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Pathogenesis of neuropathic foot ulcers in diabetes: understanding current concepts
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Introduction
The diabetic foot ulcer can occur in one out of four diabetic 

individuals during their lifetime [1].  Ischaemia, neuropathy, 

or a combination are the primary risk factors for non-healing 

foot ulcers. In the presence of these elements, even trivial 

trauma can trigger ulceration [2]. Moreover, neuropathy is 

associated with 85% of these ulcers [3] and ischaemia is 

associated with 10-60% in different case series [4]. 

Neuropathic foot ulcers can occur in three ways; deformity 

related trophic ulceration, trauma-Infection related non-

healing ulceration, superadded peripheral vascular disease-

related ulceration. 
 
This account is on the classic pathway of microangiopathy 

leading to peripheral neuropathy, deformity and ulceration. 

This group of patients will present with callus leading to 

ulceration. They represent 30% out of all types of diabetic 

foot ulcers [4].

Diagnosis of neuropathic foot
On examination, a classical hammertoe or clawfoot deformity 

[5] may be present in the advanced disease state. Although 

sensory, motor, autonomic components exist, testing for all 

the components is not essential. Thus clinically checking the 

protective sensation [testing with monofilament] and 

vibration sensation for the presence of diabetic peripheral 

neuropathy are useful [6]. However, this will be influenced by 

the thickness of the area of the foot test [7].
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Clinical progression 
The hallmark of neuropathic foot disease is the deformity. 

This is described as a claw foot with loss of foot arches [6].

The claw toe deformity [Figure 2]
The clinical examination and radiological evidence show 

appearance of motor neuropathy effects in the small muscles 

of the foot. The characteristic fatty infiltration of intrinsic 

muscles seen on MRI is regarded as indirect evidence of the 

motor neuropathy. subsequent loss of lumbrical action 

produces the claw toe deformity with inability of the 

extending proximal interphalangeal joints. This is called 

intrinsic minus foot where the long flexors are unopposed at 

that joint [5,6].

The claw deformity can be augmented by additional factors 

like joint capsule changes and plantar aponeurotic ruptures.  

Figure 1. Claw toe and Hammer toe deformities

Figure 2. Abnormal pressure points
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The net effect of abnormal load experienced by metatar-

sophalangeal joints cause the retrograde buckling of 

metatarsal heads. This creates another foot deformity. This 

shifts the normal pressure points on the ball of the foot 

proximally in to the smooth glaberous instep region of the foot 

[8].

This part of the foot is not suitable to bear weight of the entire 

body unlike the ball of the foot. These deformities create three 

types of abnormal pressure points on the forefoot  [9]. 

Callus formation
These changes of the skeleton will eventually affect the skin 

as it is the interphase between the skeleton and the surface that 

we walk on. When a thin skin that is not suitable for repeated 

pressure experiences this from both directions [vertical and 

frictional], it usually responds by focal vertical proliferation 

over the pressure areas. This response is supported by an 

increase in vascularity around the pressure point. This 

increased activity of the basal cell layer will push out more 
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cells in too superficial layers. The natural process of 

producing granules of keratin that fills up the cell will form a 

thicker than normal keratin layer at the top. The natural 

shedding of this layer is slower at this area of hyperkeratosis 

[callus]. The biomechanical changes that accelerate callus 

formation are given in figure 3. The process is a complex 

genetic alteration that produces more keratinocytes that have 

an increased amount of keratin.  This produces incomplete 

cornified cells that are resistant to desquamation than normal 

keratinocytes [10].

Callus and infection
Although this natural phenomenon is protective of the normal 

pressure points as a response to increasing pressure, the callus 

on the new pressure points will be mobile and may act as a 

different pressure point on the unprepared subcutaneous 

tissue. This abnormal friction between layers of skin and 

underlying tissue will produce a bursa known as an 

adventitious bursa. [Figure 5] Some authors have recognised 

the callus on a diabetic foot with deformities as a foreign body 

Figure 3. Bio-mechanical forces contributing to callus formation
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that produce additional focal pressure on to deeper tissue. 

[10,11,12,14]
 
These calluses are prone to the effects of drying out as the 

water content or the moisture of the skin is also less in the 

background of decreased sweat gland activity of the plantar 

aspect and reduced sensation [15]. On magnification, there 

will be cracks on the callus that can even connect the already 

damaged underlying thin tissue layer or the adventitious 

bursa resulting from the callus itself. This step is the 

beginning of a vicious cycle of infection that can worsen the 

ulcer. At the initial stages, these infected cracks can be 

concealed by a thick callus till overt signs of infection take 

over the local tissue.

This simplified discussion on neuropathic ulcer development 

without superadded macrovascular disease is not complete 

without some understanding about the underlying 

pa thogenes i s  o f  pe r iphe ra l  neu ropa thy  due  to 

hyperglycaemia. 

