
The International Diabetes Federation estimates that 
425 million people worldwide have diabetes1, making 
it the largest global epidemic of the 21st century2. 
115 million people in China, 73 million in India and  
30 million in the United States have diabetes3. These 
numbers are dwarfed by the number of individuals with 
prediabetes, which is estimated to be 388 million in 
China4, 133 million in India5 and 85 million in the United 
States6. 12% of global health expenditure, or $727 billion, 
is directed towards diabetes and its complications, and 
similar to the number of individuals with diabetes, this 
number continues to increase at an unsustainable rate1.

Among the complications of diabetes, a group of 
clinical syndromes caused by damage to the peripheral 
and autonomic nervous systems are by far the most 
prevalent. Generally referred to as different forms of 
neuropathy, these syndromes are caused by diffuse 
and focal nervous system damage and occur in up to 
half of all individuals with diabetes7. The most com
mon form of diabetic neuropathy — distal symmetric 
polyneuropathy — is the focus of this Primer, and as 
such will be referred to as diabetic neuropathy through
out. Distal symmetric polyneuropathy manifests with 
a ‘stocking and glove’ distribution, whereby the hands 
and lower limbs are commonly affected. Other diffuse 

neuropathies secondary to diabetes can occur (Fig. 1) 
and include the constellation of autonomic neuro
pathies, such as cardiac autonomic neuropathy, gastro
intestinal dysmotility and diabetic cystopathy and 
impotence (Box 1). Focal neuropathies, although less 
common, include dysfunction of individual peripheral 
nerves leading to isolated mononeuropathies, or less 
commonly to nerve roots leading to radiculopathy or 
polyradiculopathy (Fig. 1).

This Primer reviews the current knowledge on the 
epidemiology and pathogenesis of diabetic neuro
pathy and the optimal approaches for diagnosis and 
screening. Treatment approaches are outlined and are 
personalized for patients with different types of diabe
tes and for those with and without associated pain. We 
close with a call to action. The global epidemic of dia
betes and its most common complication, neuropathy, 
requires a public health mandate to address modifi
able risk factors with growing urgency. Without suc
cessful intervention, it is estimated that of the expected 
9.7 billion individuals living in 2050, onethird will 
have diabetes and half of those will have neuro pathy8. 
The cost to the individual in terms of both phys
ical and mental function, and to society in terms of 
productivity, is staggering.
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Abstract | The global epidemic of prediabetes and diabetes has led to a corresponding 
epidemic of complications of these disorders. The most prevalent complication is neuropathy , 
of which distal symmetric polyneuropathy (for the purpose of this Primer, referred to as 
diabetic neuropathy) is very common. Diabetic neuropathy is a loss of sensory function 
beginning distally in the lower extremities that is also characterized by pain and substantial 
morbidity. Over time, at least 50% of individuals with diabetes develop diabetic neuropathy. 
Glucose control effectively halts the progression of diabetic neuropathy in patients with 
type 1 diabetes mellitus, but the effects are more modest in those with type 2 diabetes 
mellitus. These findings have led to new efforts to understand the aetiology of diabetic 
neuropathy , along with new 2017 recommendations on approaches to prevent and treat this 
disorder that are specific for each type of diabetes. In parallel, new guidelines for the treatment 
of painful diabetic neuropathy using distinct classes of drugs, with an emphasis on avoiding 
opioid use, have been issued. Although our understanding of the complexities of diabetic 
neuropathy has substantially evolved over the past decade, the distinct mechanisms  
underlying neuropathy in type 1 and type 2 diabetes remains unknown. Future discoveries on 
disease pathogenesis will be crucial to successfully address all aspects of diabetic neuropathy , 
from prevention to treatment.
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Epidemiology
Diabetic neuropathy is a highly prevalent condition that 
substantially affects patients by increasing falls, causing 
pain and reducing quality of life (QOL)9. The annual 
costs of diabetic neuropathy and its complications are 
more than $10 billion in the United States10.

Several studies have assessed the prevalence 
and/or incidence of neuropathy, although the defini
tion of neuropathy used is different in each study. Two 
populationbased studies using doortodoor screening 
reported prevalence estimates of 1%–4% for neuropathy, 
with 40–55% of these cases secondary to diabetes11,12. 
Similarly, in another study13, the cause of neuropathy was 
attributed to diabetes in over half of cases after diagnos
tic workup by a neurologist. In the Netherlands, the 
incidence of neuropathy increases dramatically with 
age14, from <50 cases per 100,000 personyears in those 
<50 years of age to ~300 per 100,000 personyears in 
those >75 years of age, with diabetes accounting for 32% 
of all cases.

In addition to these studies evaluating the incidence 
and prevalence of diabetic neuropathy in the entire popu
lation, many epidemiological studies are confined to  
patients with either type 1 diabetes mellitus (T1DM) or 
T2DM. The incidence of neuropathy is higher in indi
viduals with T2DM (6,100 per 100,000 personyears) 
than in those with T1DM (2,800 per 100,000 person 
years)9,15–17. By contrast, the prevalence of neuropathy is 
similar in those with T2DM (8–51%18–20) to those with 
T1DM (11–50%20–22). Importantly, the prevalence is 
even higher when asymptomatic neuropathy is included, 
with 45% of patients with T2DM and 54% of those with 
T1DM developing neuropathy20. The higher incidence 
of neuropathy in patients with T2DM, with a similar 
prevalence in those with T2DM or T1DM, is probably 
secondary to multiple factors, including differences in 
age of onset of diabetes and differences in the underlying 
pathophysiology.

The prevalence of diabetic neuropathy also changes 
with disease duration. Indeed, the prevalence of diabetic 
neuropathy increased from 8% to 42% in patients with 
T2DM when patients were monitored for 10 years19.  
In the Danish Addition study, patients with newly diag
nosed screendetected T2DM23 had a prevalence of dia
betic neuropathy of 13% at study entry, with a cumulative  

incidence of 10% over the 13year followup period in 
a cohort with very mild T2DM that adhered to good 
metabolic control. On the other hand, in a large cohort 
of patients with moreadvanced T2DM and confirmed 
coronary artery disease participating in the BARI 2D 
trial, 50% had confirmed diabetic neuropathy at base
line17, and the 4year cumulative incidence of diabetic 
neuropathy was 66–72% in those without neuropathy 
at baseline17. Given how common neuropathy is in indi
viduals with diabetes, effective diagnostic, screening and 
prevention strategies are of paramount importance.

Risk factors
The duration of diabetes and haemoglobin A1c (HbA1c) 
levels (a measurement of glycated haemoglobin as a 
surrogate for average daily glucose levels) are major 
predictors of diabetic neuropathy22. These two pre
dictors commonly associate with other metabolic 
factors that are correlated with diabetic neuropathy, 
particularly in T2DM, such as insulin resistance and  
hypertension. Obesity is common in patients with 
neuro pathy in populationbased studies in multiple 
countries, including the United States, Denmark, China 
and the Netherlands23–28. Independent of HbA1c levels, 
the number of metabolic syndrome components, such as 
hypertriglyceridaemia, hypertension, abdominal obesity 
and low highdensity lipoprotein (HDL) levels, is con
sistently associated with diabetic neuropathy in patients 
with T2DM24,25 and in selected T1DM cohorts29. Other 
independent risk factors for the development of diabetic 
neuropathy include smoking, alcohol abuse, increased 
height and older age30.

Several genes are linked to diabetic neuropathy, but 
only ACE (encoding angiotensinconverting enzyme) 
and MTHFR (encoding methylenetetrahydrofolate 
reductase) polymorphisms have been studied in multiple 
populations including large cohorts. Much more research 
is needed to better understand the role of genetics in the 
development of diabetic neuropathy, and several studies 
of existing cohorts are currently underway31,32.

Mechanisms/pathophysiology
Diabetic neuropathy is a unique neurodegenerative dis
order of the peripheral nervous system that preferen
tially targets sensory axons, autonomic axons and later, 
to a lesser extent, motor axons. How diabetes mellitus 
targets sensory neurons remains debated. Progressive 
diabetic neuropathy involves retraction and ‘dying back’ 
of terminal sensory axons in the periphery, with relative 
preservation of the perikarya (cell bodies). Its ‘stocking 
and glove’ pattern of involvement reflects damage to the 
longest sensory axons first with, for example, loss of dis
tal leg epidermal axons preceding loss in more proximal 
limbs; for this reason, diabetic neuropathy is considered 
a lengthdependent neuropathy.

