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Abstract 
 
Diabetic distal symmetric sensorimotor polyneuropathy (DSPN) affects approximately 
30% of people with diabetes and its sequelae, such as neuropathic pain and foot ulcers, 
contribute to substantial morbidity, high socioeconomic burden, reduced quality of life, 
and increased risk of mortality. The determinants and mechanisms of the development of 
DSPN remain unclear and the conundrum of why some individuals with DSPN develop 
neuropathic pain, while others do not, has not been solved. Current options to prevent and 
treat painful and painless DSPN are limited.  

DSPN is characterized by progressive nerve fibre loss and impaired nerve function. The 
present study aimed to examine the degree of cutaneous nerve fibre loss and regeneration 
in individuals with type 2 diabetes with painful or painless DSPN compared with 
individuals with recent-onset type 2 diabetes and corresponding healthy volunteers with 
normal glucose tolerance.  

Skin biopsy is a reliable, minimally invasive tool for the assessment of epidermal and 
dermal nerve fibres in peripheral nerve disorders. The pan-neuronal marker protein gene 
product 9.5 (PGP9.5), a member of the ubiquitin hydroxylase system, is widely used to 
detect and quantify cutaneous nerve fibres. Growth-associated protein 43 (GAP-43) is a 
membrane protein that is involved in the process of peripheral nerve regeneration. As it 
is a major constituent in axonal growth cones after nerve injury, GAP-43 is expressed in 
peripheral nerve fibre areas with high neural plasticity such as the epidermis and dermis. 
Hence, GAP-43 is widely used in immunohistology as a marker for regenerative nerve 
fibres. 

Skin biopsies were taken from the distal lateral calf and were analysed using double 
immunofluorescence staining for PGP9.5 and GAP-43. For both markers, intraepidermal 
nerve fibre density (IENFD) and length (IENFL) and dermal nerve fibre length (DNFL) 
were determined. For each parameter, the corresponding ratios between both markers 
were calculated to assess the regenerative capacity. 

The present study demonstrated an enhanced regenerative capacity of dermal nerve fibres 
in both DSPN entities compared with corresponding control individuals, but to a higher 
extent in individuals with painful DSPN compared to those with painless DSPN. A higher 
dermal nerve fibre regenerative capacity was associated with more advanced 
intraepidermal nerve fibre loss, lower dermal nerve fibre length, and peripheral nerve 
dysfunction.  

These findings suggest that nerve repair mechanisms are preserved in DSPN, but are 
ultimately not sufficient to adequately counteract epidermal neurodegenerative processes 
due to type 2 diabetes, leading to a loss of epidermal nerve fibres. The higher degree of 
dermal regenerative capacity found in painful compared with painless DSPN indicates 
that regenerative processes may contribute to the painful phenotype. 
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Zusammenfassung (deutsch) 
Ungefähr 30% aller Menschen mit Diabetes mellitus leiden an diabetischer distal-
symmetrischer sensomotorischer Polyneuropathie (DSPN). Die Folgen dieser 
Erkrankung, zu denen unter anderem neuropathische Schmerzen und chronische 
Fußulzera zählen, tragen zu deutlich erhöhter Morbidität und Mortalität und 
eingeschränkter Lebensqualität bei und stellen eine erhebliche sozioökonomische 
Belastung dar. Die maßgeblichen Faktoren, die zur Entwicklung der DSPN beitragen, 
bleiben weiterhin ungeklärt. Außerdem ist nicht bekannt, warum die DSPN bei 
bestimmten Menschen mit neuropathischen Schmerzen einhergeht, während sie bei 
anderen schmerzlos verläuft. Sowohl bei der schmerzhaften als auch der schmerzlosen 
Entität sind die aktuell verfügbaren Optionen hinsichtlich Therapie und Prävention 
limitiert. 

Die DSPN zeichnet sich durch einen fortschreitenden Verlust an Nervenfasern und 
Einschränkung der Nervenfunktion aus. Die vorliegende Studie hatte zum Ziel, sowohl 
den Verlust an Nervenfasern, als auch neuroregenerative Prozesse in der Haut von 
Patienten mit Typ-2-Diabetes und schmerzhafter oder schmerzloser DSPN sowie bei 
denjenigen mit kürzlich diagnostiziertem Typ-2-Diabetes im Vergleich mit 
stoffwechselgesunden Probanden ohne Nervenschäden zu quantifizieren. 
Hautbiopsien stellen eine zuverlässige, minimal-invasive Methode dar, um epidermale 
und dermale Nervenfasern bei Erkrankungen des peripheren Nervensystems beurteilen 
zu können. Um diese Nervenfasern aufzufinden und zu quantifizieren, wird üblicherweise 
der pan-axonale Marker protein gene product 9.5 (PGP9.5), ein Mitglied der Ubiquitin-
C-terminalen Hydroxylase-Familie, verwendet. Growth-associated protein 43 (GAP-43) 
ist ein Membranprotein, welches an neuroregenerativen Prozessen im peripheren 
Nervensystem beteiligt ist, indem es eine wichtige Rolle bei der Elongation des 
proximalen Stumpfs verletzter peripherer Nervenfasern spielt. Es wird somit auch in 
Nervenfasern exprimiert, die einem hohen Maß an physiologischem Remodeling 
unterliegen, zu denen auch diejenigen in den oberen Hautschichten gehören. Aufgrund 
dieser Eigenschaften eignet sich GAP-43 als Marker für regenerierende Nervenfasern. In 
der vorliegenden Studie wurden Hautproben aus dem distal-lateralen Unterschenkel 
mittels doppelter Immunfluoreszenzmikroskopie für PGP9.5 und GAP-43 analysiert. 
Intraepidermale Nervenfaserdichte und -länge sowie dermale Nervenfaserlänge wurden 
für beide Marker quantifiziert. Für alle drei Parameter wurde auch das Verhältnis beider 
Marker zueinander bestimmt, um Rückschlüsse auf die regenerative Kapazität der 
Nervenfasern zu ziehen.  

Bei beiden DSPN Gruppen wurde gegenüber der zugehörigen Kontrollgruppe eine 
erhöhte regenerative Kapazität der dermalen Nervenfasern festgestellt, die in der 
schmerzhaften im Vergleich mit der schmerzlosen DSPN-Gruppe deutlicher ausgeprägt 
war. Eine höhere regenerative Kapazität der dermalen Nervenfasern war mit stärkerem 
epidermalen Nervenfaserverlust, geringerer dermaler Nervenfaserlänge, sowie  mit 
peripherer Nervendysfunktion assoziiert. 

Diese Ergebnisse weisen darauf hin, dass die Reparaturmechanismen in kutanen 
Nervenfasern bei DSPN grundsätzlich weiterhin nachweisbar sind, aber letztlich nicht in 
der Lage sind, die durch Typ-2-Diabetes bedingten Vorgänge, die zu epidermalem 
Nervenverlust führen, adäquat zu kompensieren. Eine höhere dermale regenerative 
Kapazität bei der schmerzhaften gegenüber der schmerzlosen DSPN könnte auf eine 
Beteiligung neuroregenerativer Prozesse bei der Entstehung neuropathischer Schmerzen 
bei DSPN hinweisen. 
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1 Introduction 
Diabetic neuropathies represent the most prevalent chronic complications of diabetes, of 

which diabetic distal symmetric sensorimotor polyneuropathy (DSPN) is the most 

relevant clinical manifestation. DSPN affects approximately 30% of people with diabetes 

(1, 2). DSPN contributes substantially to reduced quality of life, increased morbidity, and 

high socioeconomic burden (3, 4). The underlying pathophysiology contributing to the 

development of DSPN and its sequelae such as neuropathic pain is not well understood 

and the current options to prevent and treat are limited (5). 

1.1 Type 2 diabetes  

Diabetes mellitus is a group of heterogeneous metabolic diseases characterised by 

hyperglycaemia due to deficits in pancreatic insulin secretion and/or insulin sensitivity of 

insulin-sensitive target tissues (6). According to the American Diabetes Association 

(ADA), diabetes is diagnosed based on plasma glucose criteria, by (1) the fasting plasma 

glucose (defined as no caloric intake for at least 8 h) or (2) the 2-h plasma glucose during 

a 75 g oral glucose tolerance test using a glucose load containing the equivalent of 75 g 

anhydrous glucose dissolved in water (OGTT), or (3) haemoglobin A1c (HbA1c) criteria: 

Fasting plasma glucose ≥ 126 mg/dl (7.0 mmol/l) or 2-h plasma glucose ≥ 200 mg/dl 

(11.1 mmol/l) during OGTT or HbA1c ≥ 6.5% (48 mmol/mol) or, in a patient with classic 

symptoms of hyperglycaemia or hyperglycaemic crisis, a random plasma glucose 

≥ 200 mg/dL (11.1 mmol/l). In the absence of unequivocal hyperglycaemia, results 

should be confirmed by repeated testing (7).  

