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1. ABSTRACT 
 
 Diabetic neuropathy and its underlying 
pathogenesis are reviewed.  It has been documented for 
some time that diabetic neuropathy differs in both human 
and experimental type 1 versus type 2 diabetes.  Such 
differences are accounted for by impaired insulin action 
and signal transduction in type 1 diabetes, whereas 
hyperglycemia per se contributes equally to neuropathy in 
the two types of diabetes.  Such differences in basic 
initiating factors and pathogenesis translate into differences 
in the functional and structural expressions of neuropathy 
in type 1 and type 2 diabetes.  Type 1 neuropathy shows a 
more rapid progression with more severe functional and 
structural changes.  Several experimental mono-therapies 
have been tested over the last decades which unfortunately 
have not been efficacious.  Therefore discrepancies in 
underlying pathogenetic mechanisms in the two types of 
diabetic neuropathy will have to be taken into account in 
the design of future therapies, which should target several 
key pathogenetic mechanisms.  Therapies that meet these 
criteria include replacement of acetyl-L-carnitine and 
replenishment of C-peptide in type 1 diabetic neuropathy. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 
 Diabetic polyneuropathy (DPN) includes several 
distinct syndromes.  Sensory symmetric polyneuropathy, 
often accompanied by autonomic neuropathy, is the most 
common late complication of diabetes (1).  Less common 
neuropathic syndromes include diabetic mononeuropathy 
and cachectic painful neuropathy.  Both show acute onset 
and are self-limited (2,3).  DPN is the result of 
hetergeneous underlying pathogenetic mechanisms, which 
differ according to the type of the underlying diabetic 
syndrome (1,4,5).  Such differences are reflected in the 
prevalence of DPN, which occurs more predictably and 
progresses more rapidly in patients with type 1 diabetes, 
reaching close to 100% after 15 years duration of diabetes.  
In contrast, DPN in type 2 diabetes shows a prevalence of 
30% after 25 years of diabetes (6-8). 
 
 Despite decades of clinical and experimental 
investigations, no accepted or effective therapy exists for 
DPN.  In the last number of decades, several clinical trials 
employing various compounds targeting a single 
pathogenetic mechanism such as aldose reductase  
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Figure 1.  Scheme of pathogenetic mechanisms involved in DPN of type 1 and type 2 diabetes. The early metabolic 
abnormalities underlying the acute functional deficits are reversible.  However, these become increasingly superimposed by 
progressive structural abnormalities, which are less responsive to metabolic corrections. For further explanation see text. 
(Redrawn from Sima and Kamiya (11). 
 
inhibitors, antioxidants, substitution of nerve growth factor 
(NGF) or protein kinase C inhibitors have failed to 
demonstrate efficacy, whereas strict glycemic control has 
shown partial but significant therapeutic effects (6,9,10).   
 
 In hindsight, the reasons for these disappointing 
outcomes are related to the monotherapy approach and to 
initiation of therapy too late in the natural history of the 
disease as well as suboptimal potencies of employed drugs.  
Equally important has been the still lingering 
misconception that DPN in type 1 and type 2 subjects has 
been regarded as the same disease, implying that 
hyperglycemia is the only underlying causative mechanism 
for DPN (9,10). 
 
 Our understanding of pathogenetic mechanisms 
underlying DPN and its natural history has been obtained 
from experimental murine models.  Unfortunately though, 
the most commonly used animal model, the streptozotocin-
diabetic rat (STZ-rat), does not strictly model either type 1 
or type 2 human diabetes.  This fact alone may have fueled 
the assumption that DPN is caused by hyperglycemia 
alone.  Within weeks of onset of diabetes, experimental 
models display nerve conduction velocity (NCV) 
abnormalities, increased polyol-pathway activity and 
decreased endoneurial blood flow (1,11).  Such changes 
progress to oxidative stress, non-enzymatic glycation and 
initiation of a variety of progressive structural 
abnormalities with consequent impacts on nerve function 
(Figure 1).  In exploring the differences in underlying 
mechanisms responsible for DPN in type 1 versus type 2 

diabetes, our laboratory has utilized two rat models (the 
BB/Wor-rat and BBZDR/Wor-rat) with spontaneous onset 
of diabetes, closely mimicking human type 1 and type 2 
diabetes, respectively (12,13). 
 
 It has thus become evident that DPN is the result 
of sequential, interacting and dynamic pathogenetic 
mechanisms, which may overlap or differ in the two types 
of diabetes (Figure 1).  Some mechanisms may be 
prominent at one phase of the natural history of DPN, later 
to be replaced by other mechanisms (1,14).  In both 
experimental diabetes and diabetic subjects there is an 
initial metabolic phase that is responsive to metabolic 
corrections, which however with progression of DPN is 
replaced by a structural phase which is increasingly non-
responsive to therapeutic interventions (15-17). 
 