Substantial experimental evidence supports the 
notion that the entire neuron, from the perikaryon to 
the terminal, is targeted by diabetes. However, whether 
damage first targets peripheral axons and their associ
ated Schwann cells or the neuron perikarya that reside 
in the dorsal root ganglia (DRG) and act to support the 
axons are debated (Fig. 2).
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Although diabetic neuropathy is not considered pri
marily a demyelinating neuropathy, Schwann cells are 
targeted by chronic hyperglycaemia, and more severe 
cases of diabetic neuropathy in patients include fea
tures of demyelination33–35. Given the close and inti
mate mutual support between axons and Schwann cells, 
Schwann cell damage might lead to several alterations 
in the axon. For example, Schwann cells have a funda
mental role in regulating the cytoskeletal properties of 
axons, including the position of proteins at the nodes 
of Ranvier and axon trafficking parameters36. Failure by 
Schwann cells to support axons might involve inade
quate provision of cytoskeletal support, trophic factors 
or failure of Schwann cell–axon ribosome transfer that 
supports intraaxonal mRNA translation within distal 
axons37. In mice, Schwann cells contain ribosomefilled 
vesicles that, when transferred to desomatized axons, 
can control axonal protein synthesis38. In settings of 
axonal damage and stress, this transfer of ribosomes 
may place increased importance on axon–Schwann cell 
interactions38,39.

Whether diabetes promotes intrinsic programmes 
within axons that facilitate axonal degeneration is 
unclear. Studies of Wallerian degeneration have iden
tified intracellular signalling pathways that actively 
induce axonal degeneration, and mononucleotide ade
nylyltransferase (NMNAT; also known as NMN/NaMN 
adenylyltransferase) seems to be a key regulator of this 
pathway. However, whether these pathways are activated 
in diabetes is not yet clear40.

Changes in axons, especially distal terminals, are 
associated with changes in the neuronal perikarya. 
Indeed, sensory neurons within the DRG alter their  
phenotype in chronic experimental diabetes, which might  

be critical in how they support distal axon branches. 
For example, in chronic T1DM in rats, there is pro
gressive loss of synthesis and export of neurofilament 
polymers, which are essential structural scaffolds of 
the axon. Reduced mRNA expression encoding neuro
filament has been proposed to underlie this loss of  
neurofilament polymers41. Preclinical studies in dia
betic rodents also associate endoplasmic reticulum 
stress with diabetesmediated peripheral nerve dam
age42 that would affect nerve function. Similarly, 
in vitro and in vivo experiments in rodent models have 
demonstrated that hyperglycaemia alters the function 
of key plasticity molecules, such as growthassociated 
protein 43 (GAP43; also known as neuromodulin) and 
βtubulin, and the expression patterns of heat shock 
proteins (HSPs)43,44 and poly(ADPribose) polymerase 
(PARP)45,46 in the DRG. Although the mechanisms of 
injury remain under investigation, data suggest that dys
function in these pathways promotes abnormal protein 
processing, oxidative damage and mitochondrial dys
function, leading to loss of peripheral nerve function37.  
In support of this theory, modulating specific mol
ecules in these pathways can lead to improvement in 
nerve function. For example, regulating HSP90 activ
ity improved nerve conduction velocity (NCV) and 
responses to thermal and mechanical stimuli (both of 
which are clinically relevant end points), most likely by 
improving mitochondrial function44.

More recent array studies have also demonstrated a 
range of both mRNA and microRNA alterations in DRG 
sensory neurons exposed to chronic diabetes47–51. Indeed, 
upregulation of pathways involved in inflammation, bio
energetics and lipid processing have been reported in 
arrays of sciatic nerves from preclinical models of T1DM 
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Fig. 1 | Patterns of nerve injury in diabetic neuropathy. Several different patterns of neuropathy can present in 
individuals with diabetes. Of these, the most common is distal symmetric polyneuropathy (DSP). Examples of patterns of 
neuropathy are DSP, small-fibre-predominant neuropathy or treatment-induced neuropathy (part a); radiculoplexopathy 
or radiculopathy (part b); mononeuropathy (part c); and autonomic neuropathy or treatment-induced neuropathy  
(part d). Small-fibre-predominant neuropathy has the same distribution as DSP, although the neurological examination 
and results from nerve conduction velocity studies are different. Diabetic radiculoplexopathy or radiculopathy can 
respond to immunotherapy and usually improves with time, unlike other types of nerve injury in individuals with diabetes. 
Treatment-induced neuropathy is under-recognized, is caused by overaggressive glycaemic control and can present in 
multiple forms (parts a and d). Adapted by permission from BMJ Publishing Group Limited. BMJ Peltier, A., Goutman, S. A.  
& Callaghan, B. C. 348, (2014)230.
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and T2DM52,53. In addition, one study comparing gene 
expression patterns in peripheral nerves from mouse 
models of diabetic neuropathy with nerves from patients 
with T1DM and T2DM revealed multiple highly con
served pathways involved in adipogenesis, lipid synthesis 
and inflammation54.

Other specific changes in the DRG and nerve func
tion can be linked to diabetic neuropathy, including 
altered spliceosome function, changes in expression 
of survival motor neuron protein and upregulation of 
GWbodies (sites of mRNA processing)55. Analysis  
of rodent models with longstanding diabetes has been 
essential to model chronic human disease. DRG have 
reductions in local blood flow, but whether this con
tributes to neuronal damage or follows lower oxygen 
demand is unclear56.

Hyperglycaemia and hyperlipidaemia
How the peripheral nervous system uses substrates for 
energy, especially in diabetes, is necessary to understand 
the pathogenesis of diabetic neuropathy. In Schwann 
cells, DRG neurons and axons, both glucose and fatty 
acids produce NADH and FADH2 via glycolysis and the 
tricarboxylic acid cycle (glucose) and βoxidation (fatty 
acids). When longchain fatty acids are transported into 
Schwann cells to undergo βoxidation, each βoxidation 
cycle forms one molecule of acetylCoA, which is trans
ported to the tricarboxylic acid cycle for NADH and 

FADH2 formation. However, during substrate over
load, such as in diabetes, the transport system becomes 
saturated, and acetylCoA molecules are converted to 
acylcarnitines. The accumulation of acylcarnitines is 
toxic to both Schwann cells and DRG neurons, adding 
to the ongoing nervous system injury in diabetic neuro
pathy. Accumulated acylcarnitines are released from 
Schwann cells and can induce axonal degeneration, 
which has been proposed to involve mitochondrial dys
function and a maladaptive integrated stress response 
in Schwann cells57.

NADH and FADH2 are shuttled in the mitochondria 
through Complexes I–IV to produce ATP through 
oxidative phosphorylation. A byproduct of oxidative 
phosphorylation is the production of low levels of reac
tive oxygen species (ROS) that are easily neutralized 
by innate cellular antioxidants, such as superoxide dis
mutase, glutathione and catalase58–63. However, during 
excess substrate load, such as in diabetes, oxidative 
phosphorylation fails, leading to loss of ATP produc
tion and increased ROS levels, which subsequently 
leads to mitochondrial failure and metabolic and oxi
dative damage of Schwann cells and DRG neurons64–66. 
Dysfunctional mitochondria produce insufficient 
energy and lose the ability to normally traffic down 
axons, further promoting axonal disruption and injury67.

Increased glucose levels leads to glucose metabolism 
via the polyol and hexosamine pathways, resulting in 
increased ROS and inflammation, respectively, largely 
owing to mitochondrial injury37, which contributes to 
ongoing nervous system dysfunction. Increased glu
cose levels lead to the glycation of numerous structural 
and functional proteins to produce advanced glycation 
endproducts (AGEs). AGEs result in altered or loss of 
protein function and interact with AGEspecific recep
tor (RAGE) to modify gene expression and intracellular 
signalling and promote the release of proinflammatory 
molecules and free radicals68. In parallel, the excessive 
free fatty acids catabolized by βoxidation in response 
to hyperlipidaemia can injure the peripheral nervous 
system, particularly Schwann cells69, through ROS 
generation and systemic and local inflammation via 
macrophage activation with subsequent cytokine and 
chemokine production70 (Fig. 3).

Other lipids adversely affect the peripheral nervous 
system in diabetic neuropathy. Oxidation of choles
terol to oxysterols in neurons mediates tissue injury58,71, 
whereas plasma lipoproteins, particularly lowdensity 
lipoproteins (LDLs), are oxidized by ROS and bind oxi
dized LDL receptor 1 (LOX1) (reF.72), Tolllike receptor 4  
(TLR4)73 and RAGE74. Binding of oxidized LDLs to these 
receptors activates a series of signalling cascades, includ
ing activation of caspase 3 and nuclear DNA degrada
tion74, that mediate additional inflammation and ROS 
accumulation, with continued and progressive nerve 
injury72,75,76 (Fig. 3).

