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■ Abstract 
Diabetic peripheral neuropathy is the most common com-
plication of long-standing diabetes mellitus which frequently 
results in clinically significant morbidities e.g. pain, foot ul-
cers and amputations. During its natural course it progresses 
from initial functional changes to late, poorly reversible, 
structural changes. Various interconnected pathogenetic 
concepts of diabetic neuropathy have been proposed based 
on metabolic and vascular factors, mostly derived from 
long-term hyperglycemia. These pathogenetic mechanisms 
have been targeted in several experimental and clinical trials. 
This review summarizes available, mainly morphological 
data from interventions designed to halt the progression or 
achieve the reversal of established diabetic neuropathy, 
which include the recovery of normoglycemia by pancreas 
or islet transplantation, polyol pathway blockade by aldose 

reductase inhibitors, mitigation of oxidative stress by the use 
of antioxidants or correction of abnormalities in essential 
fatty acid metabolism. Unfortunately, to date, no treatment 
based on pathogenic considerations has shown clear positive 
effects and thus early institution of optimal glycemic control 
remains the only available measure with proven efficacy in 
preventing or halting progression of diabetic neuropathy. 
Further experimental and clinical research employing objec-
tive reproducible parameters is clearly needed. Novel non-
invasive or minimally invasive methods e.g. corneal confocal 
microscopy or epidermal nerve fiber counts may represent 
potentially useful instruments for the objective assessment 
of nerve damage and monitoring of treatment effects. 
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Introduction 
 

     iabetic peripheral neuropathy is the most com- 
   mon complication of long-standing diabetes mel-

litus (DM) and through its much-feared sequel, the dia-
betic foot, is responsible for most diabetes-related 
hospitalizations [1]. During its natural course it pro-
gresses from initial functional to late structural 
changes. The main morphological features of estab-
lished neuropathy include a combination of demyelini-
zation and axonal degeneration of myelinated fibers, 
degeneration with regeneration of unmyelinated fibers 
and endoneurial microangiopathy, with nerve fiber loss 
in its final stage [2]. Neuropathy frequently results in 

clinically significant morbidities, such as pain, loss of 
sensation, foot ulcers, gangrene and amputations. 

Optimal metabolic control is the only available 
measure with proven efficacy in preventing or at least 
halting the progression of diabetic neuropathy [3]. 
However, to be effective it should be instituted at an 
early stage since, as is the case with other late compli-
cations of diabetes, the late phases of diabetic neuropa-
thy are poorly reversible or even irreversible. More-
over, ample evidence of defective nerve regeneration 
in DM is available [4-6]. 

Apart from a brief review of pathogenetic and 
pathophysiological mechanisms involved in the pro-
gressive course of diabetic neuropathy (with a special 
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emphasis on the problems of nerve regeneration) the 
main aims of the following text are: (i) to summarize 
available data on experimental and clinical interven-
tions aiming to halt the progression or reverse the 
course of diabetic neuropathy and (ii) to highlight 
some novel objective instruments for the assessment 
of nerve damage and the monitoring of potential treat-
ment effects. 

This review will concentrate mainly on data derived 
from morphological examinations as a sensitive and 
reproducible method for assessing the severity of dia-
betic neuropathy [7, 8]. Conventional clinical scores of 
symptoms and signs, quantitative sensory testing and 
electrophysiological measurements are the methods 
which have been most frequently used to assess dis-
ease severity and efficacy of therapeutic interventions. 
However, in the advanced stages of neuropathy espe-
cially, when various types of responses to tests can fre-
quently no longer be evoked, the utilization of objec-
tive quantitative morphometric parameters provides 
unique information. On the other hand, evidence of 
morphological improvement should be followed by 
proof of functional repair. 

Current concepts of pathogenetic mecha-
nisms of diabetic neuropathy 

Chronic hyperglycemia represents the main causa-
tive factor involved in the pathogenesis of diabetic mi-
crovascular complications (retinopathy, nephropathy, 
and neuropathy). Nerve damage may be directly in-
duced by the accumulation of intracellular glucose and 
its increased flux through the polyol pathway (with al-
dose reductase as the rate-limiting enzyme), the conse-
quences of which include the generation of glycating 
sugars and advanced glycation end-products (AGE), 
enhanced oxidative damage and protein kinase C acti-
vation [9]. 

