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Abstract. Diabetic polyneuropathy is the most common
complication of diabetes mellitus. Several interactive
pathogenetic mechanisms have been identified mainly in
streptozotocin-induced diabetes in rats and have been as-
cribed to hyperglycemia. Over the last number of years it
is becoming increasingly clear that diabetic neuropathy
differs in type 1 and type 2 diabetes in humans and in
murine models that more accurately mimic the human
disorders. Beside hyperglycemia, attention is increas-
ingly being paid to the pathogenetic roles of insulin and
C-peptide deficiencies, particularly in type 1 diabetic

neuropathy. There is now evidence to suggest that insulin
and C-peptide deficiencies are mainly responsible for
perturbations of neurotrophic factors and contribute to
oxidative stress in diabetic nerve. This may also be true
for apoptotic phenomena afflicting both the peripheral
and central nervous systems in diabetes. The new data
have lead to re-evaluations of pathogenetic components
in this complex disorder, and their further exploration is
likely to form a more refined basis for future therapeutic
and preventive measures.
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Introduction

Diabetes mellitus entails several chronic disorders,
which are characterized by hyperglycemia and associ-
ated with absolute or relative insulin deficiency. Dia-
betes affects carbohydrate, protein and lipid metabolism
and is associated with progressive chronic complica-
tions. These affect the nervous systems, the retina and
kidneys and are collectively referred to as microvascular
complications.

Diabetic neuropathies as a group are the most common
chronic complications of diabetes mellitus [1] and occur
in both type 1 and type 2 diabetes. On the other hand, di-
abetic neuropathy remains the least understood compli-
cation. The prevalence of diabetic neuropathy varies from
10% within 1 year of diagnosis to 50% in patients with

diabetes for more than 25 years [2—4], with an average
prevalence of approximately 30% [5]. Diabetic neuropa-
thy accompanying type 1 diabetes tends to occur more
predictably and to progress more rapidly, resulting in a
more severe neuropathy [6—8]. Diabetic neuropathies in-
clude several distinct syndromes, of which symmetric
sensory polyneuropathy commonly associated with dia-
betic autonomic polyneuropathy are referred to as dia-
betic polyneuropathy (DPN). The various syndromes af-
fecting the peripheral nervous system are separated into
acute rapidly reversible syndromes and chronic progres-
sive manifestations [6, 9]. The mechanisms underlying
DPN are multiple and appear to involve genetic predis-
positions and several interrelated metabolic and molecu-
lar abnormalities consequent to hyperglycemia and in-
sulin and C-peptide deficiencies [1, 10—14]. In recent
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decades, several experimental drugs targeting specific
mechanisms have undergone clinical testing. However,
the results from these clinical trials have in general been
disappointing, which in part may be due to the fact that
therapeutic interventions have occurred too late in the
natural history of DPN [15].

In this review I will focus on several key pathogenetic
factors including the polyol pathway, oxidative stress, the
role of neurotrophic factors and insulin and C-peptide de-
ficiencies. Finally, the differences in underlying mecha-
nisms between type 1 and type 2 DPN will be discussed
which may account for the clinical differences in DPN in
the two types of diabetes.

The natural history of DPN

Most data concerning the early development of DPN
have been obtained from animal models. Hyperglycemic
streptozotorin (STZ)-treated rats or spontaneously type 1
diabetic BB/Wor rats show, within weeks of onset, acute
significant decreases in motor and sensory nerve con-
duction velocities (NCVs), which are associated with
increased activity of the polyol pathway, decreased
endoneurial blood flow and impairments of neural
Na*/K*-ATPase and nitric oxide (NO) activities [14]. At
this acute (‘metabolic’) stage of DPN, these early func-
tional deficits are readily reversible and are associated
with reversible structural changes consisting of nodal
swellings. They are secondary to increased intra-axonal
Na' accumulation at the node due to the impaired
Na'/K*-ATPase activity [16, 17]. To these early meta-
bolic changes, other additional pathogenetic components
are progressively added such as the consequences of ox-
idative stress and the progressive decline in expression
of neuroprotective trophic factors, like nerve growth fac-
tor (NGF) and the insulin-like growth factor (IGF) sys-
tem [14, 18, 19]. Simultaneously, structural changes start
to emerge consisting of axonal atrophy in a length-de-
pendent manner and eventually axonal dying-back de-
generation (‘the structural phase’). These changes are
likely to contribute to the progressively less reversible
NCV defect [20]. However, type 1 DPN in humans and
type 1 experimental animal models show additional
structural abnormalities involving the nodal and para-
nodal apparatus [21, 22]. These changes consist of a pro-
gressive disruption of the paranodal ion channel barriers,
‘axoglial dysjunction,” affecting especially large myeli-
nated fibers. Experimentally, these changes are associ-
ated with lateralization of the nodal Na* channel and re-
sult in conduction block of affected fibers, hence con-
tributing to the progressively less reversible nerve
conduction velocity [23]. These changes do not occur in
human [22] or animal models of [24, 25] type 2 diabetes,
even after prolonged hyperglycemic exposure. Recent
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evidence suggests that these nodal and paranodal
changes are associated with impaired insulin action
rather than hyperglycemia. Progressive axonal degener-
ation, coupled with impaired regenerative capacity, in
the type 1 diabetic BB/Wor rat result in a progressive
nerve fiber loss, which is significantly milder in its
type 2 counterpart, the BB/Z rat [24].

