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Abstract—A 62-year-old diabetologist diagnosed himself to
have diabetes type-2, with an HbA1c of 9.5. Five months
after lifestyle intervention and a multi-drug approach, HbA1c
was 6.3, systolic blood pressure was below 135 mmHg and
BMI reduced to 27. But he suffered from severe painful dia-
betic neuropathy. Therefore he decided to visit his friend, a
famous neuroscientist at an even more famous university.
He asked him several plain questions: 1. What is the natural
course of painful diabetic neuropathy? 2. Why do | have,
despite almost normalizing HbA1c, more problems than
before? 3. Are you sure my problems are due to diabetes
or should we do a nerve biopsy? 4. Are there imaging tech-
niques helpful for the diagnosis of this diabetic complica-
tion, starting in the distal nerve endings of the foot and
slowly moving ahead? 5. Can you suggest any drug, specific
and effective, for relieving painful diabetic neuropa-
thy? This review will use the experts’ answers to the ques-
tions of the diabetologist, not only to give a summary of the
current knowledge, but even more to highlight areas of
research needed for improving the fate of patients with pain-
ful diabetic neuropathy. Based on the unknowns, which
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exceed the knowns in diabetic neuropathy, a quest for more
public support of research is made.

This article is part of a Special Issue entitled: SI: Pain
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reserved.
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WHAT IS THE NATURAL COURSE OF PAINFUL
DIABETIC NEUROPATHY?

This is a difficult question to answer (Boulton et al., 2004;
Llewelyn et al., 2005; Said, 2013), because this would
require large cohorts of patients with recent manifestation
of diabetic polyneuropathy (DPN) followed over more than
10 years. While diabetic neuropathy seems to be frequent,
pain is much less frequent (van Hecke et al., 2014). Most
cohorts have only been studied for a relatively short time
and thus there is a lack of longitudinal data. Even the
prevalence of DPN reported is surprisingly different in
the various studies, pointing to effects of subgroups and
methodological problems, such as the diagnostic tools
used and whether or not small fiber functions are included
(Davis et al., 2008; Ziegler et al., 2009; Karvestedt et al.,
2009; Roth et al., 2016; Blankenburg et al., 2012). The
estimates on the prevalence of painful diabetic neuropathy
are sparse and vary from 8% to 26%, depending on the
diagnostic criteria and population studied (Davies et al.,
2006; Ziegler 2008). We do not know whether the patients
first showing cramps go on to develop tingling and sponta-
neous pain as symptoms later on. We do not know
whether hyperalgesia or allodynia is a predictor of a dia-
betic foot syndrome. We do not know how many patients
start with tingling in their toes and have cramps that are
more proximal later on. We also do not know how many
patients start to have numbness and then go on to develop
diabetic foot syndrome later. Finally, we do not have suffi-
cient longitudinal data describing the connection between
distal symmetric sensory and autonomic neuropathy, but
there is evidence that 10-year mortality is higher in those
patients that have pain (Torrance et al., 2010). What we
have are cross-sectional data and data from pharmacolog-
ical studies. But the patients in clinical trials are mostly pre-
selected with respect to the syndrome to be addressed
and by the drug that is being studied, in order to give the
drug the highest chance to show effectiveness. We have
some data with respect to the role of hyperglycemia
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(DCCT, 1995; UKPDS Group, 1998; Pierson et al., 2003;
Sima 2003; Roth et al., 2016), data on the simultaneous
occurrence of neuropathy and other diabetic complica-
tions and data on the correlation of loss of nerve fibers with
diabetic neuropathy (Ziegler et al., 2014a). In addition,
while in some studies symptom and deficit scores are
used, others report quantitative sensory testing, with or
without nerve conduction velocity measurements. There
are very few cross-sectional studies, in which a complete
and deep phenotyping of patients was performed. What
we are missing is a longitudinal study of patients, fully
characterized with quantitative sensory testing (Backonja
et al., 2013), autonomic function tests, nerve conduction
velocity measurements, symptom description and a com-
prehensive list of all other diabetic complications, including
the clinical chemistry needed for characterization of the
status of complications. All these parameters are needed
with a yearly follow-up. Only then an adequate answer to
your question will be possible.

Furthermore, in most statistical analyses, the term
DPN stands for very different symptoms, ranging from
tingling, cramps and pain, to thermal hyperalgesia,
allodynia and other symptoms, to loss of pain perception
and non-healing ulcers. In some studies, the positive
and negative symptoms and signs are not clearly
distinguished. The longitudinal study outlined above, in
which each symptom and sign is followed separately
rather than scores of accumulated complaints, will help
to unequivocally clarify the natural course of this
devastating diabetic complication. | personally believe it
is time to look at each aspect of DPN separately,
because different anatomical structures have different
functions in the neuronal system. Even though our
knowledge about structure — function relationship to
each symptom is limited, as is our knowledge of the
interaction of peripheral and central nervous circuits in
diabetes-associated painful symptoms, we can still
assume that the term DPN does not stand for one
disease, but rather encompasses several very distinct
diseases. Probably we should not talk about DPN in
general, but we do need to define the mechanisms of
each single symptom as a prerequisite to give each
distinct symptom the status as a bona-fide diagnosis
criterion by itself. While such extensive work is needed
for scientific purposes, because only this will allow to
understand the distinct nature of the plethora of
neuropathic problems, a much easier screening tool for
routine diagnostic purposes has been developed
(Bongaerts et al., 2015). A basic score, asking for age,
height, weight, pain or discomfort in the feet and or legs
and duration of diabetes, yielded a sensitivity of 87%,
but only a specificity of 67% with a positive predictive
value of 33%. Thus, it should not happen any longer that
patients with DPN are not diagnosed.

WHY DO | HAVE, AFTER ALMOST
NORMALIZING HBA1C, MORE PROBLEMS
THAN BEFORE?

Diabetes type-1 and type-2 is defined by increased glucose
levels, HbA1c or a pathologic oral glucose tolerance test.

This suggests that hyperglycemia is the driving force of
painful neuropathy. Indeed, for a very long time, the field
of diabetes, including drug development, has been
hampered by the misunderstanding that a parameter
used to define a disease is a primarily surrogate
parameter, until it has been proven to be a parameter
causing a complication. If hyperglycemia were to be the
prime and driving cause of all complications, then
glucose normalization should entirely prevent diabetic
neuropathy along with all the diabetic complications as
well. Or at least, glucose normalization should
significantly (and meaningfully, from the patient’s point of
view) reduce symptoms in all patients. However, the real-
life situation has turned out to be much more complex
than predicted. Even though there is some evidence that
lowering glucose levels reduces the risk of DPN in type-1
diabetes, the data on type-2 diabetes are somewhat
disappointing (Gaede et al., 2003; UKPDS Group, 1998;
Ismail-Beigi et al., 2010; Callaghan et al., 2012; Martin
et al., 2014). Rather, prospective data from the Femantle
Diabetes Study showed that treatment with lipid-lowering
agents, such as the statins or fibrates, may protect against
the development of DPN (Davis et al., 2008). This points to
a complex network of risk factors, in addition to glucose
levels, giving rise to DPN. To test whether this is simply a
correlation or a causative connection, a Danish study
group performed an intervention trial and reported the out-
come of an early intensive multifactorial treatment in
patients with type 2 diabetes (Charles et al., 2011). After
6 years, they did not find any effect of the intensive multi-
factorial treatment on the prevalence of DPN. This points
to a more complex pathophysiological basis of DPN
involving factors that have not yet been addressed in the
multifactorial approach used.

Furthermore, there is not a single study on diabetic
complications reflecting what you have done. You
changed your lifestyle, lost weight, and using drugs for
blood pressure and metabolic control. Few small studies
reported an improvement of painful neuropathy and
neuropathic deficits by increasing physical activity
(Singleton et al., 2015). But you reduced glucose very
rapidly and quite aggressively, believing that the surro-
gate hyperglycemia is also the sole and most important
cause of your symptoms. But this has not yet been pro-
ven. Even worse a recent study showed, that there is
an entity called “treatment-induced diabetic neuropathy”
(Gibbons and Freeman, 2015). This includes dizziness,
erectile dysfunction, abdominal problems, pain and other
symptoms. Thus, it might even be harmful to lower glu-
cose not only too fast, which has been known for years
with respect to diabetic retinopathy, but also too low.
Whatever the precise pathomechanism might be, physio-
logical analyses show that there are differences between
neuronal and other cells in glucose uptake and handling.
Neuronal cells depend on the Warburg mechanism, a pro-
cess by which neurons will predominantly produce energy
from a high rate of glycolysis followed by lactic acid fer-
mentation in the cytosol, rather than by a comparatively
low rate of glycolysis followed by oxidation of pyruvate
in the mitochondria. As consequence, neurons take up
and metabolize more glucose than other cells within the
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body. Therefore, they might be more vulnerable than
other cells to low glucose plasma levels that may occur
frequently while rapidly lowering glucose. Furthermore,
even in vitro, there is a lack of data indicating that glucose
levels of 200 milligrams per 100 milliliters are harmful for
neuronal cells. In contrast, neuronal cells are cultured
under higher glucose levels than other cells. But as said
before: The precise mechanism why your symptoms got
worse rather than better after lowering glucose is
unknown. My recommendation would be: Try to adjust
your HbA1c to the range studied and therapeutically
reached in the UKPDS study and the Steno-2 study
(UKPSD Study Group, 1998; Gaede et al., 2003).