Apart from direct hyperglycemia-induced damage, 
ischemia caused indirectly from decrease in neurovas-
cular flow almost certainly plays a role [10]. In this re-
spect, the impairment of essential fatty acid synthesis 
and compromised vasoactive prostanoid production in 
diabetes may be a contributing factor [11]. Early 
changes in vascular function evolve into the progres-
sive chronic endoneurial vascular damage seen in par-
allel to neurodegeneration in biopsy samples from dia-
betic patients [12]. Data from animal models of diabe-
tes also indicate that deficiencies of neurotrophic fac-
tors and their receptors are involved in the develop-
ment of diabetic neuropathy [1]. In this context, insulin 
and C-peptide deficiencies have been implicated as po-

tential contributors to the generally more severe neu-
ropathy of type 1 rather than that of type 2 diabetes 
[13]. There is also some evidence that autoimmune 
mechanisms may contribute to the development of 
symptomatic autonomic neuropathy in diabetic pa-
tients. 

Problems with nerve regeneration in diabetes 
mellitus 

Impairment of peripheral nerve regeneration in 
diabetes is suggested by numerous experimental stud-
ies. Regeneration following injury (crush, freeze or 
transection) was preferentially studied, even though 
this may not necessarily be representative of events 
subsequent to nerve damage caused by long-term dia-
betes. Regeneration was slowed after nerve injury in rat 
models of type 1 DM with alterations occurring in 
various components of the process. For example 
Wallerian degeneration, which is a precondition for 
normal regeneration following nerve injury, was de-
layed in the nerves of streptozotocin(STZ)-induced 
diabetic rats [14]. Both crush and transection of sciatic 
nerves in diabetic mice (STZ-induced) were followed 
by defective repopulation and maturation of axons 
[15], which was confirmed by various morphological 
and electrophysiological approaches. 

Several putative mechanisms which were enumer-
ated in recent reviews [4, 5] may be responsible for the 
decreased nerve regenerative capacity. They include 
microangiopathy with endoneurial hypoxia, excessive 
oxidative stress with overproduction of harmful reac-
tive oxygen species, defects in macrophage function 
and inflammatory repair, reduced regenerative activity 
on the part of Schwann cells and impaired neuronal 
cell body response caused by deficient neurotrophic 
support [5]. 

Effects of restoration of normoglycemia and 
other therapeutic interventions 

The interdependence of the hypothetic pathoge-
netic pathways involved provides the rationale for the 
use of various therapeutic strategies aimed at key initial 
abnormalities, i.e. chronic hyperglycemia and derived 
early defects [9]. Although reports on other treatment 
effects have been published, interventions for which 
morphological data are available include primarily res-
toration of normoglycemia by pancreas (or islet) trans-
plantation and polyol pathway blockade by aldose re-
ductase inhibition. Several other types of treatment 
based on putative pathogenetic mechanisms (e.g. with 
the antioxidant α-lipoic acid, γ-linolenic acid-
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containing oils to correct essential fatty acid metabo-
lism, neurotrophic substances such insulin, C-peptide 
or nerve growth factor) have also been tried (Figure 1). 

Experimental data 
When considering the preventive and restorative 

effects of individual treatments, it is important to bear 
in mind that despite the presence of significant elec-
trophysiological abnormalities some common diabetic 
rat models (e.g. STZ-induced diabetic rats) may not 
exhibit the advanced structural changes and fiber loss 
seen in human neuropathy [11]. Moreover, despite 
similar hyperglycemic levels, differences exist between 
models of type 1 and type 2 DM in their expression of 
morphologic changes [17]. 

Most recently, Kennedy and Zochodne described 
physiological and structural features of diabetic neu-
ropathy which closely model human disease in a long-
term murine model of STZ-induced DM. A subset of 
these diabetic mice which spontaneously regained islet 
function and attained near-normoglycemia demon-

strated significant electrophysiological improvement, 
less myelin thinning and clear epidermal and sweat 
gland reinnervation. However, no recovery of sensory 

neuron loss in dorsal 
root ganglia was ob-
served, which under-
scores the importance 
of early preventive 
measures to protect 
sensory neuron popu-
lations [18]. 