Microvascular contributions
Although many studies show no change in blood flow 
associated with the development of diabetic neuro
pathy, deficiencies in the blood supply to peripheral 
nerves is considered a possible additional pathological 

Box 1 | Diabetic autonomic neuropathy

Diabetic autonomic neuropathy encompasses a group of disorders caused by 
impairment of the sympathetic and parasympathetic nervous system. Cardiac 
autonomic neuropathy (CAN) can present as generalized weakness, light-headedness 
or frank syncope accompanied by orthostatic tachycardia or bradycardia and exercise 
intolerance. Symptoms of gastrointestinal autonomic dysfunction (also known as 
gastroparesis) include nausea, bloating, early satiety with poor appetite, postprandial 
vomiting and brittle diabetes (that is, hard-to-control diabetes). Oesophageal 
dysfunction can also occur with dysphagia (difficulty swallowing) for solid foods and 
heartburn secondary to acid reflux. Urogenital autonomic neuropathy presents as 
bladder dysfunction (also known as diabetic cystopathy) that can range from urinary 
retention with hesitancy to urinary incontinence with urgency. Sexual dysfunction is 
another common manifestation of urogenital autonomic neuropathy. In men, sexual 
dysfunction manifests as impotence, decreased libido and abnormal ejaculation, 
whereas in women, sexual dysfunction presents as pain during intercourse, poor 
lubrication and reduced libido. Sudomotor autonomic dysfunction presents as dry skin 
(anhydrosis) with gustatory sweating.

Treatment of diabetic autonomic neuropathy depends on the specific subtype. 
Optimization of glucose control early in the course of type 1 diabetes mellitus (T1DM) is 
recommended to prevent or delay CAN, whereas targeting all metabolic risk factors is 
the recommendation for type 2 diabetes mellitus (T2DM). Volume repletion, physical 
activity, low-dose fludrocortisone or midodrine and compression stockings are among 
treatment options for CAN in patients with T1DM or T2DM. Excluding other causes of 
gastrointestinal autonomic dysfunction, particularly opioids or glucagon-like peptide 1 
receptor agonists as well as gastric obstruction, is essential before instituting a 
short-term course of metoclopramide for gastroparesis. Urogenital autonomic 
neuropathy is a diagnosis of exclusion, with multiple medications, low hormone levels 
and infections being the main three differential diagnoses to consider before 
attributing dysfunction to diabetes. Pharmacological treatment of male erectile 
dysfunction includes phosphodiesterase type 5 inhibitors. The topical antimuscarinic 
drug glycopyrrolate can be used for the treatment of gustatory sweating, whereas daily 
moisturizing lotions provide relief for dry skin. A thorough review of diabetic autonomic 
neuropathy229 along with detailed treatment guidelines9 can provide the reader with a 
more in-depth discussion of the topic.
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mechanism of diabetic neuropathy (reviewed in reF.77). 
Microcirculatory dysfunction is strongly associated 
with peripheral nerve dysfunction, and a cycle of poor 
microcirculation leading to additional nerve damage 
has been proposed. Increases in endoneurial capillary 
density are present in patients with diabetes compared 
with healthy individuals, suggesting that capillary den
sity may respond to diabetesinduced nerve ischaemia78. 
Blood vessels develop thickening of their basement mem
brane that correlates with nerve damage in patients79. 
Moreover, poor vasodilation of epineurial arterioles has 
been reported in diabetic rats, and this change appears 
before decreases in NCV80. In preclinical models, reduced 
endoneurial blood flow could be improved by treatment 
with vasodilators. Finally, diabetes has been reported to 
decrease mediators of blood vessel formation, including 
insulin growth factors, vascular endothelial growth factor 
(VEGF), nerve growth factor (NGF) and angiopoietins. 
This view is supported by preclinical studies in which 
administration of VEGF in diabetic rats increased NCV 
and vasa nervora (small arteries that supply peripheral 
nerves) density81. Together, these findings suggest that 
addressing microvascular problems in diabetes should be 
considered as an adjunct therapy.

Impaired insulin signalling
As structural similarities between NGF and insulin were 
first recognized, evidence of direct neuronal actions 
of insulin have emerged82. Initial work demonstrated  
that insulin acts as a growth factor for cultured adult 
sensory neurons, leading to increasing neurite out
growth83. Subsequent studies demonstrated the expres
sion of insulin receptors by sensory neurons in DRGs 
and axons, particularly at nodes of Ranvier84,85, and the 
reversal of features of experimental diabetic neuro pathy 
with intrathecally or intranasally delivered insulin 
independent of glucose levels48,84. Insulin administered 
near the nerve, or in the plantar skin where it accesses 
dermal axons, also repairs abnormalities of diabetes in 
experimental animal models86,87.

Despite these findings, correcting hyperglycaemia 
with insulin has little effect on diabetic neuropathy in 
patients with T2DM, in whom the disorder correlates 
more strongly with components of the metabolic syn
drome. By contrast, normoglycaemia achieved with 
insulin treatment provides a substantial therapeutic  
benefit for those with T1DM and diabetic neuropathy. 
This conundrum might be, in part, due to the devel
opment of insulin resistance in neurons in those with 
T2DM, which is not unlike the resistance developed 
in fat, muscle and adipose tissue88,89. Indeed, mice with 
T2DM have systemic resistance to insulin therapy, 
and controlling glucose with insulin has little effect 
on diabetic neuro pathy90. Altered phosphorylation of 
insulinreceptor substrate 2, part of the downstream 
insulin transduction pathway, seems important for the 
development of insulin resistance91.

Mechanisms of pain
Neuropathic pain is defined as pain caused by a lesion or 
disease of the somatosensory nervous system. Approxi
mately 30–50% of patients with diabetic neuro pathy 
develop neuropathic pain92, which most commonly takes 
the form of spontaneous (that is, stimulusindependent) 
burning pain of the feet. Patients can also report other 
positive sensory symptoms, such as brushevoked allo
dynia (when a normally nonnoxious stimulus evokes 
pain) and paresthesias. These positive sensory symptoms 
are often accompanied by sensory loss, and patients will 
comment on the paradox that their feet are continu
ously painful yet insensate to touch. Why only some 
patients with diabetic neuropathy develop neuro pathic 
pain whereas others do not remains unclear, although 
this likely reflects a complex interplay of vulnerabilities, 
including genetic factors, the somatosensory circuitry 
and psychological factors in the face of stressors, such 
as the metabolic dysfunction of diabetes and neuropathy 
severity93.

Risk factors for painful diabetic neuropathy. Most  
studies assessing the risk factors for neuropathic pain in 
diabetic neuropathy are crosssectional rather than pro
spective, use univariate rather than multivariate analy
sis and do not always specify the comparator (ideally  
the comparison should be painful versus painless dia
betic neuropathy). However, despite these caveats,  
a number of interesting factors have emerged that have 
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Fig. 2 | The peripheral nervous system and alterations in diabetic neuropathy. 
Sensory neurons relay sensory information from their nerve terminals (which are located 
throughout the periphery) to the dorsal horn of the spinal cord. The cell bodies of these 
sensory neurons are located in the dorsal root ganglia (DRG). Conversely, the cell bodies 
of motor neurons reside in the spinal cord ventral horn and transmit information from 
here to the periphery. Thin and unmyelinated sensory axons (C fibres or small fibres) are 
grouped together by non-myelinating Schwann cells into Remak bundles and represent 
a large portion of neurons of the peripheral nervous system. By comparison, other 
sensory axons are myelinated by associated Schwann cells, which have an important role 
in preserving axonal function. The precise order of cellular injury (whether, for example, 
damage to Schwann cells or axons occurs before damage to neuronal cell bodies) in 
diabetes is currently unknown. These changes include alterations in Schwann cell–axon 
transport, alterations in protein expression in the DRG, demyelination and degeneration. 
GAP43, growth-associated protein 43; HSP, heat shock protein; PARP, poly(ADP-ribose) 
polymerase. Adapted with permission from reF.37, Elsevier.
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recently been summarized94. Consistent with risk fac
tors for many neuropathic pain disorders, female sex is 
a risk factor for painful diabetic neuropathy95. In addi
tion, although neuropathic pain can be observed at all 
severities of neuropathy, a higher prevalence of pain has 
been consistently reported in patients with more severe 
neuropathy as defined by clinical scoring scales and sen
sory loss upon quantitative sensory testing75,95,96. Several 
metabolic factors are associated with painful diabetic 
neuropathy compared with painless diabetic neuropathy, 
including poor glycaemic control96, impaired renal func
tion95 and high body mass index (BMI)75. These factors 
might be associated with neuropathy progression, but 
some could be associated with the hyperexcitability of 
sensory neurons and the development of pain.