The role of hyperglycemia has also been questioned
with respect to the very early manifestation of DPN in
the course of type 2 diabetes that occurs frequently,
sometimes even before diabetes is diagnosed (Adler
et al.,, 1997; Tesfaye et al., 2010). This indicates that
not hyperglycemia alone, but also other factors associ-
ated with diabetes drive the development of DPN. Inter-
estingly, several studies have shown that the sequelae
of events contributing to pain and loss of pain perception
are not specific for diabetes. It has been shown that the
expression of the receptor for advanced glycated end
products (RAGE), its ligand CML and the RAGE-CML-
mediated downstream activation of NFkBp65 are upregu-
lated in a similar fashion in endoneurial vessels in dia-
betes, while in Schwann cells, RAGE is upregulated,
while its ligand or NFKBp65 remain unchanged in expres-
sion (Haslbeck et al., 2007). This indicates that upregula-
tion of RAGE might have different consequences in
different cells, illustrating the underestimated fact that a
nerve is a complex organ, in which only the well-
orchestrated function of different cells assure normal
function. Neuronal changes may therefore be present
before hyperglycemia develops (Kennedy and Zochodne
2000; Polydefkis et al. 2004), suggesting non-
hyperglycemic factors, but also not excluding glucose as
a driving force, because also glucose-derived neurotoxic
or metabolites altering neuronal function may accumulate
in the absence of hyperglycemia. In short, neuronal
changes might occur when glucose and its metabolites
are not correctly handled within a cell, even under eug-
lycemic conditions. These data are interesting, because
they highlight the profound difference between what is
measurable in the plasma and what happens within a cell.
Furthermore, pain perception, which can be induced by
the glucose-derived metabolite methylglyoxal (Bierhaus
et al.,, 2012) and loss of nerve fibers (Bierhaus et al.,
2004), are very separate events. In STZ-treated mice
lacking the receptor RAGE, neuronal function is intact
and DPN-associated degeneration of nerve fibers occurs
normally. This supports the notion that the term DPN is
misleading and that in the future, it will be more meaning-
ful and relevant to characterize the different entities on the
structural, biochemical and clinical levels, encompassing
the many distinct pathologies of neuronal dysfunction that
are possible in patients with diabetes.

A similar picture evolves looking at reduced heart rate
variability (HRV), a symptom of autonomic neuropathy.
About 20% of patients with known diabetes have a

pathologic HRV (Hilsted, 1982; Vinik and Ziegler, 2007),
predicting major cardiovascular events (Liao et al,
2002; Astrup et al., 2006; Young et al., 2009; Humpert
et al., 2009). As stated before with respect to peripheral
neuropathy, a reduced HRV was shown in prospective
studies to predict the development of diabetes itself
(Carnethon et al., 2003a; Carnethon et al., 2003b). The
good news is that lifestyle modification seems to improve
the reduced HRV (Carnethon et al., 2006). Therefore,
neuronal dysfunction precedes diabetes manifestation
(Adler et al., 1997) and indirectly explains why lowering
glucose cannot automatically reverse neuronal dysfunc-
tion developed prior to hyperglycemia. Even though ele-
vated glucose does not seem to be the initial driving
cause, this does not mean that glucose does not play
any role. There is ample data that glucose-derived
metabolites can drive neuropathic abnormalities. For
example, a reduction or acquired dysfunction of glyox-
alase leads to accumulation of methylglyoxal, which can
induce pain by modification of neuronal ion channels
(Bierhaus et al., 2012; Eberhardt et al., 2012). Since neu-
ronal cells are heavily dependent on glucose for their
energy demand, it is not surprising that in addition to gly-
oxalase, the triose phosphate controlling transketolase
(Ziegler et al., 2016b) seems to be also associated with
some aspects of diabetic neuropathy. Further support
for this hypothesis comes from an observational study
showing that while HRV is reduced in patients with type-
1 and type-2 diabetes, only patients with type-1 diabetes
have a reduced cardiorespiratory fitness (Rohling et al.,
2016). All this points to events downstream of hexokinase
metabolizing glucose and an acquired disorder of detoxi-
fication of reactive glucose-derived metabolites, which are
currently not addressable by glucose-lowering therapies
(Hidmark et al., 2014). Furthermore, some, but not all
inflammatory markers are associated with cardiac auto-
nomic dysfunction in recent onset type-2 diabetes, mak-
ing an anti-inflammatory therapeutic approach almost
impossible (Herder et al., 2017). How complex the down-
stream handling of hexokinase-triggered glucose metabo-
lites may be is shown in a recent study: Upon comparing
an intense multifactorial treatment with routine care in
patients with type 2 diabetes, the intensive diabetes treat-
ment was not capable of reducing levels of the pain-
inducing metabolite, methylglyoxal, to a larger extent than
the routine treatment (Jensen et al., 2015). This indicates
that hyperglycemia alone is not responsible for neurotoxic
glucose-derived metabolites in the plasma. Albeit cur-
rently out of reach, it is crucial to clarify these pathomech-
anisms, not only on the neuronal cellular level, but also in
non-neuronal cells that establish the neurovascular unit.
In addition, treatment with statins, known to be beneficial
in diabetes therapy, was reported to increase plasma
levels of methylglyoxal by a yet unknown mechanism.
Whether, as shown for ROS, a certain level of this
metabolite has protective functions, and thereby exceed-
ing this protective level leads to loss of function, remains
unknown. This indicates that you may affect molecules by
the multifactorial treatment used in type-2 diabetes, which
are relevant for neuronal function, while treating other risk
factors for diabetic complications.
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The mouse and human studies showing an
association of methylglyoxal with pain were performed
relatively early after diabetes manifestation (Bierhaus
et al., 2012). Other studies, done in serum, using stored
samples from a biobank, vyielded different results
(Hansen et al., 2015). This might be due to many different
reasons, including differences in the assay method, the
storage, the material used and the patient characteristics.
Since all patients with uremia have elevated methylgly-
oxal levels, but only rarely develop pain, the simple mea-
surement of methylglyoxal by itself will not suffice to
predict pain. Other parameters, more stable than methyl-
glyoxal, and parameters differentiating the various routes
of methylglyoxal detoxification, such as D-lactate, acetol
and lactaldehyde, might shed more light on this issue
(Morgenstern et al., 2016). And, of course, methylglyoxal
is not the only reactive metabolite affecting the nerve;
there are many more, such as ROS, acrolein, and others
(Fleming and Nawroth, 2014). Furthermore, not all medi-
ators of neuronal dysfunction come from glucose metabo-
lism, also lipid-derived and metabolites of other energy
sources can affect neuronal function. Some of these
remain totally unknown, because clinical studies have
confirmed some expected risk factors of distal symmetric
sensorimotor polyneuropathy, which include duration of
diabetes, hyperglycemia and age, followed by pre-
diabetes conditions, hypertension, dyslipidemia and obe-
sity. But there are also some surprising risk factors, such
as height, smoking and insulin resistance (Papanas and
Ziegler, 2016). Not mentioned in this review are all the
parameters affecting renewal and regeneration of the var-
ious neuronal cells in diabetes. This predicts that treat-
ment of diabetic neuropathy will remain quite difficult,
especially because although so many different risk factors
are known, their causative role is yet unexplored. Further-
more, the term DPN stands for so many clinically different
entities, making it very likely that at the end there will not
be a single drug capable of resolving all painful and pain-
less symptoms of DPN.

ARE YOU SURE MY PROBLEMS ARE DUE TO
DIABETES OR SHOULD WE DO A NERVE
BIOPSY?

Your clinical history makes it very likely that you suffer
from painful DPN. The diagnosis is mainly made based
on history and clinical examination, other tests are only
needed for studies, but not in clinical routine for patients
with  diabetes and typical manifestation  of
polyneuropathy (Ziegler et al., 2014b; Tesfaye et al,
2010; Papanas and Ziegler, 2013; Papanas and Ziegler,
2014; Papanas and Ziegler, 2015; Papanas et al., 2013;
Ziegler et al., 2011a; Papanas and Ziegler, 2011; Korei
et al., 2016). Nerve biopsies are not the method of choice
to assess neuropathic pain, because routine analysis
without electron microscopy does not address small fiber
function; punch skin biopsies are a better standard for
structural analyses of peripheral nerve fibers (Haanpaa
et al., 2011). If there is any doubt about the diabetic neu-
ropathy, the diagnosis can be differentiated by less inva-
sive routine tests, such as serum electrophoresis,