3. THE REVERSIBLE METABOLIC PHASE OF DPN 
 
 Early metabolic abnormalities have been 
identified in diabetic nerve.  Shunting of glucose through 
the polyol-pathway leads to intracellular accumulation of 
sorbitol and fructose with consequent depletion of other 
organic osmolytes such as taurine and myo-inositol (18,19).  
Depletion of the myo-inositol pool interferes with 
phosphoinositide turnover resulting in insufficient 
diacylglycerol for activation of Na+/K+-ATPase  (Figure 1) 
(18).  The type 1 BB/Wor-rat shows activation of the 
polyol-pathway, with consequent impairment of neural 
Na+/K+-ATPase activity, which is corrected by aldose  
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Figure 2. The defect in Na/K-ATPase activity is less 
expressed in type 2 BBZDR/Wor-rats (A), which translates 
into a milder nerve conduction velocity deficit as compared 
to type 1 BB/Wor-rats. 
 
reductase inhibition (20).  In the type 2 BBZDR/Wor-rat 
which shows the same magnitude of activation of the 
polyol-pathway, the impairment of Na+/K+-ATPase activity 
is significantly less (Figure 2).  This difference in Na+/K+-
ATPase activity is accounted for by impaired insulin 
signaling in type 1 diabetes adding to the polyol-pathway-
induced defect.  This has been confirmed by the 
insulinomimetic effect of proinsulin C-peptide (21).  When 
type 1 BB/Wor-rats are replenished with C-peptide they 
show a dose-dependent correction of neural Na+/K+-
ATPase activity and the acute NCV defect (22).  Therefore 
the more severe defect in Na+/K+-ATPase activity and 
consequent nerve conduction slowing can be directly 
accounted for by insulinopenia and perturbed insulin signal 
transduction (Figure 2).  Acetyl-L-carnitine replacement 
normalizes the acute Na+/K+-ATP-ase defect with 
consequent correction of the acute NCV defect (23,24). 
 
 Endoneurial hypoxemia due to impaired 
endoneurial blood flow has been ascribed to impaired 
expression of eNOS and NO activity.  It has been proposed 
that mitochondrial dysfunction, superoxide over-production 
and oxidative and nitrosative stress underlie the depletion 
of NO and impaired nerve perfusion which contribute to 
nerve dysfunction (Figure 1) (25).  In type 1 BB/Wor-rats 
both endoneurial perfusion and NCV are decreased and 
oxidative stress is increased.  On the other hand, in the type 
2 BBZDR/Wor-rat endoneurial nutritive blood flow and 
oxidative stress are similarly altered, whereas NCV is 
significantly less affected (26).  C-peptide-substitution of 
type 1 rats corrects the NO-sensitive neurovascular 
function and nerve conduction velocity, without effecting 
oxidative stress or hyperglycemia (26). These findings 
suggest that nerve conduction deficits are not inevitably a 
consequence of increased oxidative stress and decreased 

nerve perfusion and indicate a dissociation between 
oxidative stress and endoneurial blood flow.  Acetyl-L-
carnitine has a corrective effect on the early diabetes-
induced vascular dysfunction and metabolic imbalances 
(27,28). 
 
 These early metabolic abnormalities are 
associated with functional defects.  The discrepancies in 
NCV slowing between type 1 and type 2 diabetes are 
related to differences in neural Na+/K+-ATPase activities 
(Figure 2).  Since the excitation of the nodal membrane 
underlying the impulse propagation is caused by an inward 
flux of Na+, the NCV  is related to nodal Na+ permeability.  
In the BB/Wor-rat there is a progressive defect in 
inactivation of [Na+]i and a decline in the maximal peak of 
Na+ permeability resulting in decreased nodal Na+ 
equilibrium potentials (29). These changes result from the 
decreased Na+/K+-ATPase activity causing intra-axonal Na+ 
accumulation (30).  Intra-axonal Na+ accumulation leads to a 
measurable swelling of the nodal axon, so-called nodal axonal 
swelling, one of the earliest but reversible structural changes 
(30).  Interestingly, these biophysical abnormalities are 
corrected by insulin in acutely diabetic rats (30). Nodal axonal 
swelling, the early structural abnormality, is more prominent in 
type 1 than in type 2 BB-rats (12).  It correlates with intra-
axonal Na+ accumulation and is reversed following insulin or 
C-peptide treatment and by acetyl-L-carnitine (21,23).  
However, the expression of voltage-gated α-Na+-channels is 
not altered in sciatic nerve of diabetic rats (31).  Therefore the 
early metabolic dysfunctions of myelinated fibers can be 
directly related to the Na+/K+-ATPase defect, whereas the 
contribution of impaired endoneurial blood flow is probably 
less as alluded to above.   
 
 Unmyelinated fiber dysfunction is reflected by 
thermal hyperalgesia.  Again, the type 1 BB/Wor-rat shows 
a significantly more rapid decrease in the latencies to 
thermal stimuli (32).  Damage to small myelinated Aδ and 
unmyelinated C-fibers underlie hyperalgesia and allodynia 
(33).  Damage to axonal membranes of C-fibers induces 
increased formation of Na+-channels and α-adrenergic 
receptors facilitating ectopic discharges (34,35).  The 
varying degree of hyperalgesia in the two models correlates 
with significant differences in the expression NGF and NT-
3 in sciatic nerve and of insulin receptor, IGF-1 receptor, 
high affinity NGFR-TrkA and TrkC receptors in dorsal root 
ganglion cells (DRG’s) with consequent suppression of 
nociceptive peptides and synthesis of neuroskeletal proteins 
(32).  These changes lead to degeneration and loss of 
nociceptive C-fibers.  The abnormalities leading up to this 
series of events either do not occur or are significantly 
milder in the type 2 BBZDR/Wor-rat (32). Since the 
expression of neurotrophic factors and their receptors are 
intimately related to insulin signal transduction, it is not 
surprising that insulinomimetic C-peptide ameliorates these 
changes in type 1 diabetes (36,37). 
 