Hyperexcitability of sensory neurons. Injured sensory 
neurons, such as in diabetic neuropathy, develop hyper
excitability and can generate action potentials in the 
absence of a stimulus (spontaneous activity) and develop 
an altered stimulus–response function97–99 (Fig. 4). This 
aberrant activity is crucial for the maintenance of neuro
pathic pain, even in patients with longstanding pain. 
Indeed, in one study, a targeted local anaesthetic block 

to the nerves innervating the lower limb in patients 
with neuropathic pain in the feet led to the resolution 
of ongoing pain and evoked pain for the duration of 
the nerve block100. This finding suggests that primary 
afferent hyperexcitability is a critical pathophysiological 
driver of pain, and we need to both understand its basis 
and develop therapeutics to target it.

The expression, trafficking and phosphorylation sta
tus of ion channels within sensory neurons are critical 
determinants of excitability101. Nociceptors (sensory 
neurons that detect tissue injury) express specialized 
voltagegated sodium channels (VGSCs) to detect inju
rious stimuli102. Multiple αsubunits of VGSCs exist, of 
which Nav1.7, Nav1.8 and Nav1.9 are enriched in noci
ceptors. Nav1.7 and Nav1.9 are important as threshold 
channels, setting the excitability of the terminal and ampli
fying the sensory signal, whereas Nav1.8 is important  
for the upstroke of the action potential in nociceptors103. 
Hyperpolarizationactivated cyclic nucleotidegated 
channels also act to regulate neuronal excitability and 
are important for repetitive firing, whereas potassium 
channels act as important breaks on excitability.

Genetic variants in ion channels as well as alterations 
in their expression, trafficking and posttranslational 
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Fig. 3 | Diabetic neuropathy pathogenesis. Hyperglycaemia and dyslipidaemia, together with altered insulin signalling, 
lead to several pathological alterations in neurons, glia and vascular cells that can lead to nerve dysfunction and ultimately, 
neuropathy, including DNA damage, endoplasmic reticulum stress, mitochondrial dysfunction, neurodegeneration and loss 
of neurotrophic signalling, and can trigger macrophage activation. The importance of these pathways in the development of  
neuropathy varies with cell type, disease profile and time, as distinct cell types are more or less susceptible to injury 
depending on the metabolic impairments. AGE, advanced glycation end-product; FFAs, free fatty acids; Glucosamine-6-P, 
glucosamine 6-phosphate; LDL , low-density lipoprotein; LOX1, oxidized LDL receptor 1; RAGE, AGE-specific receptor ; 
ROS, reactive oxygen species; TLR4, Toll-like receptor 4; UDP-GlcNAc, uridine diphosphate N-acetylglucosamine.
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pain in diabetic neuropathy. a | Several alterations to peripheral and 
central neurons contribute to the pathophysiology of painful diabetic 
neuropathy. Ion channels at the terminals of nociceptors can undergo 
glycation through the addition of methylglyoxal to form advanced glycation 
end-products (AGEs), which can contribute to gain of function of these 
channels and neuronal hyperexcitability. Changes at the perikaryon include 
increased expression of voltage-gated sodium channels, such as Nav1.8, 
which can lead to hyperexcitability. In myelinated axons, the expression of 
shaker-type potassium (Kv) channels is reduced, which can also contribute 
to hyperexcitability. Hyperexcitability of neurons leads to increased 
stimulus responses and ectopic neuronal activity , leading to excessive 
nociceptive input to the spinal cord. In the spinal cord, microglia become 

activated and further enhance excitability within the dorsal horn. b | Several 
ascending pathways are involved in pain perception and the psychological 
changes associated with pain, for example, the spinothalamic pathway (1), 
which is involved in pain perception, and the spinoreticular tract.  
In addition, ascending pathways that travel via the parabrachial nucleus (2) 
to the hypothalamus and amygdala (3) are involved in autonomic function, 
fear and anxiety. Descending pathways inhibit or facilitate the transmission 
of nociceptive information at the spinal level (4). Changes induced by 
peripheral neuropathy are shown in boxes. Adapted with permission from 
reF.37, Elsevier, and from American Diabetes Association, Diabetes Care, 
American Diabetes Association (2013)231. Copyright and all rights reserved. 
Material from this publication has been used with the permission of 
American Diabetes Association.
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modifications have been implicated in the pathogenesis 
of neuropathic pain. For example, painful diabetic neuro
pathy is associated with increased expression of Nav1.8 
in sensory neurons; in rodent models of painful diabetic 
neuropathy, this increase reduces conduction failure in 
C fibre nociceptors, resulting in increased impulse con
duction to the central nervous system (CNS), which pro
motes neuropathic pain104. Furthermore, diabetes results 
in increased expression of reactive metabolites such as 
methylglyoxal, which can modify cellular proteins and 
alter their function. In one study, patients with painful 
diabetic neuropathy had higher levels of methyl glyoxal 
than patients with painless diabetic neuropathy105, 
although this finding was not replicated in a subsequent 
study106. Methyglyoxal can posttranslationally modify 
Nav1.8, resulting in Nav1.8 gain of function and sensory 
neuron hyperexcitability, which can contribute to pain 
in rodent models of diabetic neuropathy105. In addition, 
methylglyoxal might modify and enhance the activity 
of the nonselective cation channel TRPA1, leading to 
sensory neuron hyperexcitability in preclinical mod
els107. The shakertype potassium channels attenuate 
axonal excitability, particularly in the context of injury108; 
however, their expression at the juxtaparanodes of mye
linated axons is reduced in animal models of diabetes 
and in patientderived samples109, suggesting that this 
adaptive mechanism to suppress hyperexcitability is lost 
in painful diabetic neuropathy.

Gainoffunction variants in SCN9A (encoding 
Nav1.7) are present in a number of pain disorders, such 
as erythromelalgia and smallfibre neuropathy110, there
fore this gene was a natural candidate to test in painful 
diabetic neuropathy. Rare variants in SCN9A were more 
common in patients with painful diabetic neuropathy 
than in those with painless diabetic neuropathy in two 
studies111,112, although this finding was not replicated 
in one study of painful neuropathy owing to multiple 
aetiologies including diabetes113. A number of the rare 
SCN9A variants resulted in gain of function of Nav1.7, 
owing to impaired inactivation, following expression 
in HEK cells112. This finding is an example of a gene– 
environment interaction in that patients with these vari
ants did not report pain before the onset of diabetes.  
A recent trial of a smallmolecule selective Nav1.7 blocker  
in painful diabetic neuropathy was negative114; however, 
the study did not stratify patients according to the pres
ence of SCN9A variants. Selective blockers of Nav1.7 
have been used in other neuropathic pain disorders with 
some success, such as trigeminal neuralgia, therefore 
further trials in diabetic neuropathy are expected115.

TType Ca2+ channels have also been implicated in 
painful diabetic neuropathy through the regulation of 
the subthreshold excitability of nociceptors. For exam
ple, CaV3.2 activity is enhanced in diabetes through the 
glycosy lation of extracellular arginine residues resulting in 
DRG neuron hyperexcitability116. Reducing this calcium 
current via gene silencing of CaV3.2 reduces painrelated 
hypersensitivity in animal models of diabetes117.

Local factors within the DRG perikarya might 
also contribute to sensory neuron dysfunction and 
pain development. For example, mice that were fed a 
highfat diet and underwent exercise had lower levels 

of proinflammatory cytokines, such as TNF and IL1β, 
as well as reduced mechanical hypersensitivity, com
pared with sedentary mice fed a highfat diet118. These 
cytokines are capable of directly sensitizing sensory 
neurons.