Type 2 diabetes represents the most prevalent category of diabetes, accounting for around 

90-95% of cases with diabetes, corresponding to over 400 million people worldwide in 

the age group of 20 to 79 years as of 2019 (8). Data from 65 million people insured by 

the German statutory health insurance suggest a number of 6.9 million people with type 

2 diabetes in Germany as of 2015. Taking trends in incidence and demographic factors 

into account, a considerable increase of cases with type 2 diabetes between 54% and 77% 

can be expected until 2040, representing a substantial growth in socioeconomic burden 

(9).  

In contrast to type 1 diabetes, which is characterized by pancreatic beta cell destruction, 

usually leading to absolute insulin deficiency, type 2 diabetes is a form of diabetes 

mellitus that encompasses individuals with chronically reduced insulin sensitivity and 
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usually, to a certain degree, preserved insulin secretion. As hyperglycaemia often 

develops gradually and not severely enough for the individual to notice symptoms in the 

early course of type 2 diabetes, it frequently goes undiagnosed for many years along with 

an increasing risk of developing complications. The risk of developing type 2 diabetes 

increases with higher age, obesity, and low physical activity (6). 

Current therapeutic concepts in type 2 diabetes care primarily target controlling 

hyperglycaemia in order to prevent complications (10), as type 2 diabetes has generally 

been considered an incurable chronic disease. There is growing evidence that remission 

of type 2 diabetes is possible in selected patients with carbohydrate or calorie restricted 

diets or bariatric surgery leading to weight loss. However, long-term data concerning 

sustainability is limited. The number of non-responders in the published studies is high, 

and it remains unclear whether remission of type 2 diabetes is an achievable goal for 

individuals with longer lasting diabetes (11-13). 

Type 2 diabetes is associated with several potentially severe chronic complications of 

hyperglycaemia involving dysfunction or failure of various organ systems (6). Vascular 

complications are of particular importance in type 2 diabetes. Arterial circulation is 

frequently affected, spanning from large elastic arteries to minute capillaries. 

Cardiovascular disease (CVD) is the leading cause of mortality in individuals with type 

2 diabetes (14). Large vessel disorders associated with type 2 diabetes include 

atherosclerotic cardiovascular, cerebrovascular, and peripheral arterial disease (6). 

Impaired microcirculation culminates in characteristic diabetic microvascular 

complications. These include diabetic retinopathy, a frequent cause of newly-developed 

blindness among adults in developed countries (15), diabetic nephropathy, a major cause 

of chronic kidney disease and end-stage renal failure (16), and diabetic neuropathy, the 

most prevalent chronic complication of diabetes (17). Diabetic neuropathy leads to 

debilitating sequelae such as impaired sensation, neuropathic pain, foot ulcers, orthostatic 

hypotension as well as gastrointestinal and genitourinary complications (1-3). 

1.2 Diabetic Neuropathy 

Diabetic neuropathies are defined by impairments of the peripheral nervous system (PNS) 

due to diabetes after exclusion of other causes. Both somatic and autonomic parts of the 

PNS can be affected, leading to diabetic somatosensory and autonomic neuropathies, 

respectively, which either can remain subclinical or manifest clinically. Evidence has 
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accumulated suggesting that diabetic neuropathies, rather than representing “late” 

complications of diabetes, can develop early in the course of diabetes and even in 

prediabetes (1).  

Peripheral neuropathies are characterised by sensory and/or motor nerve dysfunction. 

They include comparably rare mononeuropathies or radiculopathies which are considered 

atypical forms of diabetic neuropathies, and diffuse neuropathies, the most frequent and 

clinically relevant of which is diabetic distal symmetric sensorimotor polyneuropathy 

(DSPN) accounting for about 75% of diabetic neuropathies (1, 3, 17, 18).      

Diabetic autonomic neuropathy, characterized by dysfunction of parasympathetic and/or 

sympathetic neurons, can affect various organs of human body. The most studied 

manifestation, cardiovascular autonomic neuropathy (CAN), is detectable at an early 

subclinical stage by reduced heart rate variability (HRV), later followed by clinical signs 

such as orthostatic hypotension and resting tachycardia (17, 19). Other clinical signs of 

CAN include exercise intolerance due to a blunted increase in cardiac output in response 

to physical activity and an increased intra- or perioperative cardiovascular instability, 

when autonomic response does not completely compensate for vasodilating effects of 

anaesthesia (20). Impaired sudomotor (distal hypohydrosis/anhidrosis, gustatory 

sweating), gastrointestinal (gastroparesis, diarrhoea, or constipation), genitourinary 

(neurogenic bladder, sexual dysfunction), and pupillary function as well as decreased 

hypoglycaemia awareness are further clinically relevant manifestations of diabetic 

autonomic neuropathy (17).  

1.2.1 Diabetic distal symmetric sensorimotor polyneuropathy (DSPN) 

1.2.1.1 Definition of DSPN 

According to the Toronto Diabetic Neuropathy Expert Group consensus statement 

published in 2010, DSPN is ‘a symmetrical, length-dependent sensorimotor 

polyneuropathy attributable to metabolic and microvessel alterations as a result of 

chronic hyperglycaemia exposure (diabetes) and cardiovascular risk covariates’ (21). In 

brief, the following definitions were proposed: 

1. Possible DSPN (presence of symptoms or signs of DSPN) 

2. Probable DSPN (presence of symptoms and signs of DSPN) 

3. Confirmed DSPN (symptoms or signs of DSPN and either the presence of an 

abnormal nerve conduction test or a validated measure of small fibre neuropathy) 
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4. Subclinical DSPN (no symptoms or signs, but abnormal nerve conduction test or 

a validated measure of small fibre neuropathy) 

Definitions 1, 2, or 3 (possible, probable, confirmed DSPN) were recommended for use 

in clinical practice, while definitions 3 or 4 (confirmed, subclinical DSPN) should serve 

primarily in research studies (21).  

1.2.1.1.1 Definition of painful DSPN 

In clinical practice, painful DSPN is defined as DSPN with painful neuropathic 

symptoms, based on the patient’s description of pain. For research settings, a definition 

of DSPN associated with chronic neuropathic pain for >6 months and a weekly pain score 

³4 on an 11-point Numerical Rating Scale (NRS) after exclusion of pain not associated 

with DSPN was suggested (21).  

1.2.1.2 Epidemiology of DSPN 

DSPN affects approximately one third of patients with diabetes. The incidence of DSPN 

is approximately 2% per year. In hospital-based patients with type 2 diabetes, the 

prevalence ranges between approximately 18% and 75% (type 1 diabetes: 13-23%), while 

in general populations or primary care, the prevalence ranges between around 13% and 

51% in type 2 diabetes (type 1 diabetes: 8-63%). DSPN may start very early during the 

course of diabetes. In prediabetes, DSPN may be found in around 11% to 25% of cases 

(1). In a large population based study, the prevalence of DSPN was 13.0% among 

individuals with impaired glucose tolerance (IGT) and 11.3% with impaired fasting 

glucose (IFG) (3, 22). In a cohort of recent-onset type 2 diabetes individuals with a known 

diabetes duration up to one year and very good glycaemic control, signs or symptoms of 

possible DSPN were reported in 23.2%, while confirmed DSPN was found in 6.6% of 

participants (23).  

Despite its high prevalence, DSPN remains a frequently underdiagnosed and undertreated 

condition. Thus, the clinical impact of DSPN is still being underestimated (24, 25). Data 

obtained from a recent study as part of a German nationwide educational initiative 

suggested an alarming prevalence of previously undiagnosed peripheral neuropathy of 

69.9% in participants with type 2 diabetes. Even 57.0% of participants with type 2 

diabetes and peripheral neuropathy with neuropathic pain were not aware of having the 

condition (26).  
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Risk factors and comorbidities associated with DSPN include higher age, longer duration 

of diabetes, poor glycaemic control, height, cigarette smoking, alcohol intake, 

hyperlipidaemia, hypertension, the presence of other diabetic complications, and 

depression. Associations with higher body weight and hypoinsulinaemia have been 

reported specifically for type 2 diabetes (3).  

1.2.1.3 Diagnosis of DSPN 

The identification and characterization of DSPN requires a careful neurologic 

examination. It is a diagnosis of exclusion, eliminating other possible causes of 

neuropathy. Important differential diagnoses include nutrient deficiencies (e.g. B 

vitamins), drugs and toxins (e.g. ethanol, antineoplastic agents), infectious and 

inflammatory diseases (e.g. HIV, Guillain-Barré syndrome, chronic inflammatory 

demyelinating polyneuropathy (CIPD), monoclonal gammopathies), metabolic 

conditions (e.g. renal failure, critical illness), inherited diseases (e.g. Charcot-Marie-

Tooth, hereditary neuropathies), paraneoplastic syndrome, vascular diseases (e.g. 

peripheral vascular disease), endocrinopathies (e.g. untreated hypothyroidism), and nerve 

compression syndromes (e.g. spinal disc herniation) (27, 28).  

Current clinical practice guidelines recommend a basic diagnostic evaluation including a 

standard battery of laboratory tests, i.e. complete blood count, creatinine, inflammation 

markers, TSH, vitamin B12, folic acid, liver enzymes, and immunoelectrophoresis (28).   