4. THE INCREASINGLY IRREVERSIBLE 
STRUCTURAL PHASE OF DPN 
 
 From the acute metabolic abnormalities emerge 
progressive structural changes which become decreasingly
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Table 1. Comparisons of quantitative structural changes in sural nerves from patients and BB-rats with type 1 and type 2 diabetes 
A. Comparisons of quantitative structural changes in sural nerves from patients with type 1 and type 2 diabetes 
 Fiber density ( 

#/mm2) 
Mean fiber size 
(µm2) 

Axo-glial dysjunction 
( %) 

IDDM 2,464 + 4401,4 32.4 + 1.62,3  40.1 + 1.81,3  
NIDDM 3,531 + 3371  38.6 + 2.0 12.3 + 1.3 
Control 6,906 + 329 37.8 + 1.9 14.9 + 1.4 
B. Comparisons of quantitative structural changes in sural nerves in type 1 and type 2 diabetetic BB-rats 
BB/Wor 9,085 + 2075,6   29.7 + 1.35  44.2 + 4.35  
BBZDR/Wor 11,085 + 611  39.9 + 1.07  11.8 + 1.8  
Control 12,418 + 201 45.1 + 0.8 12.3 + 1.2 

A. The data are adjusted for age and duration of diabetes. Note a more severe decrease in fiber density and mean fiber size in type 
1 patients. Disruption of the paranodal ion-c hannel barrier (axo-glial dysjuntion (AGD)) is significantly increased in type 1 
subjects but unaltered in type 2 patients. B. The same comparisons in type 1 and type 2 diabetic BB-rats show more severe 
decrease in  fiber densities and size compared to type 2 rats. AGD is significantly increased in type 1 BB/Wor-rats but not in type 
2 BBZDR/Wor-rats. 1 p<0.001, 2 p<0.002 vs control, 3 p<0.001, 4 p<0.02 vs NIDDM. 5 p<0.001, 6 p<0.01 vs BBZDR/Wor, 7 
p<0.05 vs control. 
 
responsive to metabolic interventions.  One of the earliest 
detectable changes in myelinated fibers is nodal and 
paranodal axonal swelling which correlates with the early 
Na+/K+-ATPase defect and increased intra-axonal [Na+]i 

(29,30).  It is more expressed in type 1 BB/Wor-than in  
type 2 BBZDR/Wor-rats and is reversible (12,30).  Other 
early abnormalities consist of malalignment of cytoskeletal 
structures reflecting aberrant synthesis, phosphorylation 
and assembly of neurofilaments (38-40).  These changes 
lead to perturbed axonal transport and progressive axonal 
atrophy evident in the type 1 BB/Wor-rat after four months 
of diabetes.  The axonal atrophy shows a proximal to distal 
gradient and ultimately results in distal axonal degeneration 
with secondary myelin breakdown and fiber loss (41).  
Axonal degeneration has been associated with impaired 
neurotrophic support by insulin itself, IGF-1 and 
neurotrophins (Figure 1), resulting in impaired synthesis of 
tubulins and neurofilaments and their assembly (39,40). 
 

 Significant fiber loss of 10% is already detectable 
in sural nerves of type 1 BB/Wor-rats after four months of 
diabetes increasing to 33% after 11 months (41). In 
contrast, the type 2 BBZDR/Wor-rat exhibits significantly 
milder axonal atrophy and fiber loss (Table 1) amounting to 
11% after 14 months of diabetes.  Primary segmental 
demyelination is rare in these models but is nevertheless 
more common in type 2 diabetic rats (12).  Interestingly, 
early structural studies of diabetic nerve suggested that 
DPN was primarily a demyelinating disorder (42).  
These findings were later disputed  and it is now 
generally agreed that DPN is primarily an axonopathy of 
dying back type (43,44).  Differences in the severity of 
axonal degeneration and loss are also reflected by 
differences in the chronic NCV defects (Figure.3) in 
type 1 and type 2 diabetes.  C-peptide substitution of 
type 1 BB/Wor-rats prevents and improves the nerve 
conduction defects, reflecting their insulinomimetic 
dependency.  However, the defects are not totally 
prevented by C-peptide but show residual defects of 
similar magnitude as those encountered in the type 2 
model (12).  This has led us to suggest that the chronic 
functional defects in DPN consist of a hyperglycemic 
component, not responsive to insulinomimetic C-
peptide, and an insulin/C-peptide deficiency component 
not present in type 2 diabetes (Figure 3) (45). 
 