Dysfunction within the CNS. In diabetic neuropathy, 
enhanced input from spontaneously active nocicep
tors increases synaptic transmission within the spinal 
cord, further amplifying nociceptive signalling in a 
process termed central sensitization119. This process 
occurs as a consequence of spatial and temporal sum
mation of nociceptive inputs, such that neurons in the 
spinal cord dorsal horn have an enhanced response 
to the same nociceptive input. In animal models of 
diabetic neuropathy, spinal neurons have hyperexcit
ability to peripheral stimuli, which is associated with 
altered shape (increased length and spine head diam
eter), increased density and redistribution of dendritic 
spines120. Changes in glial cells are also apparent in dia
betic neuropathy. Microglia (the resident immune cells 
of the CNS) transform to a proinflammatory pheno
type in diabetic neuropathy, although the mechanism 
by which this occurs is currently unknown. These cells 
can release factors, such as brainderived neurotrophic 
factor (BDNF), that amplify nociceptive synaptic signal
ling within the spinal cord121 and contribute to mechan
ical painrelated hypersensitivity in animal models of 
painful diabetic neuropathy122. The role of astrocytes is 
less clear, as some studies demonstrated activation of 
astrocytes in models of painful diabetic neuropathy123 
whereas others have not124.

The processing of nociceptive information within the 
dorsal horn of the spinal cord is regulated by a descend
ing pain modulatory system that is mediated by pro
jections from the brainstem, which can either inhibit 
or facilitate transmission of nociceptive information 
at the spinal level125 (Fig. 4). The balance between such 
facilitation and inhibition has been suggested to have a 
role in the development of neuropathic pain. Data from 
both animal models and patients suggest that spinal 
disinhibition can contribute to the development of 
neuropathic pain in diabetic neuropathy126. Functional 
MRI studies suggest that facilitation via the ventro
lateral periaqueductal grey is increased in patients with  
painful diabetic neuro pathy compared with those  
with painless diabetic neuropathy127. Conditioned pain 
modulation can be used as an experimental measure to 
test the integrity of this descending pain modulatory 
system; in this process, a painful conditioning stimu
lus is applied to one body site and will usually reduce 
pain evoked by a stimulus applied to a different body 
site. Conditioned pain modulation is impaired in some 
patients with painful diabetic neuropathy128.

Changes have also been noted in higher brain cen
tres, including reduced connectivity between the thal
amus and cortex129 and structural changes, such as a 
greater reduction in thalamic grey matter volume, in 
patients with painful diabetic neuropathy compared 
with those with painless diabetic neuropathy130. Such 
changes could partly reflect deafferentation due to 
damage of the somatosensory pathways, and the reduced 
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connectivity between the thalamus and cortex could 
represent reduced thalamic feedback and lead to aber
rant pain processing. In concert with these changes, 
painful diabetic neuropathy is associated with impor
tant psychological changes and comorbidities, includ
ing increased anxiety, depression and impaired sleep131. 
Recent preclinical studies emphasize the importance of 
chronic neuropathic pain in the aetiology of anxiety132. 
Further prospective clinical studies will be needed to 
understand the directionality of the relationship between 
pain and these psychological factors.

Diagnosis, screening and prevention
Diagnosis
Diabetic neuropathy is the presence of symptoms and/or  
signs of peripheral nerve dysfunction in patients with 
diabetes after other aetiologies have been excluded9. 
Typically, the presence of more symptoms or signs of 
nerve dysfunction confers higher certainty about the 
diagnosis9, although abnormalities in lowerlimb NCV 
and sensory and motor nerve amplitudes assessed in 
nerve conduction studies (NCS) provide even further 
evidence. For the vast majority of patients, the diagno
sis of diabetic neuropathy is based solely on the history 
and examination and no additional testing is needed9,133. 
Objective confirmatory testing is most commonly 
used in the research setting or as part of the diagnostic 
workup of patients with atypical clinical presentations.

The symptoms of diabetic neuropathy are numbness, 
tingling, pain and weakness and unsteadiness, starting 
distally (at the toes) and spreading proximally and then 
to the upper limb digits when the lowerlimb symptoms 
reach the knees. Patients often have predominantly 
smallfibre neuropathy early in the course of diabetic 
neuropathy or when diagnosed with prediabetes134, and 
have distal painful symptoms of burning, lancinating, 
freezing pain that are greater at rest. Largefibre injury 
usually occurs later in the disease course, but this is not 
always the case.

Clinical findings of diabetic neuropathy are a loss of 
sensation to pinprick, temperature (mostly cold), vibra
tion and proprioception in a ‘stocking and glove’ dis
tribution. These sensory modalities are tested initially 
by the application of the sensory stimulus to a region 
where normal responses are expected, such as the fore
head. Following this, the stimulus is applied to the great 
toe and then moved proximally up the limb to the level 
where the sensation is felt to be normal. Pinprick sensa
tion is tested using a sharp object, such as a safety pin, 
that is discarded after each patient, whereas temperature 
is tested using a cool material, such as a metallic object. 
Vibration is tested by application of a vibrating tuning 
fork to the bony prominence at the dorsum of the great 
toe and then determining when the vibration stops, and 
proprioception is examined by small movements of the 
distal interphalangeal joint of the great toe. Pinprick and 
temperature sensations are mediated via small nerve 
fibres, whereas vibration sensation and proprioception 
are mediated by large nerve fibres.

Loss of ankle reflexes occurs early in diabetic neuro
pathy; thus, initial examination should include reflex 
testing. Later, weakness of small foot muscles and 

dorsiflexors is observed. Although many patients notice 
symptomatic weakness, major weakness on examina
tion is only observed in later stages of advanced diabetic 
neuropathy. Early neurological dysfunction in the upper 
limbs should raise suspicion of a mononeuropathy or an 
alternative diagnosis.

The symptoms and clinical signs of diabetic neuro
pathy can be combined in scales, such as in the Toronto 
Clinical Neuropathy Score135, the modified Toronto 
Clinical Neuro pathy Score136 or the Michigan Diabetic 
Neuropathy Score137, which have defined cutoff values 
for the presence of neuropathy. Other scales include 
signs only or a combination of signs and ancillary tests.

As previously mentioned, in research settings, a 
diagnosis of confirmed diabetic neuropathy commonly 
requires abnormality of objective tests, usually changes in 
NCS (Fig. 5), or validated measures of small nerve fibres 
if an NCS is normal138 as NCS do not assess smallfibre 
function. NCS are performed with surface stimulating 
and recording techniques that test motor and sensory 
nerve fibres in the upper and lower limbs. Changes 
in NCS in patients with diabetic neuropathy include 
decreased amplitudes, decreased conduction velocities 
and prolonged F responses139. Changes in the ampli
tude of motor nerve fibres typically follow changes in 
the amplitude of sensory nerve fibres, and lowerlimb 
changes precede upperlimb changes as diabetic 
neuropathy is a lengthdependent process.

NCS are normal in patients with primarily smallfibre 
neuropathy, and these patients typically also have an 
almost normal clinical examination140. The gold stand
ard for the diagnosis of smallfibre neuropathy is meas
urement of intraepidermal nerve fibre density (IENFD) 
by skin punch biopsy141,142, but this invasive approach is 
rarely necessary in routine diagnosis and is primarily 
used for research purposes. Other confirmatory tests 
of small nerve fibre damage that are most commonly 
used for research purposes include quantitative sen
sory thermal thresholds for reduced cooling detection 
thresholds or elevated heat thresholds143, laser Doppler  
flare imaging studies144 and corneal confocal micro
scopy to measure nerve fibre length in Bowman’s layer 
of the cornea, which is reduced in diabetic neuropathy145. 
However, the validity of these tests is not as well defined 
as for NCS, and these tests have no clear role in routine 
clinical diagnosis146.

If a patient with numbness, tingling, pain and/or 
weakness presents with atypical features, such as acute 
or subacute presentation of neuropathy, nonlength 
dependence, motor predominance and/or asymmetry 
of neuropathic signs and/or symptoms, a neurological 
consult and additional testing should be prompted30. 
Additional testing depends on clinical presentation but 
typically includes measuring serum vitamin B12 levels, 
thyroid function tests, serum protein electrophoresis 
with immunofixation and markers of autoimmune dis
orders. Cerebrospinal fluid examination using lumbar 
puncture to assess protein levels, genetic testing and 
MRI of nerve roots and peripheral nerves is frequently 
required for the correct diagnosis in atypical clinical 
presentations. Rarely, sural or radial nerve biopsy is 
necessary.
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Differential diagnosis
Assessing other aetiologies for which the clinical pres
entation can mimic that of diabetic neuropathy is 
essential during diagnosis of diabetic neuropathy133.  
A complete history and examination are most helpful 
to assess other potential aetiologies of neuropathy, such 
as alcohol abuse (alcoholic neuropathy), genetic neuro
pathies, neoplasia, medicationinduced neuropathy 
(medications such as chemotherapy and HIV treat
ments) and amyloidosis. Laboratory assessment includes 
measurement of vitamin B12 levels (methylmalonic acid 
with or without homocysteine can provide additional 
information) to evaluate for vitamin B12 deficiency, 
particularly in patients receiving metformin147, thyroid 
function tests and serum immunoelectrophoresis with 
immunofixation to evaluate for a monoclonal gammo
pathy. More genetic forms of polyneuropathy are being 
discovered, but the role of routine genetic testing is 
unclear unless the patient has the phenotype of genetic 
polyneuropathy148. As new treatments become avail able 
for disorders such as familial transthyretin amyloid
osis, and as more information about the phenotypes 
of genetic neuropathies becomes available, it might be 
advisable to consider genetic testing earlier rather than 
later in the course of polyneuropathy149,150. However, 
determining which patients benefit from genetic testing 
needs further study.

