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Abstract

Frustratingly, disease-modifying treatments for diabetic neuropathy remain elusive. Glycaemic control has a robust effect on
preventing neuropathy in individuals with type 1 but not in those with type 2 diabetes, which constitute the vast majority of
patients. Encouragingly, recent evidence points to new metabolic risk factors and mechanisms, and thus also at novel disease-
modifying strategies, which are desperately needed. Obesity has emerged as the second most important metabolic risk factor for
neuropathy (diabetes being the first) from consensus findings of seven observational studies in populations across the world.
Moreover, dyslipidaemia and altered sphingolipid metabolism are emergent novel mechanisms of nerve injury that may lead to
new targeted therapies. Clinical history and examination remain critical components of an accurate diagnosis of neuropathy.
However, skin biopsies and corneal confocal microscopy are promising newer tests that have been used as outcome measures in
research studies but have not yet demonstrated clear clinical utility. Given the emergence of obesity as a neuropathy risk factor,
exercise and weight loss are potential interventions to treat and/or prevent neuropathy, although evidence supporting exercise
currently outweighs data supporting weight loss. Furthermore, a consensus has emerged advocating tricyclic antidepressants,
serotonin—noradrenaline (norepinephrine) reuptake inhibitors and gabapentinoids for treating neuropathic pain. Out-of-pocket
costs should be considered when prescribing these medications since their efficacy and tolerability are similar. Finally, the
downsides of opioid treatment for chronic, non-cancer pain are becoming increasingly evident. Despite these data, current clinical
practice frequently initiates and continues opioid prescriptions for patients with neuropathic pain before prescribing guideline-
recommended treatments.
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factors, mechanisms and potential disease-modifying thera-
pies. Furthermore, new diagnostic tests are available and
guidelines have demonstrated the best treatments for neuro-
pathic pain, including those to avoid. These latest advances
and their implications for the future are discussed in the
following sections.

Epidemiology

Recent epidemiological studies implicate obesity as the
second most influential metabolic risk factor for neuropathy
after diabetes [3-9]. This evidence emerges from seven clini-
cal studies, which were conducted in the USA (two studies)
[5, 6], China (two) [4, 8], and Denmark [3] the Netherlands [7]
and Germany (one each) [9]. One US study of a severely
obese population (N=102, cross-sectional study design)
investigated the association of neuropathy with components
of the metabolic syndrome, and found diabetes and waist
circumference to be the only metabolic risk factors for neurop-
athy [6]. Furthermore, neuropathy was more prevalent in
obese normoglycaemic individuals (11.1%) than lean controls
(3.8%), suggesting obesity alone may be sufficient to cause
neuropathy. A second US study evaluated the association of
components of the metabolic syndrome with neuropathy in an
elderly population (N=2382, cross-sectional) [5]. While
diabetes was the only metabolic risk factor associated with
the primary neuropathy outcome, waist circumference was
associated with four of the six secondary neuropathy
outcomes, which was more than any other metabolic factor.
One Chinese population-based study in Pinggu revealed that
diabetes and weight were the only metabolic risk factors asso-
ciated with neuropathy (N =4002, cross-sectional) [4]. A
second Chinese population study in Shanghai demonstrated
that non-diabetic individuals with neuropathy had a larger
waist circumference and were more likely to be hypertensive
(N=2035, cross-sectional) [8].