Signs and symptoms of DSPN should be individually assessed using standardised clinical 

instruments, such as the Michigan Neuropathy Screening Instrument (MNSI) (29), the 

modified Toronto Clinical Neuropathy Scale (mTCNS) (30), the Utah Early Neuropathy 

Scale (UENS) (31), the Neuropathy Disability Score (NDS) (32), the Neuropathy 

Symptoms Score (NSS), and the 11-point Numerical Rating Scale (NRS) (17, 28).   

1.2.1.3.1 Clinical symptoms of DSPN 

Around 50% of patients with DSPN may experience symptoms of DSPN, while others 

remain asymptomatic (17). Symptoms may affect both motor and sensory nerve 

functions. Sensory symptoms typically appear first symmetrical in toes and feet, than 

gradually spreading to more distal parts of the limbs, resembling a stocking- or glove-like 

pattern of manifestation (27). Both motor and sensory symptoms can be divided into 

positive or negative categories.  
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Positive sensory symptoms include sensations without adequate stimuli representing 

spontaneous or exaggerated actions within the sensory system. Positive sensory 

neuropathic symptoms, typically present at rest and with a tendency to worsen during the 

night, include paraesthesiae (prickling, tingling), dysaesthesiae (unpleasant 

paraesthesiae), pain (spontaneous burning, stabbing, aching, constricting, electric, 

lancinating pain), or numbness sensations (Figure 1) (27, 33). Typical positive motor 

symptoms include muscle cramps. 

Negative sensory neuropathic symptoms result from decreased function of sensory 

receptors, fibres, or central systems. Patients report decreased sensation to tactile stimuli 

including touch, vibration, temperature, noxious stimuli with the risk to develop ataxia, 

and imbalance (27, 33, 34). Compared to the sensory deficits, motor involvement is 

usually less prominent and restricted to the distal lower limbs resulting in muscle atrophy 

and weakness at the toes and foot. The lack of coordination due to neuropathic deficits 

fosters an increased propensity to stumble (27). 

As a side note, there seems to be ambiguity about the definition of numbness as a positive 

or negative sensory symptom in the present literature as well as in the author’s own 

experience with patients. While some refer to numbness as an active sensation like gone 

to sleep limbs (asleep-numbness), others use it to describe the perceived loss of sensation 

(hypaesthesia) (18, 27, 33).    
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Figure 1: Typical distribution of clinical neuropathic symptoms of DSPN.  
Numbness, stabbing pain, burning pain, tingling. Symptoms usually develop symmetrically in 
both feet following a length-dependent distal to proximal gradient (dying-back pattern). 

 

1.2.1.3.1.1 Neuropathic pain 

Up to 50% of patients with DSPN may experience neuropathic pain symptoms. Chronic 

painful DSPN is encountered in approximately 13-26% of individuals with diabetes (1). 

Neuropathic pain in diabetes can be defined as ‘pain arising as a direct consequence of 

abnormalities in the somatosensory system in people with diabetes’ (21, 35). It is to be 

distinguished from both nociceptive pain (‘pain through activation of nociceptors in non-
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neural tissues by actual or threatened tissue injury’) and nociplastic pain (‘pain that 

arises from altered nociception despite no clear evidence of actual or threatened tissue 

damage causing the activation of peripheral nociceptors or evidence for disease or lesion 

of the somatosensory system causing the pain’) (36).  

In diabetic neuropathy, pain typically occurs spontaneously at rest (worse at night) (17) 

or less frequently as an evoked exaggerated response to otherwise less painful or non-

painful stimuli (hyperalgesia or allodynia) (1, 37). Biomarkers to predict the development 

of neuropathic pain are still lacking and the conundrum of why some individuals with 

DSPN develop neuropathic pain while others do not has not been solved (38, 39). 

Extensive efforts have been undertaken to determine whether there are specific patterns 

of sensory nerve function loss, hyperalgesia, and allodynia in peripheral neuropathies in 

general (1, 40). While neuropathic pain usually is associated with sensory loss, the 

concept of an ‘irritable nociceptor’ phenotype has been developed, which is characterized 

by preserved sensation together with hyperalgesia (41). However, evidence to support 

this concept in painful diabetic neuropathy is limited. In a large cross-sectional study, 

only a minority of participants with painful diabetic neuropathy had allodynia (41). Only 

a very small proportion of participants with neuropathic pain could be allocated to the 

irritable nociceptor phenotype (6.3%), similar to another study in which it was attributed 

to 14.6% of patients with painful diabetic neuropathy (1, 42). 

1.2.1.3.2 Clinical neuropathic signs (deficits) in DSPN 

Clinical signs (impairments, deficits) of peripheral neuropathies are assessed using 

quantitative or semi-quantitative bedside tests. Signs must be distinguished from clinical 

symptoms that represent subjective patients’ reports. Instruments to assess sensory 

clinical signs include the pinprick test to assess hypoalgesia, tests to assess impaired 

touch, temperature, vibration sense, and testing joint position sense. Knee and ankle 

reflexes and muscle strength represent clinical signs of motor nerve function (30, 43).  

1.2.1.3.2.1 Quantitative sensory testing 

Quantitative sensory testing (QST), is a powerful tool to non-invasively assess sensory 

nerve function in response to controlled stimuli (e.g. cold, warmth, vibration). Research 

studies confirmed the usefulness of QST in the assessment and monitoring of sensory 

function in DSPN and other neuropathies (44). In particular, QST can be used to 

discriminate between large and small nerve fibre involvement. However, the patient is 



 

 9 

required to be alert and cooperative due to the psychophysical nature of the tests. To date, 

QST has not yet been widely adapted in clinical practice (45). 

1.2.1.3.3 Electrophysiological testing 

Nerve conduction studies (NCS) are an objective, sensitive, repeatable, and hence well 

established and useful tool in the diagnosis of DSPN (21, 46) (Figure 2). NCS have been 

performed for more than half of a century to investigate patients with DSPN (47). NCS 

can help to confirm or refute a diagnosis of DSPN and to estimate its severity (21, 48). 

Routine NCS assess only large myelinated somatic nerve fibres in peripheral nerves by 

activating the entire nerve with an electric stimulus and recording the response which can 

indicate conditions of normal conduction, axonal injury, or demyelination. The sum of 

single nerve fibre action potentials responses is represented by the sensory nerve action 

potential (SNAP) amplitude which is roughly proportional to the number of sensory axons 

between stimulating and recording electrodes in the corresponding nerve. Hence, SNAP 

is reduced when axonal loss has occurred. In conditions with axonal injury, nerve 

conduction velocity (NCV) is primarily reduced, when the fastest axons within the nerve 

are affected. In demyelinating nerves, NCV is remarkedly reduced due to the impaired 

saltatory conduction (49). While length-dependent polyneuropathies are typically 

characterized by axonal loss, reduced NCV in DSPN can be attributed to either axonal 

loss or demyelination, while axon loss predominates distally (50).   



 

 10 

 
Figure 2: Recording of sural sensory nerve conduction velocity. 
Nerve conduction studies are the current gold-standard to assess large nerve fibre dysfunction in 
peripheral neuropathies and can be used to estimate the severity of DSPN. 

 

1.2.1.4 Clinical complications of DSPN 

Numerous studies have consistently reported an impaired quality of life (QoL) in patients 

with painful DSPN. QoL in these patients is related to reduced physical activity, lack of 

sleep, and higher stress levels, which can all worsen the perception of pain, leading to a 

vicious cycle (51). It can be reasonably assumed that painless DSPN, independent from 

complications, may affect QoL due to unpleasant paraesthesia, hypaesthesia, and 

impaired balance. However, there is not enough evidence available to corroborate that 

claim. Nonetheless, neuropathic deficits were found to be positively associated with 

depressive symptoms (52), and diabetic neuropathy is a major factor in the pathogenesis 

of diabetic foot syndrome (DFS) (53), both regardless of the presence of neuropathic pain. 

Diabetic neuropathy is accountable for approximately 85% of cases of DFS. In about 50% 

of cases it is considered to be the sole main cause in absence of peripheral arterial 

occlusive disease, the other main pathogenetic factor contributing in 50% of cases, and 

in 15% without involving diabetic neuropathy (53).  
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DFS, primarily characterised by the occurrence of foot ulcers, is known to have a 

profound impact on health-related QoL (54). The lifetime incidence to develop at least 

one foot ulceration among individuals with diabetes has been estimated at approximately 

19-34% according to most recent calculations. If a foot ulcer has occurred at least once 

in a person with diabetes, the risk of death at 10 years is doubled. Typically, a diabetic 

foot ulcer occurs, when protective sensation at the foot is impaired due to the sensory 

component of DSPN. Foot deformities may be present due to the motor component of 

DSPN, and sweat gland function may be affected by autonomic neuropathy, leading to 

dry skin. Each factor contributes to increased stress culminating in skin breakdown. 

Decreased perfusion due to peripheral artery occlusive disease affects wound healing 

(55). Diabetes remains the most frequent cause of nontraumatic amputations in many 

countries (56). In people with diabetes, amputations in the lower extremity are 10-20 

times more common compared to individuals without diabetes (8). There is ample 

evidence that DSPN is an independent risk factor associated with amputations (57).  