Screening
Screening for diabetic neuropathy using a recommended 
evidencebased screening algorithm is advised for all 
patients with diabetes9. Current position statements 
from the American Diabetes Association (ADA) and 
guidelines from the Canadian Diabetes Association 

recommend screening for diabetic neuropathy at diag
nosis and annually for patients with T2DM and 5 years 
after diagnosis and then annually for patients with 
T1DM9,151.

The tests for screening need to be rapid, reliable and 
simple, and advocating for anything other than very 
simple test paradigms will lead to a lack of screening. 
Several simple sensory tests can be carried out to detect 
diabetic neuropathy152,153, for example, the 10 g mono
filament test can be used to predict incident diabetic 
neuropathy154. The value of this monofilament is that 
higher insensitivities predict a high risk of foot ulcer
ation; thus, the practitioner needs to use only a single 
tool for screening for diabetic neuropathy and to assess 
risk of foot ulceration155. Vibration testing with a 128 Hz 
tuning fork (timed or number of times felt) has similar 
discriminating abilities to the monofilament test and is 
also quick and easy to perform156. Assessment of deep 
tendon reflexes has good test characteristics, although 
not quite as high as monofilament or vibration test
ing156,157. Other screening methods, such as the Michigan 
Neuropathy Screening Instrument, that use a question
naire and simple examination have also been validated 
and are useful for screening and assessing the severity 
of neuropathy137,158.

Prevention
The consistent feature between T1DM and T2DM is 
hyperglycaemia; therefore, treatment of hyperglycae
mia logically would be the best preventive treatment 
for diabetic neuropathy. However, although enhanced 
glycaemic control effectively reduced the incidence of 
diabetic neuropathy in patients with T1DM, the effect 
was much smaller, or in some studies absent, in patients 
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neuropathy showing a decreased sural sensory nerve action potential amplitude (normal >6 µV) and slow sural sensory 
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with T2DM in one Cochrane systematic review159. 
Indeed, the difference in patients with T2DM did not 
reach statistical significance in either the metaanalysis 
or in individual studies. The T1DM metaanalysis was  
dominated primarily by the Diabetes Control and 
Com plications Trial (DCCT), which accounted for 
1,186 of the 1,228 patients in the metaanalysis16 and 
demonstrated an annualized risk difference of –1.84  
(95% CI –2.56 to –1.11) in favour of enhanced glycae
mic control160. The T2DM metaanalysis was domi
nated primarily by the ACCORD and VADT studies, 
which accounted for 6,568 of the 6,669 patients in the 
metaanalysis161,162 and reported an annualized risk 
difference of –0.58 (95% CI –1.17 to 0.01) in favour of 
enhanced glucose control, although this value did not 
reach statistical significance159. Since the publication of 
this systematic review, another study reported no differ
ence in the prevalence of diabetic neuropathy in patients 
with screendetected T2DM who received routine care 
compared with those who received intensive treatment 
(encompassing goaldirected glycaemia and cholesterol 
and bloodpressure management)163. Importantly, the 
two groups had little to no differences in glycaemic and 
other metabolic measurements. Taken together, cur
rent data indicate that enhanced glucose control has a 
large effect on the prevention of diabetic neuropathy 
in patients with T1DM, whereas the effect in T2DM is 
much less, although it is likely still important.

Exercise is emerging as a promising prevention 
strategy in diabetic neuropathy. One study demon
strated increased distal leg IENFD by 1.5 fibres mm–1 
in patients with diabetes (without neuropathy) who 
received a weekly structured and supervised exercise 
programme, but IENFD was unchanged in patients 
who received lifestyle counselling (–0.1 fibres mm–1; 
P = 0.03)164. This study indicates the potential for exercise 
to prevent nerve injury and even promote nerve regen
eration, although the study was not randomized and the 
effect on patientoriented neuropathy outcomes is still 
not clear. Currently, routine exercise is recommended 
to all patients with diabetes, but no firm recommenda
tions can be made pertaining to the role of exercise and 
the prevention of neuropathy. Additional studies inves
tigating the effect of exercise on neuropathy outcomes 
in patients with established diabetic neuropathy are 
discussed below in the Management section.

Only one study has focused on neuropathy outcomes 
after bariatric surgery, although this study did not focus 
on prevention. This prospective cohort study demon
strated significant improvements in neuropathy out
come measures 6 months after RouxenY gastric bypass 
surgery in patients with T2DM and preoperative diabetic 
neuropathy165. However, of note, no control group was 
provided and outcome measures were not masked to the 
intervention. Despite the results from this study, whether 
bariatric surgery can prevent neuropathy is still unclear. 
No studies to date have focused on medical or pharma
cological weight loss and the prevention of neuropathy. 
Accordingly, future studies need to determine the role of 
bariatric surgery and medical weight loss in the preven
tion of diabetic neuropathy, including whether there is 
a difference between the two approaches.

Management
The current approaches to management of diabetic neu
ropathy focus on improving glycaemic control (mainly in  
patients with T1DM), lifestyle modifications (mainly  
in patients with T2DM) and management of neuropathic 
pain. The optimal therapeutic approach for patients 
with T2DM includes lifestyle interventions, specifically 
diet and exercise, coupled with optimal lipid and blood 
pressure control. Glycaemic control with a HbA1c goal 
of <6 increases mortality in patients with T2DM166 and 
has little effect on diabetic neuropathy, therefore it is not 
recommended as standard of care162,166,167. Rather, good 
glycaemic control as part of a more holistic, personalized 
approach to the treatment of T2DM is the optimal choice. 
Many therapeutic interventions have failed; however, 
several promising therapies are in ongoing clinical trials.

Improved glycaemic control
As previously mentioned, improved glycaemic control 
plays a role in preventing the onset and progression of dia
betic neuropathy in patients with T1DM. The landmark  
trial with the most robust data supporting this is the 
DCCT/Epidemiology of Diabetes Interventions and 
Complications (EDIC); although diabetic neuropathy was 
uncommon at the start of DCCT/EDIC, intensive glucose 
control significantly delayed its development and pro
gression over time16, and similar improvements in neuro
pathy outcomes with intensive insulin treatment were  
reported by two other smaller European cohorts168,169.

As previously discussed, large metaanalyses have 
demonstrated little to no effect of glucose control on 
diabetic neuropathy in patients with T2DM. However, 
some studies support the idea that glucose control 
remains important. For example, a relatively small trial 
of Japanese patients with early T2DM and diabetic 
neuropathy demonstrated improvement in several 
measures of diabetic neuropathy, including NCS, with 
intensive insulin treatment170. Most recently, data from 
two cohorts with uncontrolled T2DM and neuropathy at 
baseline demonstrated improvement in several measures 
of largefibre and smallfibre neuropathy with improve
ment in HbA1c to nearnormal levels after 2 years171. In 
addition, because factors other than hyperglycaemia, 
including metabolic factors such as dyslipidaemia or 
other components of the metabolic syndrome, insulin 
resistance and chronic inflammation, are involved in the 
pathophysiology of diabetic neuropathy, particularly in 
patients with T2DM, specific classes of glucoselowering 
agents that target these factors are emerging as potentially 
effective in delaying progression of neuropathy17.

Diet and lifestyle interventions
Three uncontrolled studies and one small randomized 
study have shown the potential for exercise to improve 
neuropathy outcomes in patients with established neuro
pathy172–175. One study evaluated the effect of a lifestyle 
intervention consisting of individualized diet and exer
cise for 12 months in 32 patients with neuropathy caused 
by impaired glucose tolerance175. Although the BMI of 
participants decreased by only an average of 1.1 kg m–2, 
IENFD levels in the proximal thigh significantly 
increased by 1.4 fibres mm–1 and significantly correlated 
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with decreased neuropathic pain, indicating that the 
IENFD increase is likely clinically relevant to patients.

