
a deficiency could theoretically initiate the sequence of events activating an inflammatory cascade with an increase in the expression of proinflammatory cytokines 
(E-selectin, endothelin-1 tissue factor, vascular endothelial growth factor, and other proinflammatorycytokines [interleukin-6 and tumor necrosis factor-α]) and damage 
to neurons, kidney, eye, the vasculature, and even bone. Increasing sRAGE or its administration could competitively reduce activation of the AGE/RAGE pathway and 
it consequences, reproduced with permission from [42].
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by the specificity of the antibodies used in the assays of sRAGE and 
the cross reaction of some with esRAGE leading to falsely elevated 
levels of sRAGE. We are the first, however, to correlate a reduction 
in sRAGE to bone outcomes in CNA. We have shown significantly 
lower bone stiffness but significantly higher osteocalcin levels in CNA. 
Furthermore, there was a positive correlation between calcaneal bone 
stiffness index and sRAGE (r=0.35, p<0.01) and a negative correlation 
between bone stiffness index and osteocalcin (r= -0.39, p<0.001). These 
results suggest a relationship between impaired AGE defense, increased 
bone turnover, and reduced bone quality in Charcot neuroarthropathy. 
We further hypothesize that CNA patients may be susceptible to AGE-
mediated osteoblast apoptosis which limits their ability to repair bone.

Animal studies also support the idea that RAGE plays a critical role 
in bone loss via stimulation of an inflammatory cascade. Lalla et al. 
[39] blocked RAGE using sRAGE as a decoy receptor for AGEs and 
showed diminished diabetic alveolar bone loss in periodontal disease in 
mice. Likewise, diabetic mice administered sRAGE display suppressed 
development of atherosclerotic lesions without a concomitant 
decrease in HbA1c, cholesterol, or triglyceride. The authors speculate 
that diminished AGE formation and accumulation was due to the 
suppression of RAGE-mediated oxidative stress [40]. It will be of 
considerable interest to extend these animal studies to man creating a 
novel prospect for treatment of this devastating disease. 

Based on the small accumulation of animal studies and a few human 
studies relating RAGE to bone status, and the few animal studies using 
sRAGE administration to interfere with RAGE expression, it seems 
reasonable to assume that sRAGE administration has potential to 
interrupt osteoclastic activation in those who lack adequate endogenous 
production such as patients with Charcot neuroarthropathy. We 
anticipate that future studies will clearly identify whether therapeutic 
administration of sRAGE or other low molecular weight RAGE 
antagonists have the ability to dramatically alter the course of diabetic 
complications induced by oxidative stress. 
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