The studies conducted in Denmark, the Netherlands and
Germany also highlighted obesity as a neuropathy risk factor,
replicating the study findings in China and the USA. The
Danish study followed individuals with screen-detected diabe-
tes and investigated which metabolic risk factors were associ-
ated with incident neuropathy (N = 1256, longitudinal) [3].
Weight, BMI, waist circumference, and HDL- and LDL-
cholesterol all associated with neuropathy. The Dutch study
evaluated a community dwelling, middle-aged to elderly
population (N = 1256, cross-sectional), and found waist
circumference and triacylglycerols were the only metabolic
factors, besides diabetes, that were associated with neuropathy
[7]. Finally, the German study demonstrated that multiple
obesity measures were associated with incident neuropathy
in an elderly cohort (N =513, longitudinal) [9].
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Overall, these five cross-sectional and two longitudinal
studies in a total of 11,546 demographically diverse individ-
uals consistently demonstrate that obesity is independently
associated with neuropathy and only trails hyperglycaemia
as a risk factor in terms of the strength of the association.
These studies have potential implications for treating neurop-
athy in individuals with and without diabetes. Importantly,
many obese normoglycaemic individuals diagnosed with idio-
pathic neuropathy may need to be re-classified as obesity-
related neuropathy. In the future, treatments geared towards
obesity and its downstream effects will likely be needed rather
than solely focusing on hyperglycaemia.

Metabolic causes of neuropathy

The role of glucose and lipids In addition to hyperglycaemia,
dyslipidaemia is increasingly viewed as a contributing patho-
genic factor to neuropathy, particularly for type 2 diabetes.
This more recent direction stems from a 2012 Cochrane
review [1], which indicated that intense glycaemic control
only marginally improved neuropathy in multiple type 2
diabetes cohorts. Rather, metabolic syndrome components,
such as obesity, emerged as key players in neuropathy risk.
This contention is further supported by the clinical studies
discussed above. As such, in vitro, in vivo and clinical studies
are focused on uncovering the mechanisms by which altered
glucose and lipids converge to affect peripheral nerve function
and health to support the development of potential
mechanism-based therapies [10-12].

Hyperglycaemia and dyslipidaemia affect multiple cells in
the peripheral nervous system, including neuronal axons,
dorsal root ganglion neurons and Schwann cells. There have
been decades of research on the impact of glucose overload on
these cells, and consequences include excess reactive oxygen
species (ROS) formation, loss of ATP production, impaired
mitochondrial function, activation of stress pathways and
glycation of essential proteins to form AGEs (Fig. 1). These
events all further increase ROS, which in turn promote endo-
plasmic reticulum (ER) stress, DNA damage, apoptosis and
activation of proinflammatory signalling, mechanisms that
ultimately lead to nerve injury.

More recent emphasis, however, is focused on
dyslipidaemia and elevated triacylglycerols as sources of
NEFA in type 2 diabetes. NEFA are catabolised by f3-
oxidation in the cytosol of all cells of the peripheral nervous
system. Acetyl-CoA, a 3-oxidation product, can accumulate
during NEFA substrate overload, and its conversion into toxic
acylcarnitine species leads to further nerve injury. At the same
time, compromised 3-oxidation also results in extensive ROS
production and inflammatory pathway activation, promoting
effects similar to those observed in response to glucose over-
load, such as ER stress and altered mitochondrial function and
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impaired axonal transport, resulting in ATP deficiency [13].
Finally, oxidation of LDLs can induce ROS generation and
activate receptors, such as the receptor for AGEs (RAGE), the
receptor for oxidised LDLs (LOX1), and Toll-like receptor 4
(TLR4), exacerbating nerve injury, activating caspase-3 and
inducing DNA degradation. Hence, inflammation, mitochon-
drial dysfunction, oxidative damage and impaired energy
processing and utilisation converge as potential central mech-
anisms underlying the effects of hyperglycaemia and
dyslipidaemia on peripheral nerve health (Fig. 1) [10-12].
Current research focuses on identifying the contributions from
each pathway to neuropathy for developing targeted,
mechanism-based therapies that can impact clinical outcomes.