Charcot neuroarthropathy (‘Charcot foot’) holds a special position within the DFS. It is a 

noninfective arthropathy, typically presenting initially with a warm, swollen foot which 

may or may not be accompanied by pain or discomfort. It affects bones, joints, and soft 

tissues in the foot and ankle. Untreated, it leads to severe fractures and deformities with 

a collapse of the midfoot joint (‘rocker bottom foot’) as a hallmark (58). Today, diabetic 

neuropathy is by far the leading cause of Charcot neuroarthropathy. While the exact 

pathomechanisms are not well understood, a combined aetiology of DSPN and diabetic 

autonomic neuropathy is most likely. Sensorimotor deficits may lead to repeated 

microtrauma due to loss of protective sensation and increased muscle atrophy resulting 

in intracapsular effusions, ligamentous laxity, and joint instability. Autonomic 

dysfunction may result in bone atrophy due to impaired vasoconstriction leading to 

dysregulated, increased blood flow increasing local bone resorption (56, 59).  

Comorbidities are very frequent among patients with DSPN. A large German multicentre 

study identified the presence of at least one comorbidity apart from diabetes and 

neuropathy in 90% of patients with diabetic peripheral neuropathy. The most frequent 

comorbidities were hypertension, hyperlipidaemia, other chronic pain, macrovascular 

diabetic complications, and depression (60). 
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1.2.1.5 Pathophysiology of painful and painless DSPN 

Similarities and differences between painful and painless DSPN have been described, but 

the mechanisms contributing to the development of the respective entities are poorly 

understood (18, 38). Hyperglycaemia and dyslipidaemia initiate pathways implicated in 

the pathophysiology of neuronal damage (Figure 3). Hyperglycaemia leads to higher 

intracellular levels of glucose-6-phosphate which is the initial substrate in glycolysis that 

converts it to pyruvate. Dyslipidaemia results in higher intracellular levels of free fatty 

acids (FFA) (1). The substrate excess of pyruvate and FFAs in mitochondria increases the 

formation of reactive oxidative species (ROS) due to an increased electron leakage to 

oxygen in the mitochondrial electron transport chain and as a by-product of several 

enzymatic reactions (61). The accumulation of ROS such as superoxide (O2-) is 

accompanied by decreased antioxidant protection in diabetes, leading to increased 

oxidative stress and cell death (1). In recent-onset type 2 diabetes, a dermal 

overexpression of mitochondrial superoxide dismutase 2 (SOD2), an important 

antioxidant enzyme responsible for superoxide detoxification, was observed, suggesting 

a compensatory antioxidative defence against increased oxidative stress (1, 62). Oxidative 

stress and mitochondrial dysfunction are considered to play a pivotal role not only in the 

pathogenesis of diabetic complications, but also in the development of insulin resistance 

and pancreatic beta cell dysfunction, the characteristic features of type 2 diabetes. They 

are among the earliest detectable pathophysiological findings in the natural history of type 

2 diabetes and its complications (63).  

Mitochondrial dysfunction leads to increased levels of glucose-derived reactive carbonyls 

such as glyoxal or methylglyoxal, formed by autoxidation, which are precursors of 

advanced glycation end products (AGEs) (64, 65). DNA modifications as a consequence 

of reactive carbonyls and ROS activate the nuclear enzyme poly(ADP-ribose) 

polymerase-1 (PARP1), an important downstream effector of DNA damage (1, 66). 

PARP1 activation triggers altered gene expression and a depletion of oxidized 

nicotinamide adenine dinucleotide (NAD+) and ATP levels resulting in reduced 

cytoplasmatic levels of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1, 67).  

Ultimately, inhibited GAPDH may reinforce four major pathways of hyperglycaemic 

damage according to experimental studies using endothelial cells (65). GAPDH is a 

glycolytic enzyme as it catalyses the reaction of glyceraldehyde-3-phosphate to 1,3-

diphosphoglycerate. When this reaction is inhibited by lower GAPDH, the upstream 
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glycolytic metabolites accumulate and are shunted into the four pathways: polyol 

pathway, hexosamine pathway, protein kinase C pathway, and AGE pathway (68). At the 

first step along glycolysis, glucose flux through the polyol pathway increases. Excessive 

glucose gets converted to sorbitol by aldose reductase with the cofactor NADPH and 

sorbitol to fructose by sorbitol dehydrogenase under consumption of NAD+, causing a 

compensatory depletion of osmolytes like myo-inositol and taurine. The efflux of myo-

inositol impairs the physiological function of neural Na+/K+-ATPase, leading to acute 

axonal dysfunction. Furthermore, the increased polyol flux promotes oxidative stress by 

the depletion of NADPH inhibiting the regeneration of the important antioxidant 

glutathione as well as by increased production of fructose enhancing the formation of 

AGEs. (69, 70).  

Increased flux through the hexosamine pathway leads to conversion of fructose-6-

phosphate, a glycolysis intermediate, to UDP-N-acetylglucosamine which modifies 

common transcription factors promoting injury of complication prone tissues and 

inflammation (70).  

Increased levels of glyceraldehyde-3-phosphate, the next intermediate among the 

glycolysis lead to the initiation of the protein kinase C pathway and the AGE pathway. 

Glyceraldehyde-3-phosphate is metabolized to diacylglycerol which activates neuronal 

protein kinase C (PKC). Activated PKC alters several metabolic processes leading to 

increased insulin resistance, impaired function of neuronal Na+/K+-ATPase, and altered 

gene expression of growth factors. In experimental diabetes models, increased activation 

of PKC resulted in vasoconstriction, hypoxia, and neuronal damage (70). Methylglyoxal, 

a major intracellular precursor of AGEs, is formed from glyceraldehyde-3-phosphate. 

Hence, increased glyceraldehyde-3-phosphate contributes to the accumulation of AGEs. 

Intracellular AGEs modify proteins and thereby alter cytoplasmic and nuclear factors 

which regulate gene transcription (71). However, the role of intracellular AGEs in 

peripheral nerves remains poorly understood and more studies have focused on effects 

resulting from the interaction between extracellular AGEs with the cell surface receptor 

for AGEs (RAGE). RAGE activation initiates a series of pathways leading to increased 

expression of extracellular cytokines, formation of ROS, and the activation of the 

transcription factor nuclear factor-κB (NF-κB) (72). NF-κβ triggers the expression of 

various cytokines (e.g. TNF-α, TGFβ, IL1β, IL6), chemokines, cell adhesion molecules, 

growth factors, and pro-apoptotic genes. NF-κβ activation increases vascular calcification 

and, hence, may impair endothelial function of the vasa nervorum leading to ischaemic 
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damage (73). In a large prospective study, higher systemic levels of methylglyoxal were 

associated with the risk of incident peripheral neuropathy in type 2 diabetes patients (1, 

74). 

However, it is a matter of debated whether oxidative stress is in fact an upstream or 

downstream effect of the aforementioned four major pathways implicated in the 

pathogenesis of diabetic neuropathy. Experimental data supporting the upstream theory 

were not derived from neuronal or Schwann cells but rather from endothelial cells. 

Nonetheless, the latter are located in the vasa nervorum representing a target tissue for 

microvascular damage (65). 

 
Figure 3: Cellular pathways implicated in the pathophysiology of DSPN.  
AGEs, advanced glycation end-products; AMPK, 59 adenosine monophosphate–
activated protein kinase; FFAs, free fatty acids; G6P, glucose-6-phosphate; GLUT, 
glucose transporter; IKK, IkB kinase; JNK, c-Jun N-terminal kinase; NAD+ , oxidized 
nicotinamide adenine dinucleotide; RAGE, receptor of AGE; TLR, toll-like receptor. 
Modified from Bönhof et al. Endocr Rev 2019; 40: 153-92, used with permission. 
 

Peripheral nerves are vascularized by endoneurial, perineurial, and epineurial vessels. In 

diabetes, proliferation of endothelial cells (ECs), basement membrane thickening, and 

altered secretion of vasoactive, proinflammatory, and prothrombotic substances may 
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contribute to impaired nerve function. Furthermore, a dysregulation of the capillary flow 

may alter the extraction of diffusible molecules from the blood stream into neurons and 

Schwann cells and hence may contribute to nerve ischemia. Sensory neurons in the dorsal 

root ganglia (DRGs) are characterised by a higher independently regulated blood flow 

with lower oxygen tension compared with peripheral nerve trunks and might be 

particularly susceptible to microvascular alterations (1, 75). 

Many of the risk factors associated with DSPN are triggers of subclinical inflammation 

and there is increasing evidence that subclinical inflammation might play a role in the 

pathogenesis of DSPN. Higher systemic levels of IL1β, IL6, and TNF-α have been linked 

with the presence of neuropathic pain and reduced NCV in animal models (1). In a recent 

prospective population-based study, systemic levels of six out of 71 biomarkers reflecting 

multiple aspects of immune activation were associated with incident peripheral 

neuropathy (76). Using the same method in a cross-sectional study, deficits in systemic 

cytokines, chemokines, and growth factors promoting nerve regeneration in patients with 

type 2 diabetes were associated with polyneuropathy in general but not specifically with 

the painful or painless entity. Thus, biomarkers of systemic neuroinflammation and nerve 

regeneration do not appear useful to differentiate between the two DSPN entities (77).  