 A characteristic structural change occurring in 
type 1 human and experimental diabetes is the progressive 
degeneration of the node of Ranvier and the paranodal 
apparatus (2,46).  Such changes will affect nerve 
conduction velocity in a major way.  They consist of 
progressive disruption of the paranodal ion-channel barrier 
allowing for lateralization of nodal voltage-gated Na+-
channels, thereby diminishing the initial Na+ current of the 
nodal membrane (Figure 4).  The abnormality of the 
paranodal ion-channel barrier is caused by decreased 
expression of key adhesive molecules, which make up the 
tight junctions of the barrier system, and their insulin-
dependent postranslational modifications which underlie 
their protein-protein interactions (31).  Similarly, the 
expression of ankyrin which through Na-β-channels 
mediate the anchorage of the α-Na+-channels to the nodal 
axolemma is significantly suppressed, and allows then for 
the migration of α-Na+-channel barrier  beyond the now 
breached ion-channel barrier (Figure 4) (30,31).  The 
insulin receptor is concentrated to the node and paranode 
and co-localizes with the paranodal adhesive molecules.  
The expression of the insulin receptor is significantly 
downregulated in chronically type 1 diabetic BB/Wor-rats.  
It is therefore not totally surprising that C-peptide 
replacement prevents these abnormalities (31).  These 
changes do not occur in the type 2 model even after 14 
months of diabetes  or in human type 2 DPN (Table 1) 
(4,12).  Therefore this degenerative process is specific for 
type 1 diabetes and contributes significantly to the more 
severe chronic NCV defect seen in type 1 diabetic rats. 
 
 The peripheral unmyelinated fiber population 
appears to be specifically sensitive to diabetic 
environments with changes preceding those of myelinated 
fibers.  Even under prediabetic conditions as in the GK-rat, 
which shows impaired glucose tolerance and β-cell 
dysfunction, nociceptive neuropathy with C-fiber 
degeneration occurs (47).  This is also reflected indirectly 
by the occurrence of painful diabetic neuropathy in patients 
with prediabetes or metabolic syndrome (48,49).  In the 
type 1 BB/Wor-rat increased hyperalgesia to thermal 
stimulation is already present at two weeks duration of 
diabetes and increases progressively thereafter.  This is 
accompanied by degenerative changes of C-fibers 
consisting of type 2 Schwann cell/axon relationships,  
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Figure 3.  Longitudinal measurements of MNCV in type 1 
BB/Wor- and type 2 BBZDR/Wor-rats.  Also indicated are 
the preventive and interventional effects of C-peptide 
replacement, which does not influence hyperglycemia.  
Therefore the components of the nerve conduction deficits 
can be divided into a hyperglycemic component common to 
all diabetic groups and an insulin/C-peptide deficiency 
component only seen in type 1 rats. 
 

 
 
Figure 4. Schematic illustration of the disruption of the 
paranodal ion-channel barrier (right in A; the normal 
situation is illustrated on the left). The degeneration of the 
paranode allows for displacement of Na-channels into the 
internodal domain, hence depleting them at the node of 
Ranvier. This is illustrated in B and C showing immuno- 
localization of  Na-channels in a control nerve fiber (B) and 
in a diabetic nerve fiber (C). 
 

whereby the mesaxon degenerates leaving the axon directly 
exposed to the endoneurial environment.  This is followed 
by axonal atrophy and loss, leaving behind collagen 
pockets and denervated Schwann cells (32).  This series of 
events is preceded by suppressed expression of the insulin 
receptor in dorsal root ganglion (DRG) cells, impaired 
exposure to NGF, IGF-1, NT-3, and their respective 
receptors NGF-RTrkA, IGF-1R, and TrkC (32).  The 
consequences of this impairment of wide neurotrophic 
support are impaired synthesis of nociceptive neuropeptides 
such as substance P and CGRP, axonal atrophy and loss of 
their parent DRG ganglion cells.  The neuronal loss is not 
apoptosis-induced but correlates with progressive 
degeneration of the Golgi apparatus resulting in vacuolar 
degeneration and eventually neuronal loss (50).  These 
changes progress at a significantly slower pace in the type 2 
BBZDR/Wor-rat, with an almost normal expression of 
neurotrophic receptors in DRG ganglion cells and milder 
suppression of nociceptive neuropeptides.  Hence, these 
differences between the two models can again be traced to 
differences in insulin action and its downstream regulatory 
effect on neurotrophic factors and their receptors (Figure 
1).  This is confirmed by the beneficial effects of C-peptide 
replacement on nociceptive sensory neuropathy in the type 
1 rat model (37). 
 
 In human DPN, replenishment with C-peptide in 
type 1 patients show significant improvement in C-fiber 
and myelinated fiber functions (51).  Similarly, treatment 
with acetyl-L-carnitine significantly improved diabetic 
neuropathic pain in a large multi-center trial with 1,346 
patients (52).  There is also recent evidence to suggest that 
acetyl-L-carnitine may prevent neuropathic pain 
prospectively (53).  These effects are most likely related to 
the effects of acetyl-L-carnitine on the expression of 
neurotrophic factors and nociceptive neuropeptides (52). 
 
5. REPARATIVE CHANGES 
 
 Once nerve degeneration has taken place, nerve 
regeneration is the natural reparative response.  Nerve 
regeneration is subdued under diabetic conditions, which 
relates intimately to the expression of neurotrophic factors 
and their action upon synthesis of neuroskeletal proteins 
(39,40).  It has become clear that abnormalities in insulin 
and IGF’s are involved in impaired neurite outgrowth and 
regeneration under diabetic conditions.  It has been shown 
in the model of crushed sciatic nerve that both IGF-II and 
IGF-I significantly increase the distance of motor axon 
regeneration, whereas infusion of insulin alone was only 
marginally effective (54-56).  However, there is evidence to 
suggest that insulin has indirect effect on both IGF-I and its 
receptor via gene regulatory effects (6).  Interestingly, 
insulin alone is mainly neurotrophic for small sensory 
neurons, whereas insulin receptors are sparse on motor 
neurons (57).  On the other hand, IGF’s have a more 
ubiquitous neurotrophic influence on all sensory neuronal 
sub-populations as well as motor neurons.   
 