Alterations in sphingolipid metabolism While
hyperglycaemia and dyslipidaemia are more well-established
contributors to nerve injury, increasing evidence suggests that
altered sphingolipid metabolism is also an important neuro-
toxic factor. Specifically, altered sphingolipid metabolism in
individuals with type 2 diabetes results in the formation of
atypical, neurotoxic deoxysphingolipids. Sphingolipids are

Extracellular

Intracellular

bioactive lipids that are essential structural components of
the plasma cell membrane and important signalling molecules,
particularly in the nervous system. Sphingolipid biosynthesis
begins by enzymatic catalytic condensation of palmitoyl-CoA
with the amino acid serine mediated by serine
palmitoyltransferase (SPT). Atypical deoxysphingolipids
arise when SPT metabolises alanine or glycine instead of
serine. Deoxysphingolipids are toxic to neurons and to pancre-
atic beta cells [14, 15]. In addition, deoxysphingolipid plasma
levels are elevated in individuals with the metabolic syndrome
and type 1 diabetes, and the greatest elevations are observed in
individuals with type 2 diabetes [15—17]. Disproportionate
increases in select deoxysphingolipids are seen in diabetic
individuals with neuropathy compared with those without
neuropathy [17]. Elevated deoxysphingolipids are not univer-
sally associated with nerve injury, although they occur in
several neuropathies other than diabetic neuropathy. They
are thought to cause hereditary sensory autonomic neuropathy
type I [14], a rare genetic disease that is phenotypically similar
to diabetic neuropathy, including the disproportionate injury
to sensory nerves, severe neuropathic pain and propensity to
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Fig. 1 Diabetic neuropathy pathogenesis. Hyperglycaemia and
dyslipidaemia lead to several pathological alterations in neurons,
Schwann cells, glia and vascular cells, including ER stress, DNA damage,
mitochondrial dysfunction, neurodegeneration and apoptosis and, ulti-
mately, neuropathy. The importance of these pathways in the develop-
ment of neuropathy varies with cell type, disease profile and time.

Distinct cell types are more or less susceptible to injury depending on
the metabolic impairments. LOX1, oxidised LDL receptor 1; RAGE,
AGE-specific receptor; ROS, reactive oxygen species; TLR4, Toll-like
receptor 4. Adapted from [11] with permission from Springer Nature.
This figure is available as a downloadable slide
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limb ulceration. Deoxysphingolipids are also observed in
paclitaxel-induced neuropathy and neuropathy associated
with mitochondrial disease [18, 19]. Altered sphingolipid
metabolism is a potential novel mechanism for neuropathy
that may lead to new disease-modifying therapies, but more
preclinical and observational clinical studies are needed
before launching future clinical trials.

Diagnostic testing A diagnosis of diabetic neuropathy should
be suspected based on supportive clinical history and neuro-
logical exam in the setting of diagnosed diabetes. HbA .,
fasting glucose or a high-sensitivity OGTT should be consid-
ered for diagnosing diabetes and impaired glucose tolerance
and/or impaired fasting glucose [20]. Testing may also be
performed to exclude other common neuropathy causes, such
as vitamin B12 levels for vitamin B12 deficiency-induced
neuropathy, or serum protein electrophoresis (SPEP) or
immunofixation for gammopathy-induced neuropathy [20].
Screening for alcohol abuse should also be completed since
this is one of the most common causes of neuropathy.

Common neuropathy symptoms include numbness,
paraesthesias and neuropathic pain, which is described as
burning, electrical or sharp shooting sensations. Early exam
findings include reduced or absent Achilles reflex, diminished
distal sensation to small fibre function (pain/temperature), and
large fibre function (vibration/proprioception). Small fibre
dysfunction often precedes loss of large fibre function in
diabetic neuropathy. Nerve conduction studies (NCS) demon-
strate diminished sensory nerve action potential amplitudes in
the distal lower extremities with mild slowing of conduction
velocities [21]. In the clinical setting of a diagnosed diabetic
individual with symptoms and exam findings of a distal
symmetric polyneuropathy (DSP), NCS are often unnecessary
for diagnosis [22, 23]. Routine NCS/electromyography
(EMG) and magnetic resonance imaging have limited utility
for evaluating neuropathy as these tests rarely change the
diagnosis or management, but contribute substantially to
healthcare costs for evaluating neuropathy [22]. The neuro-
logical history and exam lead to identification of an underly-
ing cause of neuropathy in 64% of cases, with an additional
10% of causes identified after the simple blood tests outlined
above [22]. Warning signs of atypical neuropathy, such as
asymmetry, predominant weakness, non-length dependence
and acute/subacute onset, should prompt additional testing,
including NCS/EMG [2].