Sensory nerve fibres innervating the skin arise from the DRGs. They are bundled into 

peripheral nerves and ultimately reach into the different layers of the skin. There are 

unmyelinated and myelinated sensory nerve fibres. Unmyelinated group C nerve fibres 

(C fibres) measuring approximately 1 µm or less in diameter are afferent fibres slowly 

transmitting tactile (warmth, sensual touch) and nociceptive (pain, itch) sensations (78). 

C fibre axons are grouped together into so called Remak bundles. These occur when a 

non-myelinating Schwann cell bundles the axons close together by surrounding them. 

Myelinated fibres are wrapped individually by a myelinating Schwann cell forming 

myelin shafts separated only by unmyelinated nodes of Ranvier for fast saltatory nerve 

conduction (1). Thick myelinated Aβ fibres have a diameter of approximately 10 µm and 

rapidly transmit stimuli by mechanoreceptors localized in various layers of the skin. 

Thinly myelinated Aδ fibres respond to mechanical and chemical stimuli and mediate 

acute first pain provoked by noxious triggers such as intense pressure, heat, or chemical 

substances (78). Small fibre neuropathies (SFNs) are characterized by an impairment of 

the thinner Aδ and C fibres, whereas large-fibre neuropathies refer to predominant 

involvement of thicker nerve fibres such as Aβ fibres or motor nerve fibres (79). DSPN 

is mostly characterized by mixed small- and large-fibre damage (17).  
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In the development of diabetic neuropathies, multiple degenerative, remodelling, and 

regenerative processes in axons, glia cells, and the axon-surrounding microenvironment 

culminate in impaired nerve function (1). Axonal atrophy, demyelination, nerve fibre 

loss, and blunted nerve fibre regeneration coexist in DSPN (80). Peripheral nerve damage 

is followed by a series of morphological and molecular changes in the perikarya of injured 

nerves into a regenerative state, priming neurons for regrowth (81). Further understanding 

of neural plasticity, regenerative capacity, and nerve fibre degeneration is required to 

identify novel therapeutic and preventative approaches specific for painful and painless 

DSPN. Whether the small or large fibre components are affected earlier in the cause of 

DSPN is subject of ongoing debate. While some studies suggested that small fibre damage 

may precede large fibre impairment (82) and that small fibre damage may be considered 

a prerequisite for the presence of neuropathic pain in DSPN, there is no definitive 

evidence of an exclusive or predominant involvement of small fibres in either painful or 

painless DSPN, and biomarkers to predict the development of neuropathic pain are still 

lacking (38). Early changes in DSPN include signs of both degenerative and 

compensatory regenerative processes in unmyelinated nerve fibres resulting in reduced 

axon diameters. In myelinated nerve fibres, segmental demyelination and remyelination 

as well as abnormalities around the nodes of Ranvier can precede axonal defects, 

suggesting an early occurrence of Schwann cell impairment (1). 

Following axonal injury, the axon stump distal to the injury site undergoes Wallerian 

degeneration to allow for regrowth. This process involves the activation of Schwann cells 

and macrophages and was shown to be delayed in experimental diabetes. The transected 

axon proximal to the injury sprouts growth cones aiming to reach the distal stump. This 

elongation process is dependent on supporting factors such as growth factors and neuronal 

proteins associated with regeneration such as α-tubulin and growth-associated-protein-43 

(GAP-43) (1, 80). 

1.3 Skin biopsy: A window into the peripheral nervous system 

Skin biopsy is a reliable, minimally invasive tool for the assessment of epidermal and 

dermal nerve fibres in peripheral nerve disorders such as SFNs or DSPN (83). It is usually 

performed under local anaesthesia using a sterile 3 mm biopsy punch (Figure 4). The risk 

of complications such as bleeding or local infection is very low and healing is usually 

complete within 1 week. The collected specimen can be analysed using specific 
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antibodies to stain different structures present in the epidermal and dermal layers of the 

skin. The epidermis is composed of four layers of keratinocytes that differentiate while 

progressing from the stratum basale to the outermost stratum corneum. The upper dermal 

layer is organized as papillae that include blood vessels, hair follicles, erector pili 

muscles, sebaceous glands, and sweat glands. Bundles of unmyelinated as well as 

myelinated somatic and autonomic nerve fibres can be found in the dermis. Nerve fibres 

which cross the dermal-epidermal junction lose their Schwann cell ensheathment and are 

mostly nociceptive (83, 84) . 

 
Figure 4: Schematic image for the standardised biopsy site at the distal-lateral calf and 
biopsy punch tool. 
Worldwide normative reference values are available for intraepidermal nerve fibre density 
(IENFD) at this site using protein gene product 9.5 (PGP9.5) immunohistochemistry. 
IENFD represents the gold standard measurement to diagnose small fibre damage in 
peripheral neuropathies. 

 

1.3.1 PGP9.5: pan-axonal marker  

The assessment of intraepidermal nerve fibres using the pan-axonal marker protein gene 

product 9.5 (PGP9.5, a member of the ubiquitin hydroxylase system, is the current gold 

standard for the diagnosis of small fibre damage in peripheral neuropathies including 

DSPN (1, 83). Using this technique, studies have shown that PGP9.5-positive 

intraepidermal nerve fibres are already reduced at an early stage of type 2 diabetes (85) 

and are also diminished in small fibre neuropathies (SFNs) of different origins, including 
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diabetes (83, 86). PGP9.5 can be used for both bright-field and immunofluorescence 

techniques which show high levels of agreement and comparable results. Manual 

counting of fibres crossing the dermal-epidermal junction, manual morphometric 

analyses, or semiautomatic assessment can be used to evaluate cutaneous nerve fibre 

counts, lengths, and densities (1). Worldwide normative reference is available for 

intraepidermal nerve fibre density (IENFD) at the distal-lateral calf approximately 10 cm 

above the lateral malleolus using immunohistochemistry staining for bright-field 

microscopy of 50 µm thick sections. IENFD gradually declines with increasing age and 

normative values were found to be higher in healthy women compared to men (87).  

1.3.2 GAP-43: marker of regenerative axons 

GAP-43 is a membrane protein that is involved in the process of peripheral nerve 

regeneration (88, 89). It is a major constituent of the axonal growth cones after nerve 

injury, where it is localised in the membrane skeleton (80). GAP-43 is expressed in 

peripheral nerve fibre areas with high neural plasticity such as the epidermis and dermis. 

Hence, it can be used as a marker to stain regenerating nerve fibres (90, 91). Using double-

staining for PGP9.5 and GAP-43 in combination with immunofluorescence microscopy 

and morphometric assessment, densities and lengths of nerve fibres positive for GAP-43 

can be directly compared with those positive for the established pan-axonal marker 

PGP9.5 in the epidermal and dermal layers, to gain insights into neural plasticity of 

cutaneous nerve fibres. The ratio between GAP-43- and PGP9.5-positive IENFD has been 

suggested to reflect the degree of axonal regeneration (92, 93).  
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1.4 Approval of the Ethics Committee 

§ Probing the Role of Sodium Channels in Painful Neuropathies (ROPANE) study:  

o Ethics committee of Heinrich Heine University; approval No. 4369R 

(13.08.2013) 

§ German Diabetes Study (GDS):  

o Ethics committee of Heinrich Heine University; approval No. 4508 

(16.12.2013) 

1.5 Aims of the study 

Several studies reported that nerve regeneration may be altered in diabetes with and 

without DSPN (92-95). However, the varying results due to small population sizes, 

heterogeneous study populations, and methodological differences do not give a 

conclusive answer as to whether enhanced nerve regeneration may contribute to the 

phenotype of painful as opposed to painless DSPN.  

In the present study, we aimed to determine the degree of cutaneous nerve fibre loss and 

regeneration in type 2 diabetes patients with painful and painless DSPN as well as in 

recent-onset type 2 diabetes patients with a known diabetes duration not longer than one 

year compared to corresponding control participants with normal glucose tolerance 

(NGT).  

We hypothesised that the patterns of cutaneous nerve fibre loss and repair may differ 

between painful and painless DSPN in type 2 diabetes, contributing to different 

phenotypes as well as between individuals with recent-onset type 2 diabetes and NGT 

reflecting early changes due to diabetes. Furthermore, we hypothesised that the degree of 

nerve fibre loss and regenerative capacity may be associated with clinical measures of 

DSPN and neuropathic pain. 
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2 Original publication: Patterns of cutaneous nerve fibre 
loss and regeneration in type 2 diabetes with painful and 
painless polyneuropathy, Bönhof, G.J., Strom, A., 
Püttgen, S., Ringel, B., Brüggemann, J., Bódis, K., 
Müssig, K., Szendroedi, J., Roden, M., Ziegler, D., 
Diabetologia, 60: 2495-2503, (2017) 
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3 Discussion 
 

The factors and mechanisms contributing to the phenotype of painful and painless DSPN 

are not well understood, so that there is currently no conclusive answer to the clinically 

important question why some patients with DSPN develop neuropathic pain, while others 

do not. In this cross-sectional study, we investigated the patterns of cutaneous nerve fibre 

loss and regeneration in individuals with type 2 diabetes with painful or painless DSPN 

and in recent-onset type 2 diabetes patients without DSPN compared to corresponding 

glucose-tolerant controls. 