A second study evaluated the benefit of 4 months 
of a lifestyle intervention of 30–90 min of supervised 
exercise twice weekly, with the addition of home exer
cise, in 36 patients with diabetes and/or metabolic syn
drome174. Dietary counselling was provided only twice 
during this study, and the BMI decreased by an average 
of only 0.11 kg m–2. Following the exercise intervention, 
the cutaneous nerve regenerative capacity (measured by 
IENFD) increased from 0.051 to 0.072 fibres mm–1 per 
day (P = 0.002), and, notably, those with improvements 
in more components of the metabolic syndrome had a 
greater increase in cutaneous nerve regenerative capacity 
(P < 0.012)174.

The third study demonstrated improved intraepi
dermal nerve fibre branching at the proximal thigh 
after 10 weeks of aerobic and strengthening exercise  
(0.11 branch nodes per fibre; P = 0.008), despite no 
change in BMI, in 17 patients with diabetic neuro
pathy173. Furthermore, neuropathic symptoms, including 
pain, were significantly reduced. IENFD at the proxi
mal thigh also improved, although this result did not  
meet statistical significance (1.68 fibres mm–1; P = 0.09).

Finally, a small randomized trial that included a mix
ture of patients with T1DM and T2DM demonstrated 
improvements in both groups in some NCS param
eters and vibration perception thresholds after 4 years 
of an aerobic exercise regimen172. BMI changed little 
over the study duration, and IENFD was not measured. 
Limitations of this study include the lack of designated 
primary and secondary outcomes, no blinded outcome 
assessments, inclusion of individuals with T1DM and 
T2DM, unequal randomization of the study population 
and no patientoriented outcomes.

These studies show the promise of exercise regimens 
to improve IENFD without significant weight loss, but 
importantly only one study included a control group. 
Overall, promising data for exercise to prevent and/or 
improve diabetic neuropathy exist, but welldesigned 
future studies are needed to firmly establish this as an 
effective intervention.

Disease-modifying therapies
Several therapies have been designed to target the 
pathogenesis of diabetic neuropathy. These studies have 
revealed some evidence of efficacy of these therapies, but 
unequivocal evidence of benefit from phase III studies 
is currently lacking.

αLipoic acid has been shown to improve symp
toms in diabetic neuropathy. The multicentre, ran
domized, doubleblind, placebocontrolled ALADIN III  
trial demonstrated significant improvement in the 
Neuropathy Impairment Score (NIS) in patients who 
received αlipoic acid but no significant improvement 
in the Total Symptom Score (TSS)176. In addition, in the 
SYDNEY2 trial, 181 patients with diabetic neuropathy 
received oncedaily oral doses of 600 mg, 1,200 mg or 
1,800 mg αlipoic acid or placebo for 5 weeks177. The pri
mary outcome measure was the change from baseline of 
the TSS, which decreased by 51% in the 600 mg group, 
48% in the 1,200 mg group and 52% in the 1,800 mg group 

compared with 32% in the placebo group (P < 0.05 versus 
placebo); on the basis of these results, a dose of 600 mg 
once daily seems to provide the optimum risktobenefit 
ratio177. The largest and longest trial, Nathan I178, a multi
centre, randomized, doubleblind, parallelgroup trial, 
evaluated the efficacy and safety of 600 mg αlipoic acid 
over 4 years in patients with mildtomoderate diabetic 
neuropathy. No significant difference in the primary end 
point, a composite score (NISLower Limbs (NISLL) 
and seven neurophysiological tests), was observed 
between αlipoic acid treatment and placebo. However, 
clinical subscores assessing components of neuropathy, 
such as distal muscle weakness alone, or a combination of 
weakness, reflexes and sensory changes in the arms and 
legs or legs alone, showed some marginal improvement 
from baseline in the intervention group. In addition, 
more patients showed a clinical improvement and fewer 
showed progression of the NIS (P = 0.013) and NISLL 
(P = 0.025) with αlipoic acid than with placebo. One 
potential reason that could have contributed to the lack 
of difference in the primary end point was that NCS and 
quantitative sensory testing results did not significantly 
worsen in the placebo group as originally predicted. 
Global assessment of treatment tolerability did not differ 
between the groups. Despite these caveats, when the pri
mary end point of a clinical trial is not met, the US FDA 
does not support the use of the study drug.

Benfotiamine administration has been shown to 
increase the levels of intracellular thiamine and reduces 
AGEs that induce experimental diabetic neuropathy179,180. 
In a short 6week, doubleblind, placebocontrolled, 
phase III trial181, a borderline difference in the primary 
outcome parameter, the Neuropathy Symptom Score, 
was observed between the benfotiamine and placebo 
groups in the perprotocol population but not in the 
intentiontotreat population (P = 0.055). However, no 
significant differences in changes in peripheral nerve 
function or soluble inflammatory biomarkers were 
observed in a longer, 24month trial assessing highdose 
benfotiamine compared with placebo182.

In a small, singlearm, openlabel trial of seal oil v3 
polyunsaturated fatty acid (PUFA) supplementation 
(consisting of eicosapentaenoic acid, docosapentaenoic 
acid and docosahexaenoic acid) for 1 year in patients 
with T1DM and diabetic neuropathy, a 29% improve
ment in the primary end point, the corneal nerve fibre 
length, was observed, although there were no changes in 
other measures of neuropathy183. Confirmation of these 
observations is required in a larger trial.

Aldose reductase inhibitors should be effective in the 
treatment of diabetic neuropathy owing to the proposed 
involvement of the sorbitol pathway in the pathophysio
logy of this disorder. Since 1980, numerous clinical stud
ies with aldose reductase inhibitors have been performed 
but have failed to meet regulatory requirements to  
be marketed in the United States. However, epalrestat is 
marketed in Japan for the treatment of diabetic neuro
pathy. Although several uncontrolled trials have been 
carried out, one controlled trial demonstrated a small 
but significant change from baseline in motor NCV in 
patients with diabetic neuropathy and a median motor 
NCV ≥40 m s–1 and HbA1c ≤9% with epalrestat compared 
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with control184. Secondary end points such as the median 
nerve minimum Fwave latency, the vibration percep
tion threshold and subjective symptoms were statistically 
significant between groups; however, significance was 
not reached for the cardiovascular autonomic nerve 
function variables.

Pain management
The consensus from multiple guidelines and systematic 
reviews is that calcium channel a2δ ligands, serotonin 
and noradrenaline reuptake inhibitors (SNRIs) and tri
cyclic antidepressants (TCAs) have the best evidence to 
support their use in the treatment of diabetic neuropathic 
pain185–189. However, comparative effectiveness studies to 
inform the best choice of medications are lacking. Given 
the similar evidence between these classes of medications, 
cost and severity or frequency of adverse effects should be 
important considerations190. A detailed approach for pain 
management is provided in Fig. 6 (reF.9), and evidence and 
recommendations for treatment are discussed below.

Anticonvulsants. Of the anticonvulsants, the a2δ lig
ands gabapentin and pregabalin are effective for painful 
diabetic neuropathy. Gabapentin has been effective in 
most9,187,188, but not all9,187,191, trials of painful diabetic 
neuropathy. Given its pharmacokinetic profile, gaba
pentin requires gradual titration9,192,193. Pregabalin has a  
linear and doseproportional absorption in the thera
peutic dose range. The majority of studies of pregaba
lin show efficacy in painful diabetic neuropathy, with 
at least 30–50% improvement in pain9,192,193, although 
not all trials have been positive187,188,194,195, particularly in 
those with advanced refractory patients9,196. Some stud
ies have suggested a dose response, with a weaker thera
peutic effect at lower doses of pregabalin192. The adverse 
effects of both medications can include confusion and 
dizziness, are more severe in older patients197 and can 
be attenuated by lower starting doses and more grad
ual titration. Gabapentin is currently less expensive, an 
important implication for patients as outofpocket costs 
continue to rise, especially for those in highdeductible 
health plans in the United States190.

SNRIs. Duloxetine is a selective SNRI with demonstrated 
efficacy for the treatment of painful diabetic neuropathy 
in several multicentre randomized trials9,198,199. Duloxe
tine treatment can also improve neuropathyrelated 
QOL200,201. Venlafaxine is another SNRI that can be 
effective in the treatment of pain in diabetic neuro
pathy202,203. SNRIs are associated with a range of adverse 
effects that can be more severe than those observed with 
gabapentin and pregabalin, such as dizziness, fatigue,  
nausea and insomnia.