vitamin levels, and analysis of cerebral spinal fluid. A
nerve biopsy or punch skin biopsy would not change the
potential therapy; therefore, it is not recommended. When
nerve biopsies from patients with alcoholic neuropathy,
chronic inflammatory demyelinating polyneuropathy, Vita-
min B12 deficiency, CIPD, Charcot-Marie-Tooth disease |
and Il and monoclonal gammopathy were compared, a
distinct local expression of the receptor for AGE’s and
its downstream target NFkBp65 was seen (Haslbeck
et al., 2007). This is only one example for differences
between diabetic and non-diabetic neuropathy, but these
are findings of interest for the scientist, but not helpful for
relieving your symptoms. Furthermore, familial amyloid
polyneuropathy (FAP), which exhibits a clinical and elec-
trophysiological phenotype, that shares many features
with DPN, is unlikely to cause your complaints. In vivo
imaging by MR neurography revealed some similarities,
but also distinct differences, between these entities. For
both diseases, increased proton spin density in the prox-
imal nerve trunks is present resulting in a nerve signal
increase. However, in FAP, an entirely diffuse pattern of
proximal nerve fascicle signal increase was present
(Kollmer et al., 2015), while in DPN, a focal/multifocal pat-
tern was observed (Pham et al.,, 2011). The extent of
these signal changes is directly related to the severity of
clinical symptoms. These findings are interesting for sev-
eral reasons: First, both diseases have similar clinical pat-
terns, but distinct morphologic appearances. Second,
while the amyloid deposition is generalized and the pat-
tern in magnetic resonance neurography is therefore dif-
fuse, there is a focal or multifocal pattern in DPN (Pham
et al., 2015). This is surprising given the fact that hyper-
glycemia is not a focal event, thus pointing to other local
reactions which must take place to trigger DPN. There-
fore, research is needed to understand the focal pattern
observed in DPN and to understand why some regions
react while others do not react to the metabolic disorder.
On the other hand, this means that while some areas of
the nerve are vulnerable, others are protected, i.e. there
must be effective defense systems, which have not been
delineated so far. One might even discuss that while cir-
culating glucose is elevated throughout the whole body,
the intracellular changes needed for initiating diabetic
complications might be very local and not uniform, even
within an organ or a nerve.

These open questions around DPN indicate that it is
still premature to simply label DPN as a microvascular
complication of diabetes. Some histopathologic data
(see above) indicate that this might be true, but even in
mouse models, the data are conflicting. The
simultaneous occurrence of DPN in association with
retinopathy and nephropathy does not prove that DPN
can be entirely understood on the level of a mere
microvascular disease. If some of the vessels supplying
the nerve are affected, this does not mean that the
vessel only is relevant for DPN and other cells besides
the endothelial cells are irrelevant. This holds especially
true for the symptoms of painful DPN. Ultimately, pain is
the result of a change of neural circuits involving the
peripheral as well the central nervous system (Treede,
2016). Diabetic neuropathic pain may be spontaneous,
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but also includes enhanced pain sensitivity to external test
stimuli (evoked pain: allodynia or hyperalgesia). We do
not have any histological marker in peripheral nerves
helping to understand these different symptoms, nor do
we have a marker helping to understand on the structural
basis as to why painful diabetic neuropathy is worse at
night. This is indicative of a contribution of the central ner-
vous system, possibly involving alterations in thalamic
gating or descending controls. As a bottom-up mecha-
nism, the thalamus serves functions as a “pain generator
and amplifier” (Fischer et al., 2009; Silva et al., 2016;
Freeman et al., 2016). As a top-down mechanism, the
rostroventromedial medulla mediates pain modulation by
descending inhibition and facilitation (Yarnitsky et al.
2012; Silva et al., 2016). Consistent with this hypothesis
are post-mortem studies in patients, which showed
increases in the content of serotonin in the medial and lat-
eral hypothalamus in diabetic patients (Lackovic et al.,
1990). How all this correlates with the complex neuronal
circuits, in which reappraisal of pain controls the magni-
tude of pain, and as a recent review stated “you are get-
ting the pain you expect”, is still unknown (Tracey, 2010).

ARE THERE IMAGING TECHNIQUES HELPFUL
FOR DIAGNOSIS OF THIS DIABETIC
COMPLICATION, STARTING IN THE DISTAL
NERVE ENDINGS OF THE FOOT AND SLOWLY
MOVING AHEAD?

Patients sense the DPN mostly at the distal region of the
lower extremities. Therefore, it is understandable that
researchers focused on the distally dominant, mixed
axonal loss of nerve fibers (Behse et al., 1977; Dyck
et al., 1986a; Dyck et al., 1986b; Johnson et al., 1986;
Llewelyn et al., 1991; Malik et al., 2001; Said et al.,
1983; Wilbek et al., 2016). Accordingly the term “dying
back neuropathy” has been used (Said et al., 1983;
Said, 2007). An alternative hypothesis is that early proxi-
mal axonal loss results at later stages in distal length-
dependent degeneration. This hypothesis is supported
by histological data generated already many years ago
(Dyck et al., 1986a; Dyck et al., 1986b; Johnson et al.,
1986; Sugimura and Dyck, 1982), but due to the availabil-
ity of skin biopsies and the counterintuitive proximal
symptom location - the symptoms occur distally — the
proximal origin of DPN has not become a mainstream
explanation of DPN. However, recently imaging tech-
niques have changed this view, since a significant signal
increase on T2-weighted MR images in the proximal
nerve at thigh level corresponded to the severity of
DPN. There was a strong proximal to distal gradient of
these findings (Pham et al., 2011; Pham et al., 2015).
The changes seen were focal or multifocal, which corre-
sponds well to the histopathologic findings reported ear-
lier (Dyck et al., 1985; Dyck et al., 1986b; Sugimura and
Dyck, 1982; Johnson et al., 1986). Therefore, the evi-
dence based on MR neurography and histological find-
ings challenge the hypothesis of the distal origin of DPN
and rather suggest a proximal primary injury, with severe
distal consequences being secondary. In addition, the
availability of such a sensitive imaging method might

allow not only defining morphologic markers specific for
distinct symptoms of DPN, but also locating these focal
lesions in nerves and study the molecules and structures
altered by histopathologic means. This might help to
understand not only the biochemical events behind these
MR neurographic lesions, but also the events in the prox-
imal nerve leading to distal axonal loss. Morphologically,
these lesions are reminiscent of ischemic insults as seen
in human vasculitic neuropathy (Dyck et al., 1972). The
combinatory approach of MR neurography and histology
might solve this question and shed new light on the con-
tribution of the epi- vs. endoneuronal vessels to some
symptoms of DPN. Yet, the success of a combined
approach including clinical characterization, neurography
and, where available, histology in terms of revealing the
distinct mechanisms leading to distinct symptoms
remains speculative.

CAN YOU SUGGEST A DRUG, SPECIFIC AND
EFFECTIVE FOR RELIEVING DIABETIC
NEUROPATHY?

From the comments made above, you can already tell
how sceptic | am. Too much remains unknown. There
are several options for symptomatic treatment of
neuropathic pain associated with diabetic neuropathy as
listed in several excellent meta-analyses and guidelines
(Finnerup et al. 2010), but there is no disease-modifying
treatment available yet. Drug development has been
hampered by incomplete understanding of the different
structural and biochemical events underlying each symp-
tom of DPN (Chizh et al. 2008). Pain, tingling, cramps on
the one hand, hyperalgesia and allodynia on the other
hand, are so distinct from loss of pain perception, non-
healing ulcers and neuronal degeneration, that it can
hardly be expected that one drug can solve all problems.
Furthermore, the mechanisms behind pain in diabetes are
so diverse that a simple concept is not going to work
(Woolf et al. 1998). This holds true for the anti-
inflammatory analgesic approaches, or the attempts to
inhibit NFkB, RAGE signaling and others. One reason is
that cellular activation parameters, such as inflammation
or NF«kB activation, represent a part of a complex regula-
tory network, affecting not only excitability, but also tissue
regeneration and other cellular properties needed to
counteract diabetic complications. Furthermore, the
effects on inflammation, apoptosis and other mechanisms
described in diabetes affect many organs, yet the individ-
ual organs may respond differently.

Symptomatic management of painful diabetic
neuropathy is possible with systemic medications such
as duloxetine or pregabalin, or topical treatment with
lidocaine of capsaicin. Many analgesic drugs used have
undesired side effects (Ziegler et al., 2015a; Moulin
et al., 2014; Peltier et al., 2014; Snedecor et al., 2014;
Ziegler and Fonseca, 2015). The majority of patients trea-
ted experience less than a 50% reduction in pain. In
almost all studies conducted, patients treated “success-
fully” still fulfill the criteria for entry into the study, even
after “successful” treatment. Therefore several new com-
pounds are currently in development (Papanas and
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Ziegler, 2016; Jin et al., 2016). Some studies compare
these new drugs against Pregabalin, approved for the
management of neuropathic pain associated with diabetic
neuropathy (Ziegler et al., 2015a). But Pregabalin has
shown inconsistent results over the time of the trial in sev-
eral studies, even within periods as short as 6 weeks
(Pfizer, 2007a,b; Tolle et al., 2008; Ziegler et al.,
2015a). Reviewing several trials with different drugs
reveals a major disconnect between promising animal
data and disappointing human studies. One main obsta-
cle is the lack of reliable biomarkers, perhaps because
neuron-specific biomarkers have a concentration too low
to be detected (Chizh et al., 2008). Moreover, the abnor-
mal spontaneous activity of nociceptive C-fibers in
patients with diabetic neuropathic pain is also a marker
not perfectly predicting whom to treat and whom not to
treat (Serra et al., 2015). Resistance to analgesic treat-
ment, in part due to loss of opioid receptors, is not a rare
event the clinician is encountering (Ziegler et al., 2014c;
Ziegler and Fonseca, 2015; Moore et al., 2014; Wiffen
et al., 2013; Zhang et al., 2015).