Skin biopsy sections at a standardised site at the distal-lateral calf were obtained and 

immunofluorescent markers of all axons and regenerative axons were used to determine 

the densities and lengths of intraepidermal and dermal nerve fibres reflecting the degree 

of nerve fibre damage and repair.  

Using PGP9.5 and GAP-43 double staining, immunofluorescence microscopy, and 

manual morphometric assessment of skin biopsy sections (Figure 5), differential patterns 

of nerve fibre loss and regeneration were observed in the various groups studied. To the 

best of our knowledge, ours is the first study in which intraepidermal nerve fibre density 

(IENFD) and both intraepidermal and dermal nerve fibre lengths (IENFL, DNFL) were 

quantified manually in adequately large groups of individuals with type 2 diabetes and 

control participants using double immunofluorescence. Comprehensive phenotyping of 

DSPN was performed including electrophysiological testing, QST, and clinical scores 

and questionnaires. 
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Figure 5: Manual morphometric assessment of epidermal and dermal nerve fibres using double 
immunofluorescence microscopy. 
Images show epidermal and dermal areas and corresponding nerve fibres (yellow overlay) in a 
skin biopsy segment stained with (A) protein gene product 9.5 (PGP9.5) and (B) growth-
associated-protein-43 (GAP-43). Typical nerve fibre distribution in a healthy elderly individual. 
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Three main results were obtained. First, the regenerative capacity of dermal nerve fibres 

assessed by the ratio of GAP-43 and PGP9.5 positive dermal nerve fibres (DNFL GAP-

43/PGP9.5 ratio) was higher in both DSPN entities than in the corresponding control 

individuals, but to a higher extent in patients with painful DSPN compared to those with 

painless DSPN.  

Second, the extent of dermal nerve fibre regenerative capacity expressed by the DNFL 

GAP-43/PGP9.5 ratio was associated with more advanced intraepidermal nerve fibre loss, 

lower dermal nerve fibre length, and peripheral nerve dysfunction assessed by 

electrophysiological testing and QST (sural nerve SNAP, cold thermal detection 

threshold (TDT)).  

Third, the intraepidermal ratio between GAP-43 and PGP9.5 positive nerve fibres 

(IENFD GAP-43/PGP9.5 ratio) did not differ between any of the groups, casting doubt 

on the usefulness of this ratio as a marker of nerve regeneration in type 2 diabetes.  

These findings suggest that nerve repair mechanisms remain active in DSPN, but are 

obviously not sufficient to adequately counteract epidermal neurodegenerative processes 

due to type 2 diabetes, leading to a loss of epidermal nerve fibres. It is tempting to 

speculate that the higher degree of dermal regenerative capacity found in painful 

compared with painless DSPN indicates that regenerative processes, albeit maladaptive, 

to the painful phenotype.  

3.1 Clinical characteristics of painful and painless DSPN 

The allocation of individuals to the painful and painless DSPN groups in the present study 

was not actively controlled for demographic and clinical characteristics to maintain a 

preferably real world representation of patients. Nonetheless, no differences were 

observed between the groups with respect to their demographic and clinical 

characteristics, except for a slightly lower mean age in the painful DSPN group. No 

differences were observed in measures reflecting large nerve fibre dysfunction (nerve 

conduction studies, vibration perception threshold (VPT)) or small nerve fibre 

impairment (IENFD, thermal thresholds). Moreover, the NDS including simple clinical 

tests to assess both large and small fibre dysfunction did not differ between the DPSN 

groups, indicating a similar severity of neuropathic deficits in the painful and painless 

DSPN groups. 
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Several factors have recently been linked to the painful DSPN entity. Large cross-

sectional studies suggested that neuropathic pain appears to be associated with female 

gender, increasing age, obesity, and higher neuropathy severity (36, 38, 42). Raputova 

and colleagues (42) reported that neuropathic pain in DSPN correlated with the severity 

of neuropathic signs and symptoms and thermal hyposensitivity assessed by QST but not 

with nerve conduction studies. In the present study, no differences between the groups 

with painful and painless DSPN were noted for age, sex, and neuropathy severity, but this 

may be due to inadequate statistical power. Likewise, other studies did not find 

associations between neuropathic pain and neuropathy severity (96-99), and it is worth 

noting that neuropathic pain can occur at any stage of DSPN (38).  

There is an ongoing debate as to whether painful DSPN is associated with predominant 

small fibre damage (82, 85). However, most of the existing data supporting preferential 

small fibre involvement in painful DSPN is based on smaller studies (100-102) and the 

definition, diagnosis, and severity of DSPN varies considerably. In the present study, 

measures of small and large fibre involvement were reduced in painful and painless DSPN 

to a similar extent. Thus, our results do not support the notion that painful DSPN is linked 

to predominant small fibre dysfunction. Overall, the DSPN groups were comparable 

without being confounded by different neuropathy severity, diabetes duration, or HbA1c 

levels. Furthermore, group comparisons were adjusted for sex, age, and BMI. Skin biopsy 

results were additionally adjusted for HbA1c. 

3.2 Intraepidermal nerve fibres 

The number of fibres crossing the epidermal-dermal junction (IENFD) and the overall 

length of intraepidermal nerve fibres (IENFL) were lower in recent-onset type 2 diabetes 

and in both DSPN groups compared with the corresponding control groups for both 

PGP9.5 and GAP-43 markers. In the recent-onset type 2 diabetes group, reduced IENFD 

and IENFL were the measures indicating early nerve damage. In an earlier study 

including more participants with recent-onset type 2 diabetes from the same cohort, 

IENFD was reduced to a similar degree, but nerve conduction studies and QST indicated 

an early parallel involvement of small and large nerve fibres in type 2 diabetes (85).  

No difference in epidermal innervation assessed by IENFD and IENFL was found 

between painful und painless DSPN regardless of using PGP9.5 or GAP-43 

immunostaining. In all groups studied, IENFD and IENFL were similar with both 
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markers, and no difference was observed between the corresponding GAP-43/PGP9.5 

ratios. Both markers showed comparable IENFD and IENFL. In all groups studied, the 

IENFD GAP-43/PGP9.5 ratio was close to 1, indicating similar proportions of PGP9.5- 

and GAP-43-positive nerve fibres crossing the epidermal-dermal junction. The IENFL 

GAP-43/PGP9.5 ratio was numerically highest in the group with painful DSPN compared 

to the other groups, but this difference did not achieve statistical significance. These data 

suggest that painful and painless DSPN show a similar degree of intraepidermal nerve 

fibre loss and that the regenerative capacity of the remaining nerve fibres sprouting into 

the epidermis remains normal.  

Direct comparisons of this study with previous reports are difficult due to differences in 

the definition of painful and painless neuropathy or in the methodology used to assess 

cutaneous nerve fibres. Focusing on IENFD, a previous study by Cheng and colleagues 

(93) found no difference in IENFD for PGP9.5 positive fibres between type 2 diabetes 

patients with painful and painless DSPN using a similar double immunofluorescence 

technique with PGP9.5 and GAP-43. In contrast to our study, more GAP-43 positive 

intraepidermal nerve fibres were reported in patients with painful DSPN compared to 

those with painless DSPN and those with type 2 diabetes without DSPN. IENFD GAP-

43/PGP9.5 ratio was higher in type 2 diabetes patients with painful compared to painless 

DSPN or those without DSPN. In painless DSPN, it was lower compared with painful 

DSPN or with type 2 diabetes or normal glucose tolerance without DSPN. IENFD GAP-

43/PGP9.5 ratio did not exceed 0.5, indicating generally more than twice as many 

PGP9.5- than GAP-43-positive fibres. However, while parameters of DSPN were 

similarly reduced in both DSPN groups, age and diabetes duration were higher in the 

painful DSPN group, and group comparisons were not adjusted for those potential 

confounders.  