TCAs. Amitriptyline is the most frequently used TCA 
and has demonstrated efficacy in painful diabetic  
neuropathy in small randomized, blinded, placebo 
controlled clinical trials204,205. Nortriptyline and desip
ramine have fewer adverse effects than amitriptyline 
and imipramine and might be safer in older adults206,207. 
However, there are fewer and smaller randomized con
trolled trials indicating efficacy of nortriptyline and 
desipramine206–208.

Opioid and atypical opioid analgesics. Although there 
is evidence of efficacy of opioids for pain relief, these 
drugs are associated with a high risk of addiction and 
safety concerns; thus, the most recent ADA position 
statement does not recommend opioid use as firstline 
or secondline therapies for treating neuropathic pain 
associated with diabetic neuropathy9. An American 
Academy of Neurology (AAN) position statement and 
Centers for Disease Control and Prevention (CDC) 
guideline have both urged great caution in using opi
oids for chronic, noncancer pain, including neuropathic 
pain from diabetic neuropathy209,210.

Tapentadol has demonstrated efficacy in painful dia
betic neuropathy in two phase III trials211,212, although 
a systematic review and metaanalysis by the Special 
Interest Group on Neuropathic Pain (NeuPSIG) found 
that the evidence of tapentadol efficacy in reducing 
neuropathic pain was inconclusive187. Tramadol has 
a similar mode of action to tapentadol213. Two large 
studies have demonstrated the efficacy of tramadol 
for painful diabetic neuropathy214,215, and the effect 
might be longlasting216. Oxycodone improved pain 
scores in two singlecentre trials in patients with pain
ful diabetic neuropathy; however, one trial had a small 
sample size217,218. Although tapentadol and tramadol 
have evidence supporting their efficacy in diabetic 
neuropathic pain, whether the risktobenefit ratio of  
these drugs is different from that of stronger opioids 
deserves further study. The role, if any, of other opioids is  
unclear, but these drugs should likely be avoided in 
most if not all patients given the mounting evidence of 
harm. Numerous serious adverse effects and cautions 
are associated with opioid analgesics, but the most con
cerning are prescription abuse, addiction and increased 
mortality219.

Quality of life
As diabetes is a chronic condition that requires life
long medications, monitoring and adherence to dietary 
advice, the majority of patients experience issues with 
their physical and mental wellbeing. ‘Diabetes distress’ 

Consider a different first-line therapy Consider combinations of first-line therapies

No effect Partial effect

Tricyclic antidepressantsAnticonvulsants SNRIs

Choice of first-line therapy dependent on drug price
and severity and frequency of adverse effects

Avoid
opioid

analgesics

Confirmed diabetic neuropathic pain

Fig. 6 | Treatment of painful diabetic neuropathy. First-line and second-line treatments 
for painful diabetic neuropathy include several drug classes, such as anticonvulsants 
(gabapentin or pregabalin), serotonin and noradrenaline reuptake inhibitors (SNRIs; 
duloxetine or venlafaxine) and tricyclic antidepressants (amitriptyline, nortriptyline, 
desipramine or imipramine). Opioids should be avoided owing to their serious adverse 
effects and association with addiction.
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is a term used to describe the hidden emotional burden 
of diabetes220. QOL further decreases if the patient with 
diabetes develops diabetic complications or comorbid
ities, such as retinopathy, nephropathy and neuropathy. 
The development of neuropathic foot ulcers can lead to 
substantial reductions in QOL owing to the prolonged 
immobilization required to heal the ulcers.

Diabetic neuropathy causes significant impair
ment in QOL. Indeed, the QOL of patients with dia
betic neuropathy is lower than in patients without 
neuropathy, and this difference started years before 
and continued for years after their neuropathy diag
nosis221. Moreover, painful diabetic neuropathy has a 
particularly strong effect on QOL222. A high prevalence 
of pain due to diabetic neuropathy, with substantial 
sleep impairment and comorbid mood disorder, was 
reported in a study in India conducted by the INdINeP 
study group223. In addition, pain was associated with 
an adverse effect on employment status and reduced 
productivity, which in turn creates a negative effect 
on the economy.

Several psychometric tools are available to assess 
the effect of both diabetes and its complications on the 
lives of patients as well as the effect of medical inter
ventions. These include the Diabetes Quality of Life 
(DQOL) measure, the DiabetesSpecific Quality of 
Life Scale (DSQOLS), the Appraisal of Diabetes Scale, 
the ATT39, the Questionnaire on Stress in Patients 
with DiabetesRevised, the Type 2 Diabetes Symptom 
Checklist, the Problem Areas in Diabetes Scale (PAID1)  
and the Audit of DiabetesDependent Quality of Life 
(ADDQoL). The utility of these scales was recently 
reviewed224. The Nottingham Health Profile (NHP) is 
useful to assess the QOL in patients with diabetic neuro
pathic pain and involves six domains (energy, sleep, 
pain, physical mobility, emotional reaction and social 
isolation)225. Other healthrelated QOL instruments 
are used, for example, the 36item Short Form Health 
Survey (SF36)226.

It is well established that successful treatment of dia
betic neuropathic pain improves QOL, evaluated using 
the quality assessment tools listed above. Indeed, QOL 
is now a routine measurement in all studies assessing 
the efficacy of therapeutic interventions for diabetic 
neuropathy and diabetic neuropathic pain. QOL is also 
an important consideration for individuals with severe 
endstage diabetic neuropathy. Daily intensive psycho
logical counselling rendered before and after foot ampu
tation secondary to diabetic neuropathy reduces the 
sudden psychological trauma associated with amputa
tion and significantly improves psychological wellbeing 
and QOL among amputees227.

One new way to improve the QOL in people with 
painful diabetic neuropathy is to use cognitive behav
ioural therapy (CBT). CBT can help reduce pain inten
sity and improve physical function. Indeed, CBT had 
a beneficial effect on mixed chronic pain and QOL in 
one recent study228. Ten weekly 90min group CBT ses
sions involving motivational reinforcement and training 
aimed at reducing pain intensity and depression had a 
positive enduring benefit on a patient’s QOL for up to 
6 months.

Outlook
Our understanding of diabetic neuropathy continues to 
advance, although at a rate slower than needed to meet 
the impending healthcare crisis. Preclinical and large, 
wellconducted clinical trials have changed our prac
tice parameters and have led to a more personalized 
approach to the treatment of diabetic neuropathy.

Advances in our understanding of the clinical 
presentation and optimal therapeutic management of 
diabetic neuropathy form the foundation for the cur
rent paradigm shift in the preclinical research space. 
Previously, preclinical studies focused on cell culture 
and animal models of glucose metabolism alone, and 
between 1980 and the present, findings from these 
studies were translated into 70 clinical trials, with a 
focus on ten different aldose reductase inhibitors, all 
of which failed. Although the knowledge gap in the 
field remains large as the previous nervecentric focus 
on glucose alone did not move the field forward, the 
future is promising. Preclinical research is moving 
towards understanding global wholenerve metabolism, 
nutrient overload and the sharing of energy between 
Schwann cells and axons in T1DM and T2DM. Progress 
is being made as fundamental questions are being asked 
by basic scientists, such as whether there is metabolic 
reprogramming of the peripheral nervous system dur
ing diabetes, the separate and combined roles of exces
sive glucose and lipids on nerve bioenergetics and the 
role of insulin and insulin resistance in the peripheral 
nervous system. Additional ongoing questions include 
whether axoglial sharing of energy and/or transfer of 
toxic byproducts occur during diabetes, how metabolic 
perturbations of diabetes regulate mitochondrial func
tion in both the neurons and axons and, ultimately, 
how our understanding of basic peripheral nervous 
system metabolism and bioenergetics during diabetes 
will translate to the changes in neuronal and axonal 
structure and function that define diabetic neuropathy. 
Understanding these aspects of global metabolism and 
energy use by the peripheral nervous system is our only 
chance of developing meaningful therapies for diabetic 
neuropathy.

There is a clear call for action in the field of dia
betic neuropathy. As the pandemic of diabetes and 
obesity continues to escalate, effective therapies to 
prevent and treat diabetic neuropathy are needed now. 
Unfortunately, large pharmaceutical companies have 
reduced research and clinical trials in diabetic neuro
pathy owing to our lack of basic understanding of this 
disease. This change has occurred despite the growing 
burden of this disease. The societal costs of diabetic  
neuropathy are outnumbered only by the individual 
costs to each patient, including pain, inability to work, 
poor QOL, multiple hospitalizations for ulcers and even
tual amputations. Although diabetic neuropathy is the  
strongest predictor of mortality in T2DM, it remains  
the only microvascular complication of diabetes with
out a specific treatment. Accumulating clinical and pre
clinical research in the next decade can and will change 
this scenario.
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