Among the many drugs used, alpha-lipoic acid and
benfotiamine (Hammes et al., 2003; Stracke et al,
2008; Seyit et al., 2016) are drugs believed to address
important pathogenic mechanisms of painful neuropathy,
as has been reported in some, but also contradicted in
other studies (Varkonyi et al., 2013; Papanas and
Ziegler, 2014; Papanas and Maltezos, 2012; Ziegler
et al., 2011b; Ziegler et al., 2004; Mcllduff and Rutkove,
2011; Mijnhout et al., 2012; Cakici et al., 2016; Garcia-
Alcala et al., 2015; Ziegler et al., 2016a). The complex
nature of DPN is indicated by the fact that optimal control
of cardiovascular risk factors was associated with an
improved efficacy of alpha-lipoid acid (Ziegler et al.,
2016a). An explanation for this observation is still missing.
There are many pathways known to be contributing to
DPN, including the above mentioned AGE-RAGE path-
way, detoxification of reactive metabolites, hyper-
glycemia, increased glucose metabolism through the
polyol pathway, resulting in sorbitol and fructose accumu-
lation and myoinositol depletion, but also thiamine deple-
tion, activation of protein kinase C or depletion of the
nerve growth factor, among others (Boulton et al., 2013;
Ziegler et al., 2015b; Varkonyi et al., 2013; Albers et al.,
2010; Papanas and Maltezos, 2012; Ziegler et al.,
2011b). The challenging complexity of developing a
mechanistic treatment based on pathogenesis is best
exemplified by the side effects of aldose reductase inhibi-
tors. One should expect that aldose reductase inhibitors
should reduce the increased flux through the polyol path-
way and thus ameliorate DPN (Bril and Buchanan, 2004;
Bril and Buchanan, 2006; Giannoukakis, 2006;
Matsumoto et al., 2008). However, the blocked polyol
pathway is also crucial for DNA repair, known to be
required for prevention of diabetic complications (Bhatt
et al., 2015), and moreover, the aldose reductase inhibi-
tors can also block the AKR needed to detoxify methylgly-
oxal in neuronal cells (Morgenstern et al., 2016). Thus, it
appears that neuron-specific modulation of biochemical
pathways is required to improve likelihood of successful
clinical trials. However, it remains to be seen whether

more specific drugs, targeting ion channels such as
Nav1.7 or Nav1.8, will be more successful. Several stud-
ies are on the way, but the large number of failed studies
make pharmaceutical companies somewhat cautious to
invest their money into a complex field, in which discon-
nect between animal and human data is frequent and
biomarkers predicting the therapeutic efficacy are sparse.
One of the reasons contributing to this problem is the wide
use of the streptozotocin (STZ) animal model for diabetes
research. Certainly, STZ is particularly toxic for beta-cells
in the pancreas, finally leading to an increase in glucose —
comparable to type 1 diabetes. But STZ is also a DNA-
chelating agent and induces many proinflammatory
effects. One study showed recently that STZ-dependent
and high glucose-independent immunologic effects per-
sist even weeks after STZ-induced diabetes. Therefore,
one can conclude that many studies have not specifically
studied diabetes, but rather STZ effects, if they study their
endpoint too early. This might be one explanation, among
others, why so many drugs looked promising in animal
studies, in which the non-glucose-dependent STZ effect
was studied, but failed in the real world clinical study.
The perfect target addressing diabetic neuropathy and
especially the active symptoms, such as spontaneous
pain, hyperalgesia, allodynia, tingling and cramps, has
yet to be discovered. You may wonder how complex the
pathophysiology is that finally results in pain, involving
proximal nerve dysfunction, later distal nerve dysfunction,
a variety of histologically and functionally very different
nerve fibers, very different cell types within a nerve, but
also mechanisms in the central nervous system and car-
diovascular risk factors: miraculously, almost 50% of
patients enjoy a meaningful reduction of their discomfort
(Humpert et al., 2009) following muscle stimulation, but
as you may expect to hear — the mechanism remains to
be clarified.

IN CONCLUSION

You told me your complaints, | reported my current state
of knowledge. It is by far less than what you anticipated.
For the scientist, the open questions behind painful
diabetic neuropathy are a wonderful world to be
discovered, for the patient it is still a tragedy. What can
we do? Ultimately, the most important issue at hand is
to secure sufficient funds for pain research, especially
pain induced by acquired disorders of metabolism,
relevant in diabetes, but also other pain states.

Acknowledgments—This work was supported by grants from the
Deutsche Forschungsgemeinschaft (DFG) SFB 1118 and SFB
1158.

We thank C. Schumann and S. Ries, NeuroCentrum Odenwald
for cooperation.

PS: The article focuses on questions relevant from the authors
perspective but other questions might be equally relevant.

;

REFERENCES

Adler Al, Boyko EJ, Ahroni JH, Stensel V, Forsberg RC, Smith DG
(1997) Risk factors for diabetic peripheral sensory neuropathy.
Results of the Seattle Prospective Diabetic Foot Study. Diabetes
Care 20(7):1162-1167.

10.1016/j.neuroscience.2017.09.023

Please cite this article in press as: Nawroth PP et al. The quest for more research on painful diabetic neuropathy. Neuroscience (2017), htips://doi.org/



http://refhub.elsevier.com/S0306-4522(17)30667-X/h0005
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0005
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0005
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0005
https://doi.org/10.1016/j.neuroscience.2017.09.023
https://doi.org/10.1016/j.neuroscience.2017.09.023

P. P. Nawroth et al. /Neuroscience xxx (2017) xxx—xxx 7

Albers JW, Herman WH, Pop-Busui R, Feldman EL, Martin CL,
Cleary PA, Waberski BH, Lachin JM, Diabetes Control and
Complications Trial/Epidemiology of Diabetes Interventions and
Complications Research Group (2010) Effect of prior intensive
insulin treatment during the Diabetes Control and Complications
Trial (DCCT) on peripheral neuropathy in type 1 diabetes during
the Epidemiology of Diabetes Interventions and Complications
(EDIC) Study. Diabetes Care 33(5):1090—1096.

Astrup AS, Tarnow L, Rossing P, Hansen BV, Hilsted J, Parving HH
(2006) Cardiac autonomic neuropathy predicts cardiovascular
morbidity and mortality in type 1 diabetic patients with diabetic
nephropathy. Diabetes Care 29:334—-339.

Backonja MM, Attal N, Baron R, Bouhassira D, Drangholt M, Dyck PJ,
Edwards RR, Freeman R, Gracely R, Haanpaa MH, Hansson P,
Hatem SM, Krumova EK, Jensen TS, Maier C, Mick G, Rice AS,
Rolke R, Treede RD, Serra J, Toelle T, Tugnoli V, Walk D,
Walalce MS, Ware M, Yarnitsky D, Ziegler D (2013) Value of
quantitative sensory testing in neurological and pain disorders:
NeuPSIG consensus. Pain 154:1807—-1819.

Behse F, Buchthal F, Carlsen F (1977) Nerve biopsy and conduction
studies in diabetic neuropathy. J Neurol Neurosurg Psychiatry
40:1072-1082.

Bhatt S, Gupta MK, Khamaisi M, Martinez R, Gritsenko MA, Wagner
BK, Guye P, Busskamp V, Shirakawa J, Wu G, Liew CW, Clauss
TR, Valdez |, El Ouaamari A, Dirice E, Takatani T, Keenan HA,
Smith RD, Church G, Weiss R, Wagers AJ, Qian WJ, King GL,
Kulkarni RN (2015) Preserved DNA damage checkpoint pathway
protects against complications in long-standing type 1 diabetes.
Cell Metab 22(2):239-352.

Bierhaus A, Haslbeck KM, Humpert PM, Liliensiek B, Dehmer T,
Morcos M, Sayed AA, Andrassy M, Schiekofer S, Schneider JG,
Schulz JB, Heuss D, Neundorfer B, Dierl S, Huber J, Tritschler H,
Schmidt AM, Schwaninger M, Haering HU, Schleicher E, Kasper
M, Stern DM, Arnold B, Nawroth PP (2004) Loss of pain
perception in diabetes is dependent on a receptor of the
immunoglobulin superfamily. J Clin Invest 114(12):1741-1751.

Bierhaus A, Fleming T, Stoyanov S, Leffler A, Babes A, Neacsu C,
Sauer SK, Eberhardt M, Schndlzer M, Lasitschka F, Neuhuber
WL, Kichko TI, Konrade I, Elvert R, Mier W, Pirags V, Lukic IK,
Morcos M, Dehmer T, Rabbani N, Thornalley PJ, Edelstein D,
Nau C, Forbes J, Humpert PM, Schwaninger M, Ziegler D, Stern
DM, Cooper ME, Haberkorn U, Brownlee M, Reeh PW, Nawroth
PP (2012) Methylglyoxal modification of Nav1.8 facilitates
nociceptive neuron firing and causes hyperalgesia in diabetic
neuropathy. Nat Med 18(6):926—933.

Blankenburg M, Kraemer N, Hirschfeld G, Krumova EK, Maier C,
Hechler T, Aksu F, Magerl W, Reinehr T, Wiesel T, Zernikow B
(2012) Childhood diabetic neuropathy: functional impairment and
non-invasive  screening assessment. Diabet Med 29
(11):1425-1432.