The effect of pan-
creatic islet cell al-
lotransplantation with 
restoration of normo-
glycemia on the devel-
opment of diabetic 
neuropathy was exam-
ined morphometrically 
by Sima et al. with light 
and electron micros-
copy in STZ-induced 
diabetic rats. Successful 
allotransplantation with 
return to euglycemia 
completely prevented 
axonal atrophy and the 
characteristic nodal and 
paranodal structural 
abnormalities in dia-
betic nerves, as well as 
the typical slowing of 
nerve conduction ve-
locity [19]. Orloff et al. 
reported that pancre-

atic islet transplantation prevented diabetic neuropathy 
(5 nerve lesions confirmed by electron microscopy) in 
syngeneic alloxan-diabetic rats for the first 6 months. 
When hyperglycemia recurred, nerve lesions similar in 
severity to those in untreated diabetic rats developed 
[20]. 

On the other hand, as reported by the same group, 
whole-pancreas transplants produced long-term meta-
bolic control of DM, prevented the development and 
progression of diabetic nerve lesions throughout a 2-
year study period and reversed all the lesions in both 
sciatic and testicular nerves, even when carried out late 
in the course of DM. There was complete reversal of 
the nerve lesions when pancreas transplantation (PT) 
was performed within 15 months of the onset of DM 
[21]. In a study in alloxan-diabetic Lewis rats by Scott 
et al. [22], PT had a beneficial effect on the axonal 
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Figure 1. Therapeutic interventions based on hypothetic pathogenetic mechanisms of 
diabetic neuropathy. Interventions with inhibitory effects are marked in red, with mainly 
supportive effects in green. AGE: advanced glycation end products. GF: growth factor. DAG: 
diacylglycerol. PKC: protein kinase C. PG: prostaglandin. NO: nitric oxide. ET: endothelin 
(modified according to [16]). 
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cross-sectional area of myelinated nerve fibers and the 
relative percentages of the various sizes of nerve fibers, 
especially when performed in early diabetes. The ef-
fects in late diabetes were less spectacular and PT did 
not prove beneficial to unmyelinated fiber densities. 
The findings suggest that pancreas (or islet) transplan-
tation with establishment of euglycemia may represent 
an effective therapeutic approach to the prevention 
and even reversal of early experimental diabetic neu-
ropathy. 

The effect of treatment with aldose reductase in-
hibitors (ARIs) has been extensively studied in various 
rodent models of diabetic neuropathy. As reported by 
Sima et al., ponalrestat treatment of the spontaneously 
diabetic BB-rat (type 1 DM model) for 6 months 
achieved a partial but significant prevention of nerve 
conduction slowing, axoglial dysjunction, and axonal 
degenerative changes. A more than threefold increase 
in regenerating nerve fibers was also observed. In the 
opinion of the authors additional pathogenetic mecha-
nisms besides polyol-pathway activation or, alterna-
tively, insufficient ARI dosage could be responsible for 
the incomplete prevention of neuropathy [23]. In a 
study by Yahigashi et al., structural analysis of the sural 
nerve of STZ-induced diabetic rats indicated that 
ponalrestat treatment for 28 weeks had significant pre-
ventive effects on the reduction in myelinated nerve 
fiber size and fiber occupancy. Axon-fiber size ratio 
was also preserved in the ponalrestat-treated group 
[24]. 

The effect of tolrestat treatment on nerve regenera-
tion after sciatic nerve crush injury was studied by Te-
rada et al. [25] in STZ-induced diabetic rats. The sig-
nificant decrease in the density of myelinated nerve fi-
bers and their number per fascicle seen in untreated 
diabetic rats were prevented by tolrestat. Following 
axotomy, impaired nerve fiber regeneration in diabetic 
BB/W rats was observed in a study by Kamijo et al. 
[26]. It was associated with a marked delay in preced-
ing Wallerian degeneration and decreased phagocytic 
activity by macrophages, changes not demonstrated in 
ARI-treated diabetic rats. Thus, the blockade of aldose 
reductase activity by ARIs resulted not only in attenua-
tion of several metabolic, vascular or physiologic de-
fects, but in some cases also produced morphological 
improvements. 