In addition to conventional diagnostic testing, newer tests
have been developed to quantitatively confirm neuropathy.
Skin biopsy for evaluating intraepidermal nerve fibre density
(IENFD) has good test characteristics for neuropathy (AUC =
0.76) and for small fibre neuropathy (AUC =0.82) based on
the gold standard of the Toronto definition of probable
neuropathy and small fibre neuropathy, respectively [24].
Similarly, corneal confocal microscopy (CCM) has good test

@ Springer

characteristics for neuropathy (AUC =0.68-0.77) [25].
Importantly, CCM lacks head-to-head comparisons with skin
biopsy in individuals with type 2 diabetes to determine which
test performs better. However, two studies in individuals with
type 1 diabetes demonstrated similar diagnostic characteristics
(sensitivity and specificity) between these two techniques [26,
27]. Given the lack of data on the change of management
following skin biopsy and CCM testing, these tests should
remain as research trial outcomes, and not for routine clinical
practice. Future studies are needed to compare these two tests
and determine whether they have clinical utility.

Disease-modifying treatments

Disease-modifying treatments are particularly important as
they alter the natural history of the disease. The reasons why
so many diabetic neuropathy treatments have failed when
studied in randomised clinical trials are multifactorial and
include issues with trial design, participant selection and
endpoints, along with the possibility that the therapy itself is
ineffective [11]. Given the limited effect of intensive
glycaemic control on preventing neuropathy, new disease-
modifying treatments are needed. Since obesity is the second
biggest metabolic risk factor, interventions focused on exer-
cise and/or weight loss are promising. In terms of exercise,
three uncontrolled studies and one small randomised trial have
shown the potential for exercise to improve neuropathy
outcomes, even though patients had minimal weight loss
[28-31]. One study of 32 patients with neuropathy caused
by impaired glucose tolerance revealed that IENFD signifi-
cantly increased following 12 months of an exercise-focused
lifestyle intervention, even though IENFD usually decreases
over time without intervention [31]. Similarly, another study
of 36 patients with diabetes and/or the metabolic syndrome
found that cutaneous nerve regenerative capacity improved
following supervised exercise for 4 months [30]. A third study
of 17 individuals with diabetic neuropathy patients demon-
strated that intraepidermal nerve fibre branching significantly
improved after 10 weeks of exercise [29]. Finally, a small
randomised trial of type 1 or type 2 diabetes patients revealed
improvements in NCS and vibration thresholds after 4 years
of exercise [28]. Despite these four studies, larger randomised
controlled trials are needed to determine the appropriate role
of exercise for the prevention and treatment of diabetic
neuropathy. Whether traditional aerobic or high intensity
interval training regimens lead to better compliance and/or
neuropathy outcomes also requires further study.

While multiple exercise studies exist, limited data are avail-
able on medical or surgical weight loss and their effects on
diabetic neuropathy. Our group is currently conducting one
medical weight loss (ClinicalTrials.gov ID NCT02689661)
and one surgical weight loss observational study to


http://clinicaltrials.gov

Diabetologia (2020) 63:891-897

895

determine the role of these interventions on neuropathy
outcomes in obese populations. We will be able to compare
and contrast neuropathy outcomes in the two populations vs
controls to determine whether either is a promising disease-
modifying therapy for neuropathy. Similarly, we are
conducting a clinical trial (NCT03617185) to compare the
effects of bariatric surgery and/or high intensity interval train-
ing on neuropathy outcomes. Individuals will be randomised
to the high intensity interval training from the group of indi-
viduals that choose to undergo bariatric surgery and from the
group that attended the bariatric surgery clinic but chose not
to pursue surgery. Given that exercise and weight loss require
life-altering changes in behaviour, it will be important to
understand if one, both or neither of these interventions can
treat and/or prevent neuropathy.