Bongaerts BW, Ziegler D, Shaw JE, Heier M, Kowall B, Herder C,
Roden M, Peters A, Meisinger C, Rathmann W (2015) A clinical
screening score for diabetic polyneuropathy: KORA F4 and
AusDiab studies. J Diabetes Complications 29(1):44—49.

Boulton AJ, Malik RA, Arezzo JC, Sosenko JM (2004) Diabetic
somatic neuropathies. Diabetes Care 27:1458-1486.

Boulton AJ, Kempler P, Ametov A, Ziegler D (2013) Whither
pathogenetic treatments for diabetic polyneuropathy? Diabetes
Metab Res Rev 29(5):327-333.

Bril V, Buchanan RA (2004) Aldose reductase inhibition by AS-3201
in sural nerve from patients with diabetic sensorimotor
polyneuropathy. Diabetes Care 27(10):2369-2375.

Bril V, Buchanan RA (2006) Long-term effects of ranirestat (AS-3201)
on peripheral nerve function in patients with diabetic sensorimotor
polyneuropathy. Diabetes Care 29(1):68-72.

Cakici N, Fakkel TM, van Neck JW, Verhagen AP, Coert JH (2016)
Systematic review of treatments for diabetic peripheral
neuropathy. Diabet Med 33(11):1466—1476.

Callaghan BC, Hur J, Feldman EL (2012) Diabetic neuropathy: one
disease or two? Curr Opin Neurol 25:536-541.

Carnethon MR, Golden SH, Folsom AR, Haskell W, Liao D (2003a)
Prospective investigation of autonomic nervous system function
and the development of type 2 diabetes: the Atherosclerosis Risk
In Communities  study, 1987-1998.  Circulation 107
(17):2190-2195.

Carnethon MR, Jacobs Jr DR, Sidney S, Liu K, CARDIA study
(2003b) Influence of autonomic nervous system dysfunction on
the development of type 2 diabetes: the CARDIA study. Diabetes
Care. 26(11):3035-3041.

Carnethon MR, Prineas RJ, Temprosa M, Zhang ZM, Uwaifo G,
Molitch ME, Diabetes Prevention Program Research Group
(2006) The association among autonomic nervous system
function, incident diabetes, and intervention arm in the Diabetes
Prevention Program. Diabetes Care 29(4):914-919.

Charles M, Ejskjaer N, Witte DR, Borch-Johnsen K, Lauritzen T,
Sandbaek A (2011) Prevalence of neuropathy and peripheral
arterial disease and the impact of treatment in people with screen-
detected type 2 diabetes: the ADDITION-Denmark study.
Diabetes Care 34(10):2244-2249.

Chizh BA, Greenspan JD, Casey KL, Nemenov MI, Treede RD
(2008) Identifying biological markers of activity in human
nociceptive pathways to facilitate analgesic drug development.
Pain 140:249-253.

Davies M, Brophy S, Williams R, Taylor A (2006) The prevalence,
severity, and impact of painful diabetic peripheral neuropathy in
type 2 diabetes. Diabetes Care 29(7):1518-1522.

Davis TM, Yeap BB, Davis WA, Bruce DG (2008) Lipid-lowering
therapy and peripheral sensory neuropathy in type 2 diabetes: the
Fremantle Diabetes Study. Diabetologia 51(4):562—566.

DCCT Research Group (1995) Effect of intensive therapy on the
development and progression of diabetic nephropathy in the
Diabetes Control and Complications Trial. The Diabetes Control
and Complications (DCCT) Research Group. Kidney Int 47
(6):1703-1720.

Dyck PJ, Conn DL, Okazaki H, Necrotizing angiopathic neuropathy
(1972) Three-dimensional morphology of fiber degeneration
related to sites of occluded vessels. Mayo Clin Proc 47:461-475.

Dyck PJ, Karnes JL, Daube J, O'Brien P, Service FJ (1985) Clinical
and neuropathological criteria for the diagnosis and staging of
diabetic polyneuropathy. Brain 108(Pt 4):861-880.

Dyck PJ, Karnes JL, O’Brien P, Okazaki H, Lais A, Engelstad J
(1986a) The spatial distribution of fiber loss in diabetic
polyneuropathy suggests ischemia. Ann Neurol 19(5):440-449.

Dyck PJ, Lais A, Karnes JL, O’'Brien P, Rizza R (1986b) Fiber loss is
primary and multifocal in sural nerves in diabetic polyneuropathy.
Ann Neurol 19:425-439.

Eberhardt MJ, Filipovic MR, Leffler A, de la Roche J, Kistner K,
Fischer MJ, Fleming T, Zimmermann K, Ivanovic-Burmazovic I,
Nawroth PP, Bierhaus A, Reeh PW, Sauer SK (2012)
Methylglyoxal activates nociceptors through transient receptor
potential channel A1 (TRPA1): a possible mechanism of
metabolic neuropathies. J Biol Chem 287(34):28291-28306.

Finnerup NB, Sindrup SH, Jensen TS (2010) The evidence for
pharmacological treatment of neuropathic pain. Pain
150:573-581.

Fischer TZ, Tan AM, Waxman SG (2009) Thalamic neuron
hyperexcitability and enlarged receptive fields in the STZ model
of diabetic pain. Brain Res 1268:154—161.

Fleming T, Nawroth PP (2014) Reactive metabolites as a cause of
late diabetic complications. Biochem Soc Trans 42(2):439-442.

Freeman OJ, Evans MH, Cooper GJS, Petersen RS, Gardiner NJ
(2016) Thalamic amplification of sensory input in experimental
diabetes. Eur J Neurosci 44:1779—-1786.

Gaede P, Vedel P, Larsen N, Jensen GV, Parving HH, Pedersen O
(2003) Multifactorial intervention and cardiovascular disease in
patients with type 2 diabetes. N Engl J Med 348(5):383-393.

Garcia-Alcala H, Santos Vichido CI, Islas Macedo S, Genestier-
Tamborero CN, Minutti-Palacios M, Hirales Tamez O, Garcia C,
Ziegler D (2015) Treatment with o-lipoic acid over 16 weeks in
type 2 diabetic patients with symptomatic polyneuropathy who

10.1016/j.neuroscience.2017.09.023

Please cite this article in press as: Nawroth PP et al. The quest for more research on painful diabetic neuropathy. Neuroscience (2017), https://doi.org/



http://refhub.elsevier.com/S0306-4522(17)30667-X/h0010
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0010
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0010
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0010
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0010
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0010
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0010
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0010
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0015
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0015
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0015
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0015
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0020
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0020
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0020
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0020
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0020
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0020
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0020
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0025
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0025
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0025
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0030
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0030
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0030
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0030
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0030
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0030
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0030
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0035
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0035
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0035
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0035
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0035
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0035
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0035
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0040
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0040
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0040
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0040
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0040
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0040
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0040
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0040
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0040
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0045
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0045
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0045
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0045
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0045
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0050
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0050
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0050
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0050
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0055
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0055
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0060
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0060
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0060
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0065
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0065
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0065
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0070
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0070
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0070
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0075
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0075
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0075
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0080
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0080
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0085
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0085
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0085
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0085
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0085
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0090
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0090
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0090
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0090
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0095
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0095
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0095
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0095
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0095
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0100
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0100
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0100
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0100
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0100
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0105
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0105
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0105
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0105
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0110
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0110
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0110
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0115
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0115
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0115
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0120
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0120
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0120
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0120
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0120
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0125
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0125
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0125
http://refhub.elsevier.com/S0306-4522(17)30667-X/h9045
http://refhub.elsevier.com/S0306-4522(17)30667-X/h9045
http://refhub.elsevier.com/S0306-4522(17)30667-X/h9045
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0130
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0130
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0130
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0135
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0135
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0135
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0140
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0140
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0140
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0140
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0140
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0140
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0145
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0145
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0145
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0150
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0150
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0150
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0155
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0155
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0160
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0160
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0160
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0165
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0165
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0165
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0170
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0170
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0170
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0170
https://doi.org/10.1016/j.neuroscience.2017.09.023
https://doi.org/10.1016/j.neuroscience.2017.09.023

8 P. P. Nawroth et al. /Neuroscience xxx (2017) xxx—xxx

responded to initial 4-week high-dose loading. J Diabetes Res
2015:189857.

Giannoukakis N (2006) Drug evaluation: ranirestat-an aldose
reductase inhibitor for the potential treatment of diabetic
complications. Curr Opin Investig Drugs 7(10):916-923.

Gibbons CH, Freeman R (2015) Treatment-induced neuropathy of
diabetes: an acute, iatrogenic complication of diabetes. Brain 138
(Pt 1):43-52.

Haanpaa M, Attal N, Backonja M, Baron R, Bennett M, Bouhassira D,
Cruccu G, Hansson P, Haythornthwaite JA, lannetti GD, Jensen
TS, Kauppila T, Nurmikko TJ, Rice AS, Rowbotham M, Serra J,
Sommer C, Smith BH, Treede RD (2011) NeuPSIG guidelines on
neuropathic pain assessment. Pain 152:14-27.