Treatments with various antioxidants (e.g. α-lipoic 
acid, acetylcysteine and α-tocopherol) [27-29], γ-
linolenic acid-containing oils [30] or acetyl-L-carnitine 
[31] have also been shown to produce some benefits 
on nerve function and even morphology in experimen-
tal diabetic models. However, a more detailed descrip-

tion of the diverse range of interventions would far ex-
ceed the scope of this text. 

The fact that the aforementioned difference in the 
expression of neuropathy results in more severe neu-
ropathic deficits in type 1 than in type 2 diabetic mod-
els in spite of similar levels of hyperglycemia seems to 
suggest a direct pathogenetic role of insulin (and/or C-
peptide) deficiency [32]. In support of this concept, 
eight months of C-peptide replacement in a study by 
Sima et al. partially prevented chronic nerve conduc-
tion defects and totally prevented axoglial dysjunction 
and paranodal demyelination in diabetic BB/Wor rats. 
C-peptide treatment from 5 to 8 months after DM on-
set showed an improvement in nerve conduction ve-
locity (NCV) and axoglial dysjunction, normalization 
of paranodal demyelination, repair of axonal degenera-
tion and a fourfold increase in nerve fiber regeneration 
[33]. 

Intrathecal delivery of low doses of insulin (or insu-
lin-like growth factor-1), insufficient to reduce glyce-
mia, reversed atrophy in myelinated sensory axons in 
the sural nerve and improved motor and sensory nerve 
conduction velocity in STZ-induced diabetic rats [34]. 
Thus, defects in direct insulin signaling on peripheral 
neurons may play a role in the development of diabetic 
neuropathy. 

Clinical data 
Pancreas transplantation currently represents the 

only clinical method, which reliably re-establishes long-
term normoglycemia in diabetic subjects (despite the 
major breakthrough accomplished by the introduction 
of the Edmonton protocol, islet transplantation still 
lags behind in this respect). PT is most frequently per-
formed in type 1 diabetic patients in advanced stages 
of diabetic nephropathy and with other microvascular 
complications. Diabetic neuropathy, involving motor, 
sensory and autonomic nerves to a similar extent, is 
very common and severe in these patients [35, 36]. 

The long-term effects of re-established normogly-
cemia have been studied both in non-uremic patients 
receiving a pancreas transplant alone (PTA) and ure-
mic patients given simultaneous pancreas and kidney 
transplant (SPK). Allen et al. followed 44 patients after 
a successful SPK for up to 8 years. Two distinct pat-
terns of neurological recovery were observed. Rapid, 
initial recovery in NCV was followed by stabilization, 
whereas action potential amplitudes recovered in a 
slow, monophasic pattern, which persisted for the du-
ration of the study [37]. 

The largest and longest experience was reported 
from the transplant centre of the University of Minne-



 
Advanced Diabetic Neuropathy The Review of Diabetic Studies 147  

  Vol. 3 ⋅ No. 3 ⋅ 2006 
 

www.The-RDS.org  Rev Diabetic Stud (2006) 3:143-150  

sota, where Navarro et al. followed patients with a 
functioning pancreas graft for up to 10 years. NCV of 
large motor and sensory nerve fibers increased signifi-
cantly, whereas the amplitude of muscle action poten-
tial (MAP) did so only in nerves mildly involved, such 
as those of the upper extremity. The amplitude of 
nerve action potential (NAP) increased in the median 
and sural nerves. As interpreted by the authors, im-
provement of NCV after short-term treatment may 
represent functional rather than structural changes in 
peripheral nerves; later improvement may be due to 
remyelination and enlargement of atrophied axons. 
The increase in amplitude of MAP and NAP after PT 
was an indirect indication of the presence of new re-
generating fibers [38]. On the other hand, most studies 
have failed to detect any beneficial effect of PT on 
cardiorespiratory reflex testing, i.e. on functions medi-
ated by small nerve fibers [39, 40]. 

To date, no systematic study has documented nerve 
regeneration directly through morphological examina-
tion of peripheral nerves following a successful PT. 
Nonetheless, in a single case report Beggs et al. [41] 
identified signs suggestive of tissue repair and regen-
eration of some nerve components in sequential sural 
nerve biopsies following PTA in a type 1 diabetic pa-
tient. These included a reduction in the frequency of 
abnormal endoneurial capillary pericytes and in myeli-
nated nerve fiber abnormalities characteristic of de-
generation as well as an increase in those associated 
with fiber regeneration, doubling of myelinated nerve 
fiber sprouts and a two-fold increase in unmyelinated 
axons. 