 Systemic IGF-I is decreased in both type 1 and 
type 2 diabetes, whereas both endogenous IGF-I and its 
receptor are significantly downregulated in dorsal root 
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ganglia of type 1 BB/Wor-rats but not in type 2 
BBZDR/Wor-rats (58).  Following sciatic crush injury in 
these models, the type 2 model exhibits an almost normal 
immediate upregulation of both IGF-I mRNA and protein 
in the sciatic nerve, whereas this is delayed by 24 hrs. in 
type 1 diabetic rats followed by a progressive decline in 
both mRNA and protein expression over the next six days 
(36,59).  In this model these perturbations are accompanied 
by a lack of upregulation of β-II and β-III tubulin as well as 
impaired downregulation of low- and medium-molecular 
neurofilaments and decreased rate and size of regenerating 
axons (40).  Interestingly, proinsulin C-peptide prevents 
this series of events in type 1 diabetes, probably via its 
insulinomimetic gene-regulatory effects on IGF-I and its 
receptor (36,60).  Hence, marked differences occur in the 
regenerative capacity of peripheral diabetic nerve in type 1 
and type 2 diabetes, which is likely to contribute to the 
more severe DPN in the former type of diabetes. 
 
6. THOUGHTS ABOUT FUTURE THERAPIES 
 
 As outlined here, DPN is a complex 
heterogeneous disorder with several underlying metabolic 
mechanisms which provide potential targets for therapeutic 
interventions.  As mentioned, several clinical trials have 
been undertaken in the past targeting one mechanism alone 
in the pathogenetic web, and have unfortunately been 
disappointing.  The reasons for these failures may be 
multiple; such as the timing of the intervention in relation 
to the dynamic disease process with correction of one 
mechanism but not others. 
 
 It is obvious that hyperglycemia is a major 
contributing factor to DPN and that its control should be a 
major goal.  In this review, I have referred to the effects of 
C-peptide and acetyl-L-carnitine substitution.  Both these 
substances are deficient in diabetes.  Hence replacement 
with C-peptide in type 1 patients corrects via its 
insulinomimetic effects a series of insulin-deficiency 
related abnormalities, such as endoneurial blood flow, 
Na+/K+-ATPase activity, gene expression of neurotrophic 
factors, their receptors, as well as that of cell adhesive 
molecules involved in nodal degenerative changes 
characterizing this type of DPN. These positive effects 
were born out in a clinical trial with C-peptide 
demonstrating significant improvements in nerve 
conduction velocities and small fiber function (51). Acetyl-
L-carnitine also provides effects on multiple pathogenetic 
targets by correcting Na+/K+-ATPase activity, endothelial 
NO, lipid peroxidation, with further effects on 
prostaglandins, neurotrophic factors, nociceptive 
neuropeptides and upregulation of mGlu2 metabotropic 
glutamate receptors.  A clear advantage of these 
substitution therapies is their low incidence of adverse 
effects, which at times have been substantial and limiting in 
the employment of earlier targeted therapy.  Finally, the 
approach to therapy should as we expand our knowledge of 
underlying mechanisms and their differences in the two 
main types of DPN be more ubiquitous either through 
multi-therapy or by replacement of key natural molecules 
that become deficient under diabetic conditions as outlined 
above. 

 
7. SUMMARY 
 
 In summary, this review has outlined differences 
in metabolic abnormalities and their magnitudes in type 1 
and type 2 experimental diabetes models, which closely 
mimic the human conditions.  The development of differing 
structural changes relates to different sets of underlying 
molecular changes and differences in the severities of 
neurotrophic support, which can be directly related to 
differences in insulin action.  Therefore, despite exposure 
to the same magnitude of hyperglycemia over prolonged 
periods of time the resultant outcome is different in the two 
types of DPN.  This means that apart from hyperglycemia, 
perturbations of insulin action and signaling play equally 
important roles in the development of type 1 DPN.  Such 
differences have to be taken into account in future 
approaches to the treatment and/or prevention in this 
common complication of diabetes. 
 
8. ACKNOWLEDGEMENTS 
 

The studies performed in my laboratory were 
supported by grants from NIH, JDRF, Canadian Diabetes 
Association and Thomas Foundation. 
 
