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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 kf3
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.
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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
k3 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.
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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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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. Itis possible that in diabetes, there may be a vicious cycle of parallel
VSMC and nerve damage, which acts synergistically to further promote
vC

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

Inflammatory markers 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 factor &« (TNF-«) 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-o 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-« expression in response to oxidised LDL, and
evidence from pigs with streptozotocin-induced diabetes has
shown increased expression of TNF-o 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-o 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-a-induced ALP activity in human VSMCs.
Upregulation of adventitial TNF-« 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 Ne-
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
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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-«x via either
genetic inactivation or by neutralisation of the TNF-x 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
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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-kf signalling, resulting in NF-k{3 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-kf3 with involvement
only of the alternative pathway with IKK-« activation, but not
of the classical pathway of IKK-{3. 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-«kB 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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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

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
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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)

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-« and IL-6) as well as markers 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-«,
IL-6 and RANKL [92]. It is possible that in Charcot
osteoarthropathy, TNF-« 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-c, and IL-1/3
[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.
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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
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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
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VCis accelerated via this pathway. Moreover, in bone, trauma
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which modulates RANKL activation and osteoclastogenesis. TNF-o
itself acts on osteoclast precursors and has a synergistic effect with
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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

(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-x [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).

BONE

| enos

QI TITITY)

Endothelial
cells

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,
RANKUL 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-« 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 0x-
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

@ Springer

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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