Since the invasive nature of sural nerve biopsy pre-
cludes its wider and more frequent application, Ken-
nedy et al. have suggested that quantification of epi-
dermal nerve fibers stained by the sensitive panaxonal 
marker, protein gene product (PGP) 9.5, in lower limb 
skin biopsy samples could be used as a follow-up 
measure of neuropathy after PT [42]. While extensive 
depletion of epidermal nerve fibers was present in 
baseline biopsies, their increased numbers could be 
demonstrated in rebiopsies of 4 out of 10 patients fol-
lowing PT [43]. A systematic follow-up study of similar 
design has been started at our centre in collaboration 
with the Department of Neurology of the University 
of Würzburg, Germany (Prof. C. Sommer). However, 
preliminary results in 16 patients (1 PTA, 15 SPK) af-
ter a mean of 18 months of post-transplant normogly-
cemia indicate that such a period is insufficient to 
document a significant increase in the mean number of 
epidermal nerve fibers in thigh and calf biopsy samples 
[44]. 

In summary, data from patients undergoing PT 
seem to suggest some nerve regenerative tendency 
mainly in less severe cases. However, no marked effect 
on neuropathic deficits has been demonstrated and the 
risk of neuropathic diabetic foot complications persists 
in the post-transplant period. Thus, additional types of 
interventions apart from the abolishment of the dia-
betic metabolic milieu by successful pancreatic trans-
plantion would certainly be of interest. 

Various types of ARIs have been used in clinical 
trials of diabetic neuropathy including trials where 
structural changes have been assessed. In a 1-year 
double-blind, placebo-controlled trial by Sima et al. 10 
patients with neuropathy were treated with sorbinil 
(250mg/day).The sorbinil-treated patients demon-
strated a decrease in nerve sorbitol content and an in-
crease in the number of myelinated fibers per unit of 
cross-sectional area of nerve in follow-up sural nerve 
biopsies. They also showed a quantitative improve-
ment in terms of the degree of paranodal demyelina-
tion, segmental demyelination, and myelin wrinkling. 
The increase in the number of fibers was accompanied 
by electrophysiological and clinical evidence of im-
proved nerve function [45]. 

Changes in nerve morphology were also assessed in 
patients with mild to moderate peripheral polyneuro-
pathy in a 1-year, randomized, placebo-controlled, 
double-blind, multiple-dose trial of zenarestat by 
Greene et al. Contralateral sural nerve biopsies were 
obtained at 6 weeks and at the study’s completion for 
nerve sorbitol measurement and computer-assisted 
light morphometry to determine myelinated nerve fi-
ber density in serial bilateral sural nerve biopsies. 
Doses of zenarestat producing >80% sorbitol suppres-
sion were associated with a significant increase in the 
density of sural nerve myelinated fibers especially those 
of small-diameter (<5 micron) [46]. Thus, morphologic 
evaluation of sural nerve biopsies obtained after ARI 
treatment suggests that these biochemically effective 
compounds ameliorate clinically relevant structural le-
sions in patients with diabetic neuropathy [47]. How-
ever, in spite of the fact that some ARI compounds 
have yielded positive results in experimental and some 
clinical trials, several factors, mainly poor tolerance and 
toxicity, have so far precluded their introduction into 
clinical practice. 

Though both improvement in neuropathic symp-
toms and deficits have been demonstrated with short-
term treatment using α-lipoic [48] or γ-linolenic acid 
[49], changes in nerve morphology were not assessed 
in any of these trials. Moreover, it has been disclosed 
recently that a pivotal multi-center trial of oral treat-
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ment of diabetic polyneuropathy with α-lipoic acid 
(NATHAN I) combining clinical and neurophysiologi-
cal assessments failed to confirm its long-term efficacy 
[50]. On the other hand, two studies demonstrated im-
provements in symptoms, vibration perception as well 
as sural nerve morphometry in patients with chronic 
diabetic neuropathy following 1-year treatment with 
two doses of acetyl-L-carnitine [51]. 