9. REFERENCES 
 
1.  Sima A. A. F.: New insights into the metabolic and 
molecular basis for diabetic neuropathy.  Cell Mol Life Sci 
60, 2445-2464 (2003) 
2.  Thomas P K: Mechanisms of neuropathic pain. In: 
Texbook of diabetic neuropathy. Eds: Gries FA, Cameron 
NE, Low PA, Ziegler D, Thieme Verlag, Stuttgart (2003) 
3.  Sima A. A. F, P. K. Thomas, D. Ishii & A. Vinik: 
Diabetic neuropathy. Diabetologia 40, B74-77 (1997) 
4.  Sima A. A. F, V. Nathaniel, V. Bril, T. A. J. McEwen & 
D. A. Greene: Histopathological heterogeneity of 
neuropathy in insulin-dependent and non-insulin-dependent 
diabetes, and demonstration of axo-glial dysjunction in 
human diabetic neuropathy.  J Clin Invest 81, 349-364 
(1988) 
5.  Sima A. A. F, V. Bril & D. A. Greene: Pathogenetic 
heterogeneity in human diabetic neuropathy.  Pediatr 
Adoles Endocrin  18, 56-62 (1989) 
6.  Tesfaye S, L. K. Stevens, J. M. Stephenson, J. H. Fuller, 
M. Plater, C. Ionescu-Tirgoviste, A. Nuber, G. Pozza & J. 
D.Ward.: Prevalence of diabetic peripheral neuropathy and 
its relation to glycaemic control and potential risk factors: 
the EURODIAB IDDM Complication Study. Diabetologia 
39, 1377-1384 (1996) 
7.  Vinik A. I, F. J. Liuzze, M. T. Holland, K. B. 
Stansberry, J. M. LeBean & L. B. Colen: Diabetic 
neuropathies. Diabetes Care 15, 1926-1975 (1992) 
8.  Dyck P. J, J. L. Davies, D. M. Wilson, F. J. Service, L. 
J. Melton III & P. C. O’Brien: Risk factors for severity of 
diabetic polyneuropathy: intensive longitudinal assessment 
of the Rochester Diabetic Neuropathy Study Cohort. 
Diabetes Care 22, 1479-1486 (1999) 
9.  Diabetes Control and Complications Trial Research 
Group: The effect of intensive diabetes treatment on nerve 



The heterogeneity of diabetic neuropathy 

4815 

conduction in the Diabetes Control and Complication Trial 
(DCCT). Ann Neurol 38, 869-880 (1995) 
10.  Reichard P, M. Pihl, U. Rosenqvist & J. Sule: 
Complications in IDDM are caused by elevated blood 
glucose levels. The Stockholm Diabetes Intervention Study 
(SDIS) at 10-year follow-up. Diabetologia 39, 1483-1488 
(1996) 
11.  Sugimoto K, Y. Murakawa & A. A. F.Sima: Diabetic 
neuropathy-a continuing enigma.  Diab/Metab Res & Rev 
16(6), 408-433 (2000) 
12.  Sima A. A. F, W. Zhang, G. Xu, K. Sugimoto, D. L. 
Guberski & M. A. Yorek: A comparison of diabetic 
polyneuropathy in type-2 diabetic BBZDR/Wor-rat and in 
type 1 diabetic BB/Wor-rat.  Diabetologia 43, 786-793 
(2000) 
13.  Sima A. A. F. & H. Kamiya: Diabetic neuropathy 
differs in type 1 and type 2 diabetes. Ann New York Acad 
Sci 1084, 235-249 (2006) 
14.  Sima A. A. F: Diabetic neuropathy; pathogenetic 
backgrounds, current and future therapies.  Expert Rev 
Neurotherapeutics 1, 225-238 (2001) 
15.  Terkildsen A. B. & N. J. Christensen: Reversible 
nervous abnormalities in juvenile diabetics with recently 
diagnosed diabetes. Diabetologia 7, 113-117 (1971) 
16.  Fraser D. M, I. W. Campbell, D. J. Ewing, A. Murray, 
J. M. Neilson & B. F. Clarke: Peripheral and autonomic 
nerve function in newly diagnosed diabetes mellitus. 
Diabetes 6, 546-550 (1977) 
17.  Sima A. A. F: Pathological mechanisms involved in 
diabetic neuropathy. Can we slow the process? Curr Opin 
Invest Drugs 7, 324-337 (2006) 
18.  Greene D. A, S. A. Lattimer & A. A. F. Sima: Sorbitol, 
phosphoinositides and sodium-potassium ATPase in the 
pathogenesis of diabetic complications.  N Engl J Med 316, 
599-606 (1987) 
19.  Stevens M. J, S. A. Lattimer, M. Kamijo, C. Van 
Huysen, A. A. F. Sima & D. A. Greene: Osmotically 
induced nerve taurine depletion and the compatible 
osmolyte hypothesis in experimental diabetic neuropathy in 
the rat.  Diabetologia 36, 608-614 (1993) 
20.  Sima A. A. F, A. Prashar, W.-X. Zhang, S. Chakrabarti 
& D. A. Greene:  Preventive effect of long term aldose 
reductase inhibition (Ponalrestat) on nerve conduction and 
sural nerve structure in the spontaneously diabetic BB-rat.  
J Clin Invest  85, 1410-1420 (1990) 
21.  Sima A. A. F, W.-X. Zhang, K. Sugimoto, D. Henry, 
Z.-G. Li, J. Wahren & G. Grunberger: C-peptide prevents 
and improves chronic type 1 diabetic neuropathy in the 
BB/Wor-rat.  Diabetologia 44, 889-897 (2001) 
22.  Zhang W, M. Yorek, C. R. Pierson, Y. Murakawa, A. 
Breidenbach & A. A. F. Sima: Human C-peptide dose 
dependently prevents early neuropathy in the BB/Wor-rat.  
Internatl J Exp Diab Res 2(3), 187-194 (2001) 
23.  Sima A. A. F, H. Ristic, A. Merry, M. Kamijo, S. A. 
Lattimer, M. J. Stevens & D. A. Greene:  The primary 
preventional and secondary interventative effects of acetyl-
L-carnitine on diabetic neuropathy in the BB/W-rat.  J Clin 
Invest 97, 1900-1907 (1996) 
24.  Stevens M. J, S. A. Lattimer, E. L. Feldman, E. D. 
Helton, D. S. Millington, A. A. F. Sima & D. A. Greene: 
Acetyl-L-carnitine deficiency as a course of altered nerve 
myo-inositol content, Na+ K+-ATPase activity and motor 