Hammes HP, Du X, Edelstein D, Taguchi T, Matsumura T, Ju Q, Lin
J, Bierhaus A, Nawroth P, Hannak D, Neumaier M, Bergfeld R,
Giardino |, Brownlee M (2003) Benfotiamine blocks three major
pathways of hyperglycemic damage and prevents experimental
diabetic retinopathy. Nat Med 9(3):294-299.

Hansen CS, Jensen TM, Jensen JS, Nawroth P, Fleming T, Witte DR,
Lauritzen T, Sandbaek A, Charles M, Fleischer J, Vistisen D,
Jorgensen ME (2015) The role of serum methylglyoxal on diabetic
peripheral and cardiovascular autonomic neuropathy: the
ADDITION Denmark study. Diabet Med 32(6):778-785.

Haslbeck KM, Neundoérfer B, Schlétzer-Schrehardtt U, Bierhaus A,
Schleicher E, Pauli E, Haslbeck M, Hecht M, Nawroth P, Heuss D
(2007) Activation of the RAGE pathway: a general mechanism in
the pathogenesis of polyneuropathies? Neurol Res 29
(1):103-110.

Herder C, Schamarek |, Nowotny B, Carstensen-Kirberg M,
StralBburger K, Nowotny P, Kannenberg JM, Strom A, Puttgen
S, Missig K, Szendroedi J, Roden M, Ziegler D, German
Diabetes Study Group (2017) Inflammatory markers are
associated with cardiac autonomic dysfunction in recent-onset
type 2 diabetes. Heart 103(1):63-70.

Hidmark A, Fleming T, Vittas S, Mendler M, Deshpande D, Groener
JB, Miller BP, Reeh PW, Sauer SK, Pham M, Muckenthaler MU,
Bendszus M, Nawroth PP (2014) A new paradigm to understand
and treat diabetic neuropathy. Exp Clin Endocrinol Diabetes 122
(4):201-207.

Hilsted J (1982) Pathophysiology in diabetic autonomic neuropathy:
cardiovascular, hormonal, and metabolic studies. Diabetes 31(8
Pt 1):730-737.

Humpert PM, Morcos M, Oikonomou D, Schaefer K, Hamann A,
Bierhaus A, Schiling T, Nawroth PP (2009) External electric
muscle stimulation improves burning sensations and sleeping
disturbances in patients with type 2 diabetes and symptomatic
neuropathy. Pain Med 10(2):413—419.

Ismail-Beigi F, Craven T, Banerji MA, Basile J, Calles J, Cohen RM,
Cuddihy R, Cushman WC, Genuth S, Grimm Jr RH, Hamilton BP,
Hoogwerf B, Karl D, Katz L, Krikorian A, O’Connor P, Pop-Busui
R, Schubart U, Simmons D, Taylor H, Thomas A, Weiss D,
Hramiak | (2010) ACCORD trial group. Effect of intensive
treatment of hyperglycaemia on microvascular outcomes in type
2 diabetes: an analysis of the ACCORD randomised trial. Lancet
376(9739):419-430.

Jensen TM, Vistisen D, Fleming T, Nawroth PP, Jergensen ME,
Lauritzen T, Sandbaek A, Witte DR (2015) Impact of intensive
treatment on serum methylglyoxal levels among individuals with
screen-detected type 2 diabetes: the ADDITION-Denmark study.
Acta Diabetol 52(5):929-936.

Jin YP, Su XF, Li HQ, Wu JD, Ding B, Sun R, Shan T, Ye L, Ma JH
(2016) The therapeutic effect of pancreatic kininogenase on
treatment of diabetic peripheral neuropathy in patients with type 2
diabetes. Exp Clin Endocrinol Diabetes 124(10):618-621.

Johnson PC, Doll SC, Cromey DW (1986) Pathogenesis of diabetic
neuropathy. Ann Neurol 19:450-457.

Karvestedt L, Martensson E, Grill V, Elofsson S, von Wendt G,
Hamsten A, Brismar K (2009) Peripheral sensory neuropathy
associates with micro- or macroangiopathy: results from a
population-based study of type 2 diabetic patients in Sweden.
Diabetes Care 32(2):317-322.

Kennedy JM, Zochodne DW (2000) The regenerative deficit of
peripheral nerves in experimental diabetes: its extent, timing and
possible mechanisms. Brain 123(Pt 10):2118-2129.

Kollmer J, Hund E, Hornung B, Hegenbart U, Schoénland SO,
Kimmich C, Kristen AV, Purrucker J, Rocken C, Heiland S,
Bendszus M, Pham M (2015) In vivo detection of nerve injury in
familial amyloid polyneuropathy by magnetic resonance
neurography. Brain 138(Pt 3):549-562.

Korei AE, Istenes |, Papanas N, Kempler P (2016) Small-fiber
neuropathy: a diabetic microvascular complication of special
clinical, diagnostic, and prognostic importance. Angiology 67
(1):49-57.

Lackovic Z, Salkovic M, Kuci Z, Relja M (1990) Effect of long-lasting
diabetes mellitus on rat and human brain monoamines. J
Neurochem 54:143-147.

Liao D, Carnethon M, Evans GW, Cascio WE, Heiss G (2002) Lower
heart rate variability is associated with the development of
coronary heart disease in individuals with diabetes: the
Atherosclerosis Risk in Communities (ARIC) study. Diabetes
51:3524-3531.

Llewelyn JG, Gilbey SG, Thomas PK, et al. (1991) Sural nerve
morphometry in diabetic autonomic and painful sensory
neuropathy. A clinicopathological study. Brain 114(pt 2):867—892.

Llewelyn JG, Tomlinson DR, Thomas PK (2005) Diabetic
neuropathies. In: Dyck PJ, Thomas PK, editors. Peripheral
Neuropathy. Philadelphia: Elsevier. p. 1951-1991. Vol. 2,
Hardcover ISBN: 9780721694917.

Malik RA, Veves A, Walker D, et al. (2001) Sural nerve fibre
pathology in diabetic patients with mild neuropathy: relationship to
pain, quantitative sensory testing and peripheral nerve
electrophysiology. Acta Neuropathol 101:367-374.

Martin CL, Albers JW, Pop-Busui R, DCCT/EDIC Research Group
(2014) Neuropathy and related findings in the diabetes control
and complications trial/epidemiology of diabetes interventions and
complications study. Diabetes Care 37(1):31-38.

Matsumoto T, Ono Y, Kuromiya A, Toyosawa K, Ueda Y, Bril V
(2008) Long-term treatment with ranirestat (AS-3201), a
potent aldose reductase inhibitor, suppresses diabetic
neuropathy and cataract formation in rats. J Pharmacol Sci 107
(3):340-348.

Mcllduff CE, Rutkove SB (2011) Critical appraisal of the use of alpha
lipoic acid (thioctic acid) in the treatment of symptomatic diabetic
polyneuropathy. Ther Clin Risk Manag 7:377-385.

Mijnhout GS, Kollen BJ, Alkhalaf A, Kleefstra N, Bilo HJ (2012) Alpha
lipoic acid for symptomatic peripheral neuropathy in patients with
diabetes: a meta-analysis of randomized controlled trials. Int J
Endocrinol 2012:456279.

Moore RA, Wiffen PJ, Derry S, Toelle T, Rice AS (2014) Gabapentin
for chronic neuropathic pain and fibromyalgia in adults. Cochrane
Database Syst Rev 27(4). CD007938.

Morgenstern J, Fleming T, Schumacher D, Eckstein V, Freichel M,
Herzig S, Nawroth P (2016) Loss of glyoxalase 1
induces compensatory mechanism to achieve dicarbonyl
detoxification in mammalian Schwann cells. Biol Chem. pii: jbc.
M116.760132.

Moulin D, Boulanger A, Clark AJ, Clarke H, Dao T, Finley GA, Furlan
A, Gilron |, Gordon A, Morley-Forster PK, Sessle BJ, Squire P,
Stinson J, Taenzer P, Velly A, Ware MA, Weinberg EL,
Williamson OD (2014) Pharmacological management of chronic
neuropathic pain: revised consensus statement from the
Canadian Pain Society. Pain Res Manage 19:328-335.

Papanas N, Maltezos E (2012) A-Lipoic acid, diabetic neuropathy,
and Nathan’s prophecy. Angiology 63(2):81-83.

Papanas N, Ziegler D (2011) New diagnostic tests for diabetic distal
symmetric polyneuropathy. J Diabetes Complications. 25
(1):44-51.

Papanas N, Ziegler D (2013) Corneal confocal microscopy: a new
technique for early detection of diabetic neuropathy. Curr Diab
Rep 13(4):488-499.

Papanas N, Ziegler D (2014) Efficacy of o-lipoic acid in diabetic
neuropathy. Expert Opin Pharmacother 15(18):2721-2731.