Several lines of evidence suggest that deficiency of 
neurotrophic factors may play a role in the pathogene-
sis of diabetic peripheral neuropathy. However, high 
hopes for a role for recombinant human nerve growth 
factor (rhNGF) in the treatment of diabetic neuropa-
thy were dashed by its well-known failure in a phase 
III clinical trial conducted in the USA [52]. Another 
clinical study of diabetic polyneuropathy using the 
brain-derived neurotrophic factor (rhBDNF) was also 
unsuccessful [53]. Hypothetically, the failure of the 
growth factor studies may in part be due to the use of 
inappropriate measures which could have failed to reg-
ister repair of a specific nerve fiber population such as 
fibers of small caliber. There have been no reports 
concerning the effect of rhNGF or rhBDNF on hu-
man peripheral nerve morphology. 

Potential new avenues and future prospects 
Since definitive reversal of advanced structural neu-

ropathy has remained an elusive goal in past clinical 
research, a consensus has emerged concerning the op-
timal timing of interventions aimed at improving or at 
least halting the progression of neuropathy. Interven-
tions must be initiated at much earlier stages when the 
threshold of irreversibility has not yet been reached 
[54]. To identify this time point correctly new appro-
priate and widely utilizable markers should be intro-
duced similar to microalbuminuria in the case of neph-
ropathy, which has proved to be a valuable means of 
detecting the stage when it is still potentially reversible. 
Such simple and easily available markers of the phase 
when diabetic neuropathy can still be reversed are cur-
rently lacking. Although several parameters of quanti-
tative sensory and electrophysiological testing (e.g. vi-
bration perception thresholds or nerve potential ampli-
tudes) correlate closely with morphological findings 
such as nerve fiber density and may identify patients 
amenable to therapy [55], their widespread use for the 
purpose of establishing reversibility thresholds remains 
questionable. 

An interesting new approach to the accurate defini-
tion of nerve fiber damage and repair has been recently 
proposed by Malik et al. from Manchester [56]. The au-

thors have used confocal microscopy, a rapid, non-
invasive in vivo clinical examination technique, to assess 
nerve fiber density, length and branch density in 
Bowman’s layer of the cornea. These measurements 
were reduced in diabetic patients in comparison with 
control subjects, with a tendency towards a greater re-
duction as the severity of neuropathy increased. Thus, 
if confirmed by further investigations, corneal confocal 
microscopy may possibly act as a surrogate measure of 
somatic neuropathy in diabetic patients. It could be 
used to define the severity of neuropathy and record 
eventual nerve regeneration in clinical trials of human 
diabetic neuropathy. In a recent pilot study, improve-
ment in nerve fiber density as a sign of early neural re-
generation was detected by this method within 6-12 
months of pancreas transplantation with sustained eu-
glycemia [57]. 

The minimally invasive method mentioned above 
for the quantitation of epidermal nerve fibers in skin 
biopsies [58, 59] and blisters [60] is being adopted by 
several groups as a useful instrument for the morpho-
logical assessment of diabetic neuropathy. Recently, a 
new cutaneous nerve regeneration model using a cap-
saicin dressing was developed and validated in healthy 
controls and in diabetic subjects with and without neu-
ropathy [61]. The authors showed that topical capsai-
cin application produced a uniform epidermal nerve 
fiber injury and that rates of regeneration of epidermal 
nerve fibers in subsequent cutaneous biopsies were re-
duced even in diabetic patients without evidence of 
neuropathy. They concluded that this procedure of-
fered an efficient strategy to study nerve regeneration 
in diabetic subjects and that the duration of such trials 
could probably be shortened significantly. 

Conclusions 
In spite of the plethora of pathogenetic concepts 

based on extensive experimental research there is still a 
lack of effective measures derived from successful 
clinical trials to reverse the course of established dia-
betic neuropathy. Consequently, prevention of pro-
gression through close long-term glycemic control re-
mains the only available effective clinical tool. Future 
efforts should concentrate on further defining and re-
fining strategies for the conduct of clinical trials and 
evaluation of treatment effects [62] in order to trans-
late what are at present little more than mere pathoge-
netic hypotheses into solid clinical knowledge. 
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