A previous study by Sorensen et al. (103) compared patients with diabetes, 84% of whom 

had type 2 diabetes, with and without painful DSPN and reported reduced PGP9.5 

positive IENFD in the painful DSPN group using bright-field microscopy. However, it is 

unclear how many participants in the group without painful DSPN actually had DSPN as 

the median neuropathy score was in the normal range in this group, and no adjustment 

was performed when comparing the two groups. Therefore, the reduced IENFD in the 

painful DSPN group was possibly related to DSPN itself rather than specifically to the 

painful phenotype. Comparable with our findings, a cross-sectional study reported a 

similar reduction in PGP9.5 positive IENFD in DSPN with and without neuropathic pain 
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using bright-field microscopy. However, the validity of the painless DSPN group is 

questionable, as 30% of the individuals in that group were receiving analgesic 

pharmacotherapy (41). Another previous study examined IENFD using separate 

immunofluorescence staining with PGP9.5 and GAP-43 in participants with peripheral 

neuropathies of different aetiologies, 4% of which were attributed to diabetes, but not 

analysed separately. Within this heterogeneous peripheral neuropathy group, higher 

IENFDs were observed in GAP-43-stained compared with PGP.5-stained sections with a 

median GAP-43/PGP9.5 ratio of 1.6 (104). In a recent study by Galosi and colleagues 

(105), both markers were studied using bright-field microscopy in reasonably matched 

painful or painless DSPN groups and in subgroups of burning pain and mechanical 

allodynia. The highest mean IENFD, either PGP9.5-positive or GAP-43-positive, was 

observed in the group with allodynia, indicating a functional impairment rather than a 

loss of innervation of the skin. A higher GAP-43-positive IENFD and higher GAP-

43/PGP9.5 ratio, but not PGP9.5-positive IENFD, were found in the group with ongoing 

burning pain compared with the painless DSPN group, suggesting a role for regenerative 

sprouting in the development of burning pain in DSPN. 

3.3 Dermal nerve fibres 

The was no evidence of a reduced overall length of dermal nerve fibres (DNFL) in each 

of the three type 2 diabetes groups studied, regardless of the marker used. In contrast, 

Krishnan and colleagues (106) reported reduced dermal nerve fibre density in individuals 

with type 2 diabetes and painless but not painful DSPN compared with healthy 

individuals. However, the groups were small, the control group was neither matched for 

age nor were the results adjusted accordingly, and only thin 5 µm sections were used. 

Reduced DNFL was reported by Lauria and colleagues (82) in individuals with SFN, but 

that study neither specified how many participants had SFN due to diabetes nor did it 

discriminate between painful and painless SFN. In a previous study by Vlčková-

Moravcová and colleagues (107), lower subepidermal nerve fibre densities were reported 

in patients with peripheral neuropathy of heterogeneous aetiology compared with control 

individuals as well as in patients with mixed small and large fibre neuropathies compared 

to those with pure SFN. However, less than a third of the patients with neuropathy had 

diabetes. A recent study by Pál and colleagues (108) assessed subepidermal nerve fibre 

density only semiquantitatively comparing individuals with idiopathic and secondary 

SFN, but only 7% of cases with secondary SFN had diabetes and no control group was 
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included. No difference in subepidermal nerve fibre density was reported between 

patients with idiopathic and secondary SFN. A recent study assessed dermal nerve fibres 

in drug-induced neuropathy and reported a lower nerve fibre density in the subepidermal 

layer subjacent to the dermal-epidermal junction, but instead more nerve fibres in the 

dermis below the subepidermal area compared with healthy control individuals (109). In 

our study, no distinction was made between different layers of the dermis. Future studies 

could assess whether innervation in different layers of the dermis is affected differently 

in DSPN.  

3.3.1 DNFL GAP-43/PGP9.5 ratio 

In the present study, the DNFL GAP-43/PGP9.5 ratio was higher in both DSPN groups 

compared with the corresponding control group in contrast to the intraepidermal GAP-

43/PGP9.5 ratios, for which no differences were observed between the groups. Moreover, 

the DNFL GAP-43/PGP9.5 ratio was higher in painful DSPN compared with painless 

DSPN. More than a quarter of individuals with painful DSPN showed a DNFL GAP-

43/PGP9.5 ratio higher than the 95th percentile of the control group. This major finding, 

not reported previously, suggests an increased regenerative activity in dermal nerve 

fibres, particularly in painful DSPN. No difference in DNFL GAP-43/PGP9.5 ratio was 

found in the recent-onset type 2 diabetes group compared with the corresponding control 

group. The higher dermal as opposed to epidermal GAP-43/PGP9.5 ratio in DSPN 

indicates ongoing regenerative nerve fibre sprouting in the dermal but not epidermal layer 

compared with individuals without diabetes. As a consequence this pattern suggests that 

dermal nerve fibre length remains normal despite the presence of DSPN, while epidermal 

nerve fibres are diminished. 

3.4 Associations of skin biopsy markers with nerve function tests 

The correlations of PGP9.5 positive fibres with measures of small and large fibre function 

corresponded to those found for GAP-43. Lower epidermal innervation measured by 

IENFD was associated with increasing large fibre dysfunction in both DSPN groups, 

while associations with measures of small fibre dysfunction were observed in painful, but 

not in painless DSPN. In the entire group of participants with type 2 diabetes, epidermal 

nerve fibre loss was associated with both small and large fibre dysfunction confirming 

the results of a recent large cross-sectional study (41). A new finding is the association of 

lower levels of dermal innervation with large fibre dysfunction in both DSPN groups as 
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well as in a group of all participants with type 2 diabetes combined (including those with 

recent-onset type 2 diabetes, painful DSPN, and painless DSPN). Increased regenerative 

processes in dermal nerve fibres, reflected by an enhanced DNFL GAP-43/PGP9.5 ratio, 

were associated with both impaired small and large fibre function in patients with type 2 

diabetes. In DSPN, only an association with one measure of large fibre dysfunction was 

observed in the painless entity. No such associations were observed in individuals with 

normal glucose tolerance or recent-onset type 2 diabetes. Interestingly, enhanced dermal 

regenerative processes were associated with more advanced intraepidermal nerve fibre 

loss and lower dermal nerve fibre length in individuals with type 2 diabetes, suggesting 

that regenerative processes in the dermis, where nerve fibre length remains in the normal 

range, are not successful to maintain epidermal innervation by regenerative sprouting of 

nerve fibres crossing the dermal-epidermal junction. 

3.5 Neural plasticity in DSPN 

The findings of the present study provide information about both the degenerative and 

regenerative processes relevant to DSPN. Although the analysis of skin biopsy markers 

primarily allows conclusions about structural changes and not about functional dynamics, 

the associations between skin biopsy parameters and  those of peripheral nerve function 

support the concept of maladaptive small fibre regeneration processes, particularly in 

painful DSPN.  

Injuries to peripheral nerves can initiate either favourable regenerative processes to 

compensate for the functional deficits or contrarily maladaptive regenerative attempts 

resulting in the formation of errant nerve sprouts that are hypofunctional, not adequately 

restoring the functional deficit, or by contrast hyperfunctional, resulting in positive 

symptoms such as paraesthesiae or neuropathic pain (110, 111). Reduced functionality of 

C fibres in DSPN was demonstrated in a study by Ørstavik and colleagues (112) using 

microneurography. Individuals with DSPN had a substantially lower distribution of 

normal mechanoreceptive to mechano-insensitive nociceptors that had lost mechanical 

and heat responsiveness.  

The higher dermal as opposed to epidermal GAP-43/PGP9.5 ratio reported in this study 

indicates an enhanced dermal regenerative sprouting which may represent a 

compensatory attempt to repair intraepidermal nerve fiber loss, while dermal nerve fibre 
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length remains normal. We assume that regenerative sprouting is sufficient to counteract 

neural degenerative processes due to diabetes in the dermal but not epidermal layer.  

As expected, DSPN was characterised by epidermal denervation in the present study. 

Epidermal denervation was associated with enhanced dermal regeneration reflected by 

increased DNFL GAP-43/PGP9.5-ratio. This finding suggests that dermal regeneration 

attempts are triggered under conditions leading to nerve fibre loss, but are insufficient to 

successfully reinnervate the epidermis. The defining characteristic of the epidermal layer 

is the abundance of keratinocytes. Keratinocytes modulate epidermal innervation by 

producing nerve repellent, but also by providing elongation factors to guide epidermal 

nerve fibres which they surround. In diabetes, the structure and function of keratinocytes 

may be altered. A recent translational study demonstrated an upregulation of semaphorin 

3A, an inhibitor of nerve regeneration produced by keratinocytes, in the skin under 

diabetic conditions accompanied by lower IENFD, suggesting a role of impaired 

keratinocyte function in the reduction of epidermal nerve fibres in diabetes (1, 113). 

Keratinocytes in the epidermis underlie a regeneration cycle of 28 days which forces the 

epidermal nerve endings to constantly extend. Moreover, Schwann cells that foster axonal 

regrowth up to the level of the dermis are not present in the epidermis (114). These factors 

indicate that epidermal innervation may be more difficult to sustain compared to the 

innervation in deeper skin layers (112), which could explain why intraepidermal, but not 

dermal nerve fibres were reduced in the type 2 diabetes groups in our study. These 

conclusions are further strengthened by our recent study assessing small corneal nerve 

fibres in participants from the same cohort using corneal confocal microscopy (CCM). 

Despite a similar degree of corneal nerve fibre loss and peripheral nerve dysfunction in 

individuals with painful and painless DSPN, corneal nerve branching was enhanced in 

those with painful DSPN, pointing to some susceptibility of corneal nerve fibres toward 

regeneration in the painful entity, albeit not resulting in normal corneal nerve fibre density 

(115). 