Peripheral neuropathy and Hyperglycaemia
Diabetes Mellitus is identified as a derangement in 

metabolism characterised by prolonged hyperglycaemia due 

to abnormal insulin activity or/and insulin production. Long-

standing hyperglycaemia results in alternations of the 

vascular structure and function leading to damage and failure 

of organ systems [17]. Two somewhat distinct vascular 

pathologies are described in longstanding diabetes: a small 

calibre vessel disease affecting the arterioles and capillary 

ne twork  o f  o rgans ,  and  l a rge r  vesse l s  d i sease 

[macroangiopathy] characterised by atherosclerosis in 

medium to major arteries. The scope of this section of the 

review is to discuss the pathogenesis of microangiopathy 

leading to peripheral diabetic neuropathy.

In general, neuropathy, nephropathy and retinopathy are 

considered microvascular complications of diabetes. 

Neuropathy seen in diabetes is a collection of neuropathies 

grouped according to the main fibre type affected [motor, 

sensory, and autonomic] and pattern of involvement of the 

body. Among these diabetic polyneuropathy [DPN] is the 

commonest form and the most common complication found 

among individuals with long-standing diabetes[17,19].
 
Distal diabetic neuropathy is characterised by axonal loss in 

multiple foci, which starts from distally that includes large 

and small diameter nerve fibres. Apart from axonal 

degeneration, decreased myelinated fibre numbers in cross-

sections, coexisting demyelination foci, regeneration of nerve 

fibres and re-myelination are also seen [17,19]. 

Metabolic and vascular dysfunction are major contributors to 

the pathogenesis of DPN. An abnormal cascade of metabolic 

derangements due to chronic hyperglycaemia impacts 

adversely on nerve perfusion. The blood supply and the 

microvascular distribution of the nerve, consist of epineural 

and endoneurial circulation. Microcirculation is the basic 

functional unit responsible for maintaining perfusion 

pressure thus a steady supply of nutrients. It has a complex 

self-regulatory system controlling capillary permeability and 

small muscle tone changes affecting the calibre of vessels 

with its blood flow according to local metabolic demands 

[20,21]. The deranged biochemical state gives rise to 

microcirculatory dysfunction that eventually results in 

structural changes of nerves at the cellular level. These 

changes will produce a loss of function of affected nerves. 
 
High glucose levels trigger a change in levels of nitric oxide 

[NO] bioavailability that counter reactive oxygen species 

[ROS] accumulation in the endothelium which eventually 

leads to its dysfunction[22,23]. This initial trigger signals 

several pathogenic pathways implicated in diabetic 

complications. These include elevated polyol pathway 

activity, nonenzymatic glycation, and protein kinase C levels 

that carry physical changes leading to microvascular 

complications [24].

Biochemical pathways activated in hyperglycaemia
Irreversible nonenzymatic glycation of proteins cause 
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Figure 4. Pressure imbalances

Figure 5. The cross sectional relationship of deformity to 

callus 
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abnormalities of function by altering their molecular 

conformation, altering enzyme activity and disrupting 

receptor functions. These advanced glycated end-products 

[AGEs] are a heterogeneous group of molecules formed by 

the irreversible nonenzymatic glycation of plasma and 

cellular proteins. AGEs can amplify its disruption of cellular 

function by interfering with both intra and extracellular 

structure and function further cross-linking. This does not 

limit to proteins but also lipids and nucleic acids. These are 

responsible for various complications seen in diabetes [25]. 

This process is considered one of the initiating factors for 

nerve demyelination.
 
Protein kinase C is an enzyme present throughout the cell that 

plays a role in an array of intracellular signalling pathways. 

An important consequence of PKC activation is ROS 

generation. This ROS production and PKC ability to decrease 

eNOS activity amplify the cumulative effect of ROS on 

endothelial cells. The resulting abnormal accumulation of 

sorbitol in peripheral nerves causes depletion of myoinositol 

and a decrease in Na-K- ATPase levels adversely affects the 

nerve function [26]. 

Furthermore, the increased cellular glucose levels drive more 

glucose into the polyol pathway which is also known as the 

sorbitol pathway. Polyol pathway requires NADPH for aldose 

reductase as a substrate that reduces NAD+ in the reaction in 

sorbitol reductase [26].
 
The alterations in the intracellular milieu and vasomotor 

functions result in structural vascular changes seen in 

microangiopathy; thickening of the capillary basement 

membrane, specific vascular cell apoptosis, hypoplasia and 

swelling of epithelial cells. These changes are seen mainly in 

the endoneurial vasa novorum with degeneration of pericytes, 

perivascular basement membrane thickness increase and 

microthrombi. These structural changes disrupt most of the 

cellular functions of vessels by increased permeability, 

changes in auto-regulation of blood flow to distal nerves. 

These were evident in vivo studies that show the endoneurial 

blood flow diverted to epineural circulation by shunting 

hence imparting steal phenomena. [17,19,26].
 
All of the above pathological mechanisms collectively 

account for the development of distal peripheral neuropathy. 

Figure 6. Alteration of metabolic pathways in hyperglycaemia. AII, angiotensin 2; AGE, advanced glycation end product; A-

V, arterio-venous; DAG,  diacylglycerol; EDHF, endothelium-derived hyperpolarising factor; EFA, essential fatty acid; ET, 

endothelin-1; NO, nitric oxide; ONOO, peroxynitrite; PGI2, prostacyclin; PKC, protein kinase C; ROS, reactive oxygen 

species [18].  Adapted with permission from author
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