10.1016/j.neuroscience.2017.09.023

Please cite this article in press as: Nawroth PP et al. The quest for more research on painful diabetic neuropathy. Neuroscience (2017), https://doi.org/



http://refhub.elsevier.com/S0306-4522(17)30667-X/h0170
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0170
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0175
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0175
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0175
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0180
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0180
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0180
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0185
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0185
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0185
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0185
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0185
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0190
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0190
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0190
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0190
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0190
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0195
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0195
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0195
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0195
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0195
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0200
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0200
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0200
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0200
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0200
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0205
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0205
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0205
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0205
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0205
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0205
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0210
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0210
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0210
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0210
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0210
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0215
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0215
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0215
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0220
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0220
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0220
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0220
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0220
http://refhub.elsevier.com/S0306-4522(17)30667-X/h9015
http://refhub.elsevier.com/S0306-4522(17)30667-X/h9015
http://refhub.elsevier.com/S0306-4522(17)30667-X/h9015
http://refhub.elsevier.com/S0306-4522(17)30667-X/h9015
http://refhub.elsevier.com/S0306-4522(17)30667-X/h9015
http://refhub.elsevier.com/S0306-4522(17)30667-X/h9015
http://refhub.elsevier.com/S0306-4522(17)30667-X/h9015
http://refhub.elsevier.com/S0306-4522(17)30667-X/h9015
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0225
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0225
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0225
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0225
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0225
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0230
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0230
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0230
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0230
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0235
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0235
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0240
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0240
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0240
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0240
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0240
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0245
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0245
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0245
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0250
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0250
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0250
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0250
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0250
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0255
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0255
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0255
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0255
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0260
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0260
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0260
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0265
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0265
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0265
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0265
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0265
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0270
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0270
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0270
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0275
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0275
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0275
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0275
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0280
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0280
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0280
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0280
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0285
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0285
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0285
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0285
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0290
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0290
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0290
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0290
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0290
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0295
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0295
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0295
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0300
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0300
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0300
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0300
http://refhub.elsevier.com/S0306-4522(17)30667-X/h9060
http://refhub.elsevier.com/S0306-4522(17)30667-X/h9060
http://refhub.elsevier.com/S0306-4522(17)30667-X/h9060
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0305
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0305
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0305
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0305
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0305
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0310
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0310
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0310
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0310
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0310
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0310
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0315
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0315
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0320
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0320
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0320
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0325
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0325
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0325
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0330
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0330
https://doi.org/10.1016/j.neuroscience.2017.09.023
https://doi.org/10.1016/j.neuroscience.2017.09.023

P. P. Nawroth et al. /Neuroscience xxx (2017) xxx—xxx 9

Papanas N, Ziegler D (2015) Corneal confocal microscopy: recent
progress in the evaluation of diabetic neuropathy. J Diabetes
Investig 6(4):381-389.

Papanas N, Ziegler D (2016) Emerging drugs for diabetic peripheral
neuropathy and neuropathic pain. Expert Opin Emerg Drugs 21
(4):393-407.

Papanas N, Boulton AJ, Malik RA, Manes C, Schnell O, Spallone V,
Tentolouris N, Tesfaye S, Valensi P, Ziegler D, Kempler P (2013)
A simple new non-invasive sweat indicator test for the diagnosis
of diabetic neuropathy. Diabet Med 30(5):525-534.

Peltier A, Goutman SA, Callaghan BC (2014) Painful diabetic
neuropathy. BMJ 348:91799.

Pfizer (2007) A placebo-controlled trial of pregabalin and amitriptyline
for treatment of painful diabetic peripheral neuropathy. PhRMA
Web Synopsis, 2007. Protocol 1008-040.

Pfizer (2007) A randomized double-blind, placebo-controlled, parallel-
group, multi-center trial of pregabalin versus placebo in the
treatment of neuropathic pain associated with diabetic peripheral
neuropathy. PhRMA Web Synopsis, 2007. Protocol A0081071:
NCT00113456.

Pham M, Oikonomou D, Baumer P, Bierhaus A, Heiland S, Humpert
PM, Nawroth PP, Bendszus M (2011) Proximal neuropathic
lesions in distal symmetric diabetic polyneuropathy: findings of
high-resolution magnetic resonance neurography. Diabetes Care
34(3):721-723.

Pham M, Oikonomou D, Hornung B, Weiler M, Heiland S, Baumer P,
Kollmer J, Nawroth PP, Bendszus M (2015) Magnetic resonance
neurography detects diabetic neuropathy early and with Proximal
Predominance. Ann Neurol 78(6):939-948.

Pierson CR, Zhang W, Murakawa Y, Sima AA (2003) Insulin
deficiency rather than hyperglycemia accounts for impaired
neurotrophic responses and nerve fiber regeneration in type 1
diabetic neuropathy. J Neuropathol Exp Neurol 62(3):260-271.

Polydefkis M, Hauer P, Sheth S, Sirdofsky M, Griffin JW, McArthur JC
(2004) The time course of epidermal nerve fibre regeneration:
studies in normal controls and in people with diabetes, with and
without neuropathy. Brain 127:1606—1615.

Rohling M, Strom A, Bénhof G, Puttgen S, Bddis K, Muissig K,
Szendrddi J, Markgraf D, Lehr S, Roden M, Ziegler D, German
Diabetes Study Group (2016) Differential patterns of impaired
cardiorespiratory fithess and cardiac autonomic dysfunction in
recently diagnosed type 1 and type 2 diabetes. Diabetes Care. pii:
dc161898.

Roth J, Miller N, Lehmann T, Heinemann L, Wolf G, Miller UA
(2016) HbA1c and age in non-diabetic subjects: an ignored
association? Exp Clin Endocrinol Diabetes.

Said G (2007) Diabetic neuropathy—a review. Nat Clin Pract Neurol
3:331-340.

Said G (2013) Diabetic neuropathy. In: Said G, Krarup C, editors.
Handbook of Clinical  Neurology. Peripheral  Nerve
Disorders. Elsevier. p. 579-598. Vol. 115, Hardcover ISBN:
9780444529022.

Said G, Slama G, Selva J (1983) Progressive centripetal
degeneration of axons in small fibre diabetic polyneuropathy.
Brain 106(pt 4):791-807.

Serra J, Duan WR, Locke C, Sola R, Liu W, Nothaft W (2015) Effects
of a T-type calcium channel blocker, ABT-639, on spontaneous
activity in C-nociceptors in patients with painful diabetic
neuropathy: a Randomized controlled trial. Pain 156
(11):2175-2183.

Seyit DA, Degirmenci E, Oguzhanoglu A (2016) Evaluation of
electrophysiological effects of melatonin and alpha lipoic acid in
rats with streptozotocine induced diabetic neuropathy. Exp Clin
Endocrinol Diabetes 124(5):300-306.

Silva M, Costa-Pereira JT, Martins D, Tavares | (2016) Pain
modulation from the brain during diabetic neuropathy:
Uncovering the role of the rostroventromedial medulla.
Neurobiol Dis 96:346—356.

Sima AA (2003) New insights into the metabolic and molecular
basis for diabetic neuropathy. Cell Mol Life Sci 60
(11):2445-2464.

Singleton JR, Smith AG, Marcus RL (2015) Exercise as therapy for
diabetic and prediabetic neuropathy. Curr Diab Rep 15(12):120.

Snedecor SJ, Sudharshan L, Cappelleri JC, Sadosky A, Mehta S,
Botteman M (2014) Systematic review and meta-analysis of
pharmacological therapies for painful diabetic peripheral
neuropathy. Pain Pract 14:167-184.

Stracke H, Gaus W, Achenbach U, Federlin K, Bretzel RG (2008)
Benfotiamine in diabetic polyneuropathy (BENDIP): results of a
randomised, double blind, placebo-controlled clinical study. Exp
Clin Endocrinol Diabetes 116(10):600-605.

Sugimura K, Dyck PJ (1982) Multifocal fiber loss in proximal sciatic
nerve in symmetric distal diabetic neuropathy. J Neurol Sci
53:501-509.

Tesfaye S, Boulton AJM, Dyck PJ, Freeman R, Horowitz M, Kempler
P, Lauria G, Malik RA, Spallone V, Vinik A, Bernardi L, Valensi P,
on behalf of the Toronto Diabetic Neuropathy Expert Group
(2010) Diabetic neuropathies: update on definitions, diagnostic
criteria, estimation of severity, and treatments. Diabetes Care
33:2285-2293.

Tolle T, Freynhagen R, Versavel M, Trostmann U, Young Jr JP
(2008) Pregabalin for relief of neuropathic pain associated with
diabetic neuropathy: a randomized, double-blind study. Eur J Pain
12:203-213.

Torrance N, Elliott AM, Lee AJ, Smith BH (2010) Severe chronic pain
is associated with increased 10 year mortality. A cohort record
linkage study. Eur J Pain 14:380-386.

Tracey | (2010) Getting the pain you expect: mechanisms of placebo,
nocebo and reappraisal effects in humans. Nat Med 16
(11):1277-1283.

Treede RD (2016) Gain control mechanisms in the nociceptive
system. Pain 157:1199-1204.

UKPSD Study Group (1998) Intensive blood-glucose control with
sulphonylureas or insulin compared with conventional treatment
and risk of complications in patients with type 2 diabetes (UKPDS
33). UK Prospective Diabetes Study (UKPDS) Group. Lancet 352
(9131):837-853.

van Hecke O, Austin SK, Khan RA, Smith BH, Torrance N (2014)
Neuropathic pain in the general population: a systematic review of
epidemiological studies. Pain 155(4):654-662.

Varkonyi T, Putz Z, Keresztes K, Martos T, Lengyel C, Stirban A,
Jermendy G, Kempler P (2013) Current options and perspectives
in the treatment of diabetic neuropathy. Curr Pharm Des 19
(27):4981-5007.