conduction velocity in the streptozotocin diabetic rat.  
Metabolism 45, 865-872 (1996) 
25.  Cameron N. E, M. A. Cotter & S. Robertson: Rapid 
reversal of motor nerve conduction deficit in 
streptozotocin-diabetic rats by the angiotensin converting 
enzyme inhibitor lisinopril. Acta Diabetol 30, 46-48 (1993) 
26.  Stevens M. J, W. Zhang, F. Li & A. A. F. Sima: C-
peptide corrects endoneurial blood flow but not oxidative 
stress in type 1 BB/Wor-rats.  Am J Physiol 287, E497-505 
(2004) 
27.  Williamson J. R. & E. Arrigoni-Martelli: The roles of 
glucose-induced metabolic hypoxia and imbalances in 
carnitine metabolism in mediating diabetes-induced 
vascular dysfunction. Int J Clin Pharmacol Res 12, 247-
252 (1992) 
28.  Ido Y, J. McHowat, K. C. Chang, E. Arrigoni-Martelli, 
Z. Orfalian, C. Kilo, P. B. Carr & J. R. Williamson: Neural 
dysfunction and metabolic imbalances in diabetic rats. 
Prevention by acetyl-L-carnitine. Diabetes 43, 1469-1477 
(1994) 
29.  Brismar T. & A. A. F. Sima. Changes in nodal function 
in nerve fibres of the spontaneously diabetic BB-Wistar rat.  
Potential clamp analysis.  Acta Physiol Scand 113, 499-506 
(1981) 
30.  Brismar T, A. A. F. Sima & D. A. Greene: Reversible 
and irreversible nodal dysfunction in diabetic neuropathy.  
Ann Neurol 21, 504-507 (1987) 
31.  Sima A.A.F, W. Zhang, Z.-G. Li, Y. Murakawa & C. 
R. Pierson: Molecular alterations underlie nodal and 
paranodal degeneration in type 1 diabetic neuropathy and 
are prevented by C-peptide. Diabetes 53, 1556-1563 (2004) 
32.  Kamiya H, Y. Murakawa, W. Zhang & A. A. F. Sima: 
Unmyelinated fiber sensory neuropathy differs in type 1 
and type 2 diabetes. Diab Metab Res Rev 21, 448-458 
(2005) 
33.  Kapur D: Neuropathic pain and diabetes. Diab Metab 
Res Rev 19, S9-S15 (2003) 
34.  Dickenson A. H, E. A. Matthews, R. & R. Suzuki: 
Neurobiology of neuropathic pain: mode of action of 
anticonvulsants. Eur J Pain 6, 51-60 (2002) 
35.  Burchiel K. J, L. C. Russel, R. P. Lee & A. A. F. Sima: 
Spontaneous activity of primary afferent neurons in 
diabetic BB-Wistar rats.  A possible mechanism of chronic 
diabetic pain.  Diabetes 34:1210-1213, 1985 
36.  Li Z.-G, W. Zhang, A. A. F. Sima: C-peptide enhances 
insulin-mediated cell growth and protection against high 
glucose induced apoptosis in SH-SY5Y cells. Diab Metab 
Res Rev 19, 375-385 (2003) 
37.  Kamiya H, W. Zhang & A. A. F. Sima: C-peptide 
prevents nociceptive sensory neuropathy in type 1 diabetes.  
Ann Neurol 56, 827-835 (2004) 
38.  Sima A. A. F, A. C. Lorusso & P. Thibert: Distal 
symmetric polyneuropathy in the spontaneously diabetic 
BB-Wistar rat.  An ultrastructural and teased fiber study.  
Acta Neuropath (Berl) 58, 39-47 (1982) 
39.  Scott J. N, A. W. Clark & D. W. Zochodne: 
Neurofilament and gene expression in progressive 
experimental diabetes: failure of synthesis and export by 
sensory neurons. Brain 122, 2109-2118 (1999) 
40.  Xu G, Y. Murakawa, C. R. Pierson & A. A. F. Sima: 
Altered ß-tubulin and neurofilament expression and 