Although apparently contradictory to the common assumption that regenerative capacity 

is reduced in individuals with diabetes (80, 95), these results are compatible with basic 

principles of neural plasticity in the peripheral nervous system. Physiologically, nerve 

remodelling and regrowth are part of an intact peripheral neural plasticity (91), 

representing processes in which numerous extrinsic and intrinsic factors, such as GAP-

43, are involved. These factors are fairly robust against degenerative events in cutaneous 

sensory nerve fibres (116). Assuming that diabetes leads to a microenvironment 
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inhospitable to nerve fibres, this could either culminate in damage to existing nerve fibres 

or in a hampered growth of new nerve fibres or in a combination of both. Furthermore, 

the physiological degeneration and regeneration cycle defining neural plasticity may be 

altered leading to faster or slower regeneration rates. The functional quality of existing or 

regrown nerve fibres could be affected leading to an impaired sensory function. The 

results of the present study suggest that regenerative processes are physiologically and 

sufficiently initiated in the dermis as a response to degenerative processes. In the 

epidermis however, degenerative processes result in actual nerve fibre loss, because the 

number of dermal nerve fibre regenerative sprouts crossing the epidermal-dermal junction 

remains inadequate. Thus, regenerative processes within the epidermis are not adequately 

stimulated to maintain normal levels of epidermal innervation. Consequently, a relative 

rather than absolute deficit in nerve regeneration can be assumed in type 2 diabetes, at 

least when DSPN has reached a clinical stage. 

3.6 Factors contributing to neuropathic pain 

Regenerative sprouting can contribute to enhanced pain perception in DSPN due to 

improper functional abilities, such as abnormal stimulus thresholds, ectopic impulse 

generation, slower conduction, and reduced inhibition. This maladaptive plasticity has 

been described as a substantial mechanism in the development of neuropathic pain which 

neither protects against noxious stimuli nor supports tissue repair. Once a painful 

sensation is generated by an injured nerve fibre, the hypersensitivity usually persists, 

especially when the underlying cause such as diabetes continues to affect nerve fibres. 

Spontaneous pain arises from ectopic action potential generation along nociceptive 

pathways including the neuroma at the site of the injury, the axons, and even in 

neighbouring afferents (110). In experimental neuropathic pain models, Xie and 

colleagues (117) reported that regenerating nerve fibres constitute the primary source of 

abnormal spontaneous activity after injury. Regeneration attempts after injury resulted in 

GAP-43-positive neuromas without target reinnervation. Blocking these regenerative 

processes with semaphorin 3A reversed spontaneous activity and neuropathic pain 

underscoring the role of regeneration in the development of neuropathic pain. 

Increased ectopic impulse generation could be intensified by mutations of voltage-gated 

sodium channels which are the backbone of an intact electric signalling cascade in the 

PNS, allowing cells to depolarise via influx of sodium channels. (1). In a large cohort, 
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several hyperfunctional variants in the α subunits Nav1.7 of voltage-gated sodium 

channels were found in some participants with painful DSPN, but in none with painless 

DSPN (1, 118). A recent case-report including a participant with painful DSPN from the 

present study’s cohort, another gain-of-function sodium channel mutation leading to 

hyper-excitability was revealed in a β2-subunit of voltage-gated sodium channels (119). 

However, current evidence is not sufficient to draw the conclusion, that voltage-gated 

sodium channel mutations are a predominant contributor to the development of the 

painful phenotype.   

3.7 Reappraisal of GAP-43 as a marker of nerve regeneration 

Following nerve injury, GAP-43 is strongly upregulated in the axonal growth cone at the 

distal end of the proximal axonal stump (80) to compensate for axonal loss. While GAP43 

may not exclusively label regenerating nerve fibres, its preponderance in the regenerating 

growth cones compared with degenerating distal axonal stumps or uninjured axons has 

justified its use as a post-injury regenerative marker (80). However, the proportions of 

GAP-43-positive to PGP9.5-positive nerve fibres reported in the current literature vary 

considerably. A few studies (104, 105) including ours, but not the majority of published 

studies (92, 93, 114), provide evidence of higher nerve fibre density or length using GAP-

43 than those obtained with PGP9.5 immunostaining, resulting in GAP-43/PGP9.5 ratios 

above 1 (Figure 6). This finding is challenging given the recognised role of PGP9.5 as a 

pan-axonal marker. A possible explanation could be that GAP-43 may detect similar 

proportions of nerve fibres as does PGP9.5 in areas of high neural plasticity such as the 

skin (figure 7), where remodelling is frequent, but is actually superior to PGP9.5 in 

detecting emerging nerve fibre endings because of different axonal transport mechanisms. 

PGP9.5 is an enzyme that relies on the slow axonal transport component B (up to 

8 mm/day), while GAP-43 uses fast vesicular axonal transport (approximately 50-

400 mm/day) (88, 120). Performing skin biopsies before and at several times after a 

chemical axotomy with topical cutaneous application of capsaicin, Ragé and colleagues 

(120) found faster regeneration rates in subepidermal nerve fibre density using GAP-43 

compared with intraepidermal nerve fibre density using PGP9.5, which took 

approximately 25 days longer to reach about 40% of the initial density before application 

of capsaicin. Moreover, GAP-43-positive subepidermal nerve fibre density correlated 

well with recovery of laser-evoked potentials used to stimulate and functionally assess 

nociceptive fibres. In contrast, no GAP-43-positive intraepidermal nerve fibres were 
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detected. However, immunohistochemistry images from a recent study by Anand et al. 

(121) who counted very few GAP-43 positive intraepidermal nerve fibres even in healthy 

control individuals using the same GAP-43 antibody, suggest that the identification of 

intraepidermal nerve fibres may be challenging using this specific staining protocol. 

The variability of the results of published studies may be attributed to methodological 

differences such as different staining techniques (antibody used, bright-field vs 

immunofluorescence, single vs double staining), section thickness (thin vs thick sections), 

or definition of the areas (e.g. depth of dermal area) (122). Moreover, no blinding in 

regard to antibody has been reported, making it difficult to rule out confirmation bias 

toward reduced GAP-43 against the pan-axonal marker PGP9.5 (1). Added together, 

GAP-43 may be more amenable than PGP9.5 to recently grown nerve fibres. This could 

offer an advantage in areas of high neural plasticity and needs to be evaluated in further 

studies.  
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Figure 6: Double immunofluorescence staining of a skin biopsy section from a patient with 
type 2 diabetes and painful DSPN. 
In this individual, no intraepidermal nerve fibres were detected (IENFD: zero fibres/mm) using 
either marker (A: protein gene product 9.5 (PGP9.5), B: growth-associated-protein-43 (GAP-
43). Images show a segment in which dermal nerve fibres were detected using GAP-43 (arrow), 
but not with PGP9.5. C shows both markers combined in a merged image. 
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Figure 7: Double immunofluorescence images showing similar proportions of cutaneous nerve 
fibres. 
A: protein gene product 9.5 (PGP9.5), B: growth-associated-protein-43 (GAP-43), C: both 
markers combined in a merged image. 



 

 44 

3.8 Strengths and limitations 

Major strengths of the present study are the relatively large groups of individuals with 

type 2 diabetes and healthy control persons with NGT, the extensive functional 

phenotyping using state-of-the-art methodology, including gold standard techniques to 

assess large fibre function (nerve conduction studies) and small fibre morphology (skin 

biopsy). Moreover, blinded assessment of both epidermal and dermal nerve fibres was 

performed using double immunofluorescence microscopy including sophisticated and 

time-consuming manual morphometric measurements. It should be emphasised that this 

study includes data from two different cohorts to examine both early type 2 diabetes and 

long-term type 2 diabetes with clinically manifest DSPN. However, prospective data is 

needed to explore the temporal sequence of our findings to explore the predictive value 

of skin biopsy biomarkers in predicting the course of DSPN as a painful or painless entity 

and their progression. Another limitation is the restriction to largely descriptive 

morphological and functional assessment which may not provide direct insights into 

pathogenetic mechanisms. Topical capsaicin application and excision axotomy models 

have been introduced to study nerve regeneration (95, 114), but these require sampling of 

multiple serial skin biopsies that are usually feasible in small cohorts only. 

3.9 Conclusions 

In conclusion, the present study demonstrates enhanced regenerative sprouting of dermal 

nerve fibres reflected by an increased DNFL GAP-43/PGP9.5 ratio in both DSPN 

phenotypes, particularly in painful DSPN, but not in recent-onset type 2 diabetes, 

accompanied by normal dermal, but reduced intraepidermal innervation. The extent of 

the dermal regenerative capacity is associated with more pronounced intraepidermal 

nerve fibre loss and peripheral nerve dysfunction in type 2 diabetes. Hence, a relative 

rather than absolute deficit in cutaneous nerve fibre regeneration can be assumed in type 

2 diabetes patients with clinically manifest DSPN. We propose that the DNFL GAP-

43/PGP9.5 ratio should be considered as a marker to assess the regenerative capacity of 

cutaneous nerve fibres. The potential of this biomarker to predict the progression or 

regression of DSPN or the susceptibility to regenerative pharmacotherapy should be 

established in future prospective observational studies and clinical trials. 
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