Treatment of painful diabetic neuropathy

The most disabling symptom of neuropathy is often neuropathic
pain, which is experienced by about a quarter of individuals with
the disorder [23, 32]. Treatment of neuropathic pain does not
alter the natural history of neuropathy, but is still important to
improve the quality of life of patients. There are few head-to-
head trials comparing the efficacy of neuropathic pain medica-
tions, all of which were originally developed for other therapeutic
reasons. Very few patients experience a complete improvement
in pain, and a pain reduction of 30-50% should be considered
significant [33]. Both the American Academy of Neurology
(AAN) and the European Federation of Neurological Societies
(EFNS) have published guidelines on treating neuropathic pain
[34, 35]. These guidelines and multiple other systematic reviews
demonstrate consistent evidence for the efficacy of tricyclic anti-
depressants (TCAs; amitriptyline and nortriptyline),
gabapentinoids (gabapentin and pregabalin), serotonin—
noradrenaline (norepinephrine) reuptake inhibitors (SNRIs;
venlafaxine and duloxetine) and opioids (see text box) [34-38].
The TCAs and gabapentin and venlafaxine have the lowest out-
of-pocket costs (costs that are directly paid by patients) of the oral
medications used for treating neuropathic pain and should be
considered before more expensive options [39].

The opioid epidemic in the USA did not start in individuals
with painful diabetic neuropathy, but it has had direct impli-
cations for this population. Although opioids have been
shown to be effective for treating neuropathic pain in the short
term, these medications carry risks of serious adverse events,
including overdose, tolerance and addiction. The Centers for
Disease Control (CDC) and the AAN have advised caution in
using opioids for non-cancer pain, including neuropathic pain
[40, 41]. The CDC systematic review provides extensive
evidence of the downsides of opioids, which is in contrast to
the lack of data on the long-term efficacy of these medications
[40]. Specific to individuals with neuropathy, chronic opioid

Treatment of painful diabetic
neuropathy

o First-line medication: SNRI, TCA or gabapentinoid
(note that pregabalin usually has the highest out-of-
pocket expense amongst these medications)

e Second-line medication: add or replace with a medi-
cation from a different class of first-line medication
(do not attempt pregabalin after gabapentin)

e Only try medications with limited or no evidence after
attempting at least one medication from each class
and preferably two

¢ Avoid opioids for chronic, non-cancer pain, given the
evidence supporting adverse outcomes

use did not improve functional status, but was associated with
an increased risk of opioid dependence and overdose [42].
Despite the risks associated with opioid medications, a recent
study showed that nearly two-thirds of patients received at
least one opioid prescription, and almost 9% are on chronic
opioids, even when excluding patients that have other chronic
pain conditions [43]. Of those individuals who were on chron-
ic opioid therapy, only 26% received a guideline-
recommended medication prior to opioid prescription. These
results indicate that guideline-concordant medications are
often underutilised and that opioid use in this population is
extremely high. While the evidence for TCAs, SNRIs and
gabapentinoids is well established, there is a clear need for
new neuropathic pain medications, because these medications
have small effect sizes and substantial side effects.
Furthermore, with the rapidly evolving data supporting the
negative effects of opioids, interventions are needed to prevent
initiation and increase cessation of these medications in the
neuropathy population.

Conclusions

New metabolic risk factors (obesity) and mechanisms
(dyslipidaemia and deoxysphingolipids) have the potential to
lead to new disease-modifying therapies for neuropathy. For
example, exercise and medical and surgical weight loss are all
promising new therapeutic avenues for neuropathy resulting
from obesity and dyslipidaemia. While new diagnostic tests
are available (IENFD and CCM), they are more well
established as neuropathy research outcomes than as clinically
useful tools. Finally, improved treatment of neuropathic pain
will require increased utilisation of guideline-recommended
medications and decreased use of opioids.
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