Vinik Al, Ziegler D (2007) Diabetic cardiovascular autonomic
neuropathy. Circulation 115(3):387-397.

Wiffen PJ, Derry S, Moore RA, Aldington D, Cole P, Rice AS, Lunn
MP, Hamunen K, Haanpaa M, Kalso EA (2013) Antiepileptic
drugs for neuropathic pain and fibromyalgia - an overview of
Cochrane reviews. Cochrane Database Syst Rev 11(11).
CD010567.

Wilbek TE, Jansen RB, Jergensen B, Svendsen OL (2016) The
diabetic foot in a multidisciplinary team setting. number of
amputations below ankle level and mortality. Exp Clin
Endocrinol Diabetes 124(9):535-540.

Woolf CJ, Bennett GJ, Doherty M, Dubner R, Kidd B, Koltzenburg M,
Lipton R, Loeser JD, Payne R, Torebjérk E (1998) Towards a
mechanism-based classification of pain? Pain 77:227-229.

Yarnitsky D, Granot M, Nahman-Averbuch H, Khamaisi M,
Granovsky Y (2012) Conditioned pain modulation predicts
duloxetine efficacy in painful diabetic neuropathy. Pain
153:1193-1198.

Young LH, Wackers FJ, Chyun DA, Investigators DIAD, et al. (2009)
Cardiac outcomes after screening for asymptomatic coronary
artery disease in patients with type 2 diabetes: the DIAD study: a
randomized controlled trial. JAMA 301:1547—1555.

Zhang SS, Wu Z, Zhang LC, Zhang Z, Chen RP, Huang YH, Chen H
(2015) Efficacy and safety of pregabalin for treating painful
diabetic  peripheral neuropathy: a meta-analysis. Acta
Anaesthesiol Scand 59(2):147-159.

Ziegler D (2008) Painful diabetic neuropathy: treatment and future
aspects. Diabetes Metab Res Rev 24(Suppl. 1):S52-S57.

10.1016/j.neuroscience.2017.09.023

Please cite this article in press as: Nawroth PP et al. The quest for more research on painful diabetic neuropathy. Neuroscience (2017), https://doi.org/



http://refhub.elsevier.com/S0306-4522(17)30667-X/h0335
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0335
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0335
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0340
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0340
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0340
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0345
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0345
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0345
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0345
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0350
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0350
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0365
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0365
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0365
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0365
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0365
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0370
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0370
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0370
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0370
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0375
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0375
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0375
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0375
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0380
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0380
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0380
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0380
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0385
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0385
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0385
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0385
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0385
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0385
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0390
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0390
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0390
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0395
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0395
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0400
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0400
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0400
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0400
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0405
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0405
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0405
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0410
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0410
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0410
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0410
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0410
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0415
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0415
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0415
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0415
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0420
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0420
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0420
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0420
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0425
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0425
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0425
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0430
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0430
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0435
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0435
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0435
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0435
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0440
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0440
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0440
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0440
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0445
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0445
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0445
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0450
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0450
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0450
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0450
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0450
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0450
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0455
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0455
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0455
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0455
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0460
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0460
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0460
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0465
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0465
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0465
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0470
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0470
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0475
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0475
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0475
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0475
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0475
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0480
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0480
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0480
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0485
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0485
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0485
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0485
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0490
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0490
http://refhub.elsevier.com/S0306-4522(17)30667-X/h9070
http://refhub.elsevier.com/S0306-4522(17)30667-X/h9070
http://refhub.elsevier.com/S0306-4522(17)30667-X/h9070
http://refhub.elsevier.com/S0306-4522(17)30667-X/h9070
http://refhub.elsevier.com/S0306-4522(17)30667-X/h9070
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0495
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0495
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0495
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0495
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0500
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0500
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0500
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0505
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0505
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0505
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0505
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0510
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0510
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0510
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0510
http://refhub.elsevier.com/S0306-4522(17)30667-X/h9075
http://refhub.elsevier.com/S0306-4522(17)30667-X/h9075
http://refhub.elsevier.com/S0306-4522(17)30667-X/h9075
http://refhub.elsevier.com/S0306-4522(17)30667-X/h9075
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0515
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0515
https://doi.org/10.1016/j.neuroscience.2017.09.023
https://doi.org/10.1016/j.neuroscience.2017.09.023

10 P. P. Nawroth et al. /Neuroscience xxx (2017) xxx—xxx

Ziegler D, Fonseca V (2015) From guideline to patient: a review of
recent recommendations for pharmacotherapy of painful diabetic
neuropathy. J Diabetes Complications 29:146—156.

Ziegler D, Nowak H, Kempler P, Vargha P, Low PA (2004) Treatment
of symptomatic diabetic polyneuropathy with the antioxidant
alpha-lipoic acid: a meta-analysis. Diabet Med 21(2):114—121.

Ziegler D, Rathmann W, Meisinger C, Dickhaus T, Mielck A, KORA
Study Group (2009) Prevalence and risk factors of neuropathic
pain in survivors of myocardial infarction with pre-diabetes and
diabetes. The KORA Myocardial Infarction Registry. Eur J Pain 13
(6):582-587.

Ziegler D, Papanas N, Roden M, GDC Study Group (2011a)
Neuropad: evaluation of three cut-off points of sudomotor
dysfunction for early detection of polyneuropathy in recently
diagnosed diabetes. Diabet Med 28(11):1412—1415.

Ziegler D, Low PA, Litchy WJ, Boulton AJ, Vinik Al, Freeman R,
Samigullin R, Tritschler H, Munzel U, Maus J, Schiitte K, Dyck PJ
(2011b) Efficacy and safety of antioxidant treatment with o-lipoic
acid over 4 years in diabetic polyneuropathy: the NATHAN 1 trial.
Diabetes Care 34(9):2054—2060.

Ziegler D, Papanas N, Zhivov A, Allgeier S, Winter K, Ziegler I,
Briiggemann J, Strom A, Peschel S, Kéhler B, Stachs O, Guthoff
RF, Roden M, German Diabetes Study (GDS) Group (2014a)
Early detection of nerve fiber loss by corneal confocal microscopy
and skin biopsy in recently diagnosed type 2 diabetes. Diabetes
63(7):2454-2463.

Ziegler D, Papanas N, Vinik Al, Shaw JE (2014b) Epidemiology of
polyneuropathy in diabetes and prediabetes. Handb Clin Neurol
126:3-22.

Ziegler D, Keller J, Maier C, Pannek J, German Diabetes Association
(2014c) Diabetic neuropathy. Exp Clin Endocrinol Diabetes 122
(7):406—415.

Ziegler D, Duan WR, An G, Thomas JW, Nothaft W (2015a) A
randomized double-blind, placebo-, and active-controlled study of
T-type calcium channel blocker ABT-639 in patients with diabetic
peripheral neuropathic pain. Pain 156(10):2013-2020.

Ziegler D, Behler M, Schroers-Teuber M, Roden M (2015b) Near-
normoglycaemia and development of neuropathy: a 24-year
prospective study from diagnosis of type 1 diabetes. BMJ Open
5(6):e006559.

Ziegler D, Low PA, Freeman R, Tritschler H, Vinik Al (2016a)
Predictors of improvement and progression of diabetic
polyneuropathy following treatment with a-lipoic acid for 4 years
in the NATHAN 1 trial. J Diabetes Complications. 30(2):350-356.

Ziegler D, Schleicher E, Strom A, Knebel B, Fleming T, Nawroth P,
Haring HU, Papanas N, Szendrédi J, Mussig K, Al-Hasani H,
Roden M, GDS Group (2016b) Association of transketolase
polymorphisms with measures of polyneuropathy in patients with
recently diagnosed diabetes. Diabetes Metab Res Rev. https://
doi.org/10.1002/dmrr.2811.

(Received 3 April 2017, Accepted 12 September 2017)
(Available online xxxx)

10.1016/j.neuroscience.2017.09.023

Please cite this article in press as: Nawroth PP et al. The quest for more research on painful diabetic neuropathy. Neuroscience (2017), https://doi.org/



http://refhub.elsevier.com/S0306-4522(17)30667-X/h0520
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0520
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0520
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0525
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0525
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0525
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0530
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0530
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0530
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0530
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0530
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0535
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0535
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0535
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0535
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0540
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0540
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0540
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0540
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0540
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0545
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0545
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0545
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0545
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0545
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0545
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0550
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0550
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0550
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0555
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0555
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0555
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0560
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0560
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0560
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0560
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0565
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0565
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0565
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0565
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0570
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0570
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0570
http://refhub.elsevier.com/S0306-4522(17)30667-X/h0570
https://doi.org/10.1002/dmrr.2811
https://doi.org/10.1002/dmrr.2811
https://doi.org/10.1016/j.neuroscience.2017.09.023
https://doi.org/10.1016/j.neuroscience.2017.09.023

	The quest for more research on painful �diabetic neuropathy
	What is the natural course of painful diabetic neuropathy?
	Why do I have, after almost normalizing HbA1c, more problems than before?
	Are you sure my problems are due to diabetes or should we do a nerve biopsy?
	Are there imaging techniques helpful for diagnosis of this diabetic complication, starting in the distal nerve endings of the foot and slowly moving ahead?
	Can you suggest a drug, specific and effective for relieving diabetic neuropathy?
	In conclusion
	Acknowledgments
	References