The heterogeneity of diabetic neuropathy 

4816 

impaired axonal growth in diabetic nerve regeneration.  J 
Neuropath Exp Neurol 61, 164-175 (2002) 
41.  Sima A. A. F, M. Bouchier & H. Christensen: Axonal 
atrophy in sensory nerves of the diabetic BB-Wistar rat, a 
possible early correlate of human diabetic neuropathy.  Ann 
Neurol 13, 264-272 (1983) 
42.  Thomas P. K. & R. G. Lascelles: The pathology of 
diabetic neuropathy. Quart J Med 140, 489-509 (1966) 
43.  Dolman CL: The morbid anatomy of diabetic 
neuropathy. Neurology 11, 876-886 (1963) 
44. Bischoff A: Diabetische Neuropathie: pathologische 
Anatomie, Pathophysiologie und Pathogenese auf Grund 
electronenmicroskopische Untersuchungen. Dtsch Med 
Wochenschr 92, 237-251 (1968) 
45.  Sima A. A. F, W. Zhang & H. Kamiya: Metabolic-
functional-structural correlations in somatic neuropathies in 
the spontaneously type 1 and type 2 diabetic BB-rats. In: 
Clinical management of diabetic neuropathy. Ed: Veves J, 
John Wiley & Sons Ltd., Chichester, UK, (2007) 
46.  Sima A. A. F, S. A. Lattimer, S. Yagihashi & D. A. 
Greene:  Axo-glial dysjunction. A novel structural lesion 
that accounts for poorly reversible slowing of nerve 
conduction in the spontaneously diabetic BB-rat.  J Clin 
Invest 77, 474-484 (1986) 
47.  Murakawa Y, W. Zhang, C. R Pierson, T. Brismar, C.-
G. Östenson, S. Efendric & A. A. F. Sima: Impaired 
glucose tolerance and insulinopenia in the GK-rat causes 
peripheral neuropathy.  Diab Metab Res Rev 18, 473-483 
(2002) 
48.  Singleton J. R, A. G. Smith & M. B. Bromberg: 
Increased prevalence of impaired glucose tolerance in 
patients with painful sensory neuropathy. Diabetes Care 
24, 1448-1453 (2001) 
49.  Novella S.P, S. E. Inzucchi & J. M. Goldstein: The 
frequency of undiagnosed diabetes and impaired glucose 
tolerance in patients with idiopathic sensory neuropathy. 
Muscle Nerve 24, 1229-1231 (2001) 
50.  Kamiya H, W. Zhang & A. A. F. Sima: Degeneration 
of Golgi and neuronal loss in DRG’s in diabetic BB/Wor-
rats. Diabetologia, 49, 2763-2774 (2006) 
51.  Ekberg K, T. Brismar, B. L. Johansson, B. Jonsson, P. 
Lindstrom & J. Wahren: Amelioration of sensory nerve 
dysfunction by C-peptide in patients with type 1 diabetes. 
Diabetes 52, 536-541 (2003)  
52.  Sima A. A. F, M. Calvani, M. Mehra & A. Amato:  
Acetyl-L-carnitine improves pain, vibratory perception and 
nerve morphology in patients with chronic diabetic 
peripheral neuropathy: an analysis of two randomized, 
placebo-controlled trials. Diabetes Care 28, 96-101 (2005) 
53.  Amato A. & A. A. F. Sima: The protective effect of 
acetyl-L-carnitine on symptoms, particularly pain, in 
diabetic neuropathy. Diabetes 55, A506 (2006). 
54.  Ishii D. N. & E. Reico-Pinto: Role of insulin, insulin-
like growth factors, and nerve growth factor in neurite 
formation. In: Insulin-like growth factors, and their 
receptors in central nervous system. Eds: Raizada MK, 
Philips MI, LeRoith D, Plenum Press, NY (1987) 
55.  Kanje M, A. Skottner, J. Sjöberg & G. Lundborg: 
Insulin-like growth factor I (IGF-I) stimulates regeneration 
of the rat sciatic nerve. Brain Res 486, 396-398 (1989) 
56.  Near S. L, L. R. Whalen, J. A. Miller & D. N. Ishii: 
Insulin-like growth factor-II stimulates motor nerve 

regeneration. Proc Natl Acad Sci USA 89, 11716-11720 
(1989) 
57.  Sugimoto K, Y. Murakawa & A. A. F. Sima: 
Expression and localization of insulin receptor in rat dorsal 
root ganglion and spinal cord.  JPNS 7, 44-53 (2002) 
58.  Kamiya H, Y. Murakawa, W. Zhang & A. A. F. Sima: 
Unmyelinated fiber sensory neuropathy differs in type 1 
and type 2 diabetes. Diab Metab Res Rev 21, 448-458 
(2005) 
59.  Pierson C. R, W. Zhang, Y. Murakawa & A. A. F. 
Sima: Early gene responses of trophic factors differ in 
nerve regeneration in type 1 and type 2 diabetic 
neuropathy.  J Neuropath Exp Neurol 61, 857-871 (2002) 
60.  Pierson C. R, W. Zhang & A. A. F. Sima: Proinsulin 
C-peptide replacement in type 1 diabetic BB/Wor-rats 
prevents deficits in nerve fiber regeneration. J Neuropath 
Exp Neurology 62, 765-779 (2003) 
 
Key Words: Diabetic Neuropathy, Pathogenetic 
Mechanisms, Type 1 And Type 2 Diabetes, Therapies, 
Review 
 
Send correspondence to: Dr Anders A.F. Sima, 
Department of Pathology, Wayne State University, 540 E. 
Canfield Ave, Detroit, MI 48201, Tel: 313-577-1150,  Fax: 
313-577-0057, E-mail: asima@med.wayne.edu 
 
http://www.bioscience.org/current/vol13.htm 
 