In human DPN, the spectrum of somatic DPN can be di-
vided into reversible and persistent syndromes [6, 9].
The latter are classified into sensory and motor syn-
dromes of increasing severity, which reflect the natural
history of DPN. Part of the problem in staging and clas-
sifying DPN is that the progression rates of objective
functional measurements are not linear and differ be-
tween nerves [26, 27] reflecting the length-dependent
axonal dying-back phenomenon. The progression rate in
182 patients with established clinically overt DPN mon-
itored over an 18-month period showed significant dete-
rioration in vibratory perception threshold, peroneal and
median F-wave latencies and in sensory NCVs in the me-
dian and ulnar nerves, whereas sural and peroneal NCVs
showed no significant changes [26]. On the other hand,
if the rates of decline in NCV in the sensory nerves were
projected backward, they reached normal values 5-7
years prior to onset of diabetes, suggesting a steeper de-
cline in NCVs during the early metabolic phase of the
neuropathy. When correlating electrophysiological
changes with quantitative structural pathology, a similar
pattern arises with respect to progression rates and dis-
tribution of changes [27, 28]. Interestingly, in human
DPN, only with the emergence of structural changes
does DPN apparently become symptomatic. Awareness
of this may in part account for the poor outcomes of sev-
eral clinical trials, into which only symptomatic patients
were recruited, at a time when the neuropathy is less re-
sponsive to therapeutic interventions. This pattern of
non-linear and varied progression rates of DPN in vari-
ous nerves is therefore important when monitoring pa-
tients longitudinally and when designing clinical neu-
ropathy trials [27].

Differences exist in the neuropathology of DPN in the
two types of diabetes. The sequence of nodal and pa-
ranodal changes, consisting of axoglial dysjunction,
paranodal demyelination and intercalated internodes,
is characteristic of type 1| human DPN but does not
occur in type 2 DPN [22]. On the other hand, primary
segmental demyelination tends to be more characteristic
of type 2 DPN. These differences are likely to affect
nerve function differently and are likely to account for
the clinically more severe DPN in type 1 diabetic pa-
tients [7].
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Pathogenetic considerations

The bulk of information regarding the pathogenetic
mechanisms of DPN has been obtained from experimen-
tal rodent models like the STZ-induced diabetic rat and
the spontaneously type 1 diabetic BB/Wor rat [14]. These
data have demonstrated that DPN is caused by a multi-
tude of sequential and partially interacting and perpetuat-
ing mechanisms. These factors may vary during the nat-
ural history of the disease, and they appear to be different
in type 1 versus type 2 DPN. Some of the key patho-
genetic elements are associated with hyperglycemia
(common to both types of diabetes), like activation of the
polyol pathway and non-enzymatic glycation (fig. 1).
Others are closely related to impaired insulin and/or C-
peptide deficiency, which is commonly overlooked. For
example, regulation of the expression of various neu-
rotrophic factors and their receptors as well as that of cell-
adhesive molecules appears to be less affected by hyper-
glycemia per se (fig. 1). The complexity of the patho-
genetic components and their varying impacts on type 1
versus type 2 DPN may explain some of the problems in-
volved in designing effective therapies, and the failures of
earlier interventional clinical trials.

Type 1 and 2 Diabetes
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Polyol pathway and related metabolic derangements

Activation of the polyol pathway is an early and impor-
tant mechanism in DPN. The polyol pathway is com-
prised of two steps: (i) the conversion of glucose to sor-
bitol by aldose reductase and (ii) the conversion of sor-
bitol to fructose by sorbitol dehydrogenase. Aldose
reductase is localized to paranodal Schwann cells and en-
doneurial microvessels [29]. Shunting of excessive glu-
cose through this pathway leads to intracellular accumu-
lation of sorbitol and fructose, with compensatory deple-
tion of other organic osmolytes like myo-inositol and
taurine [30]. Depletion of the myo-inositol pool in pe-
ripheral nerves interferes with phosphoinositide turnover
resulting in insufficient diacylglycerol to maintain pro-
tein kinase C (PKC) content necessary for activation of
Na'/K*-ATPase [31-33]. Perturbations of PKC also in-
terfere with phosphorylation of PO, a major myelin pro-
tein of peripheral nerve [34], and may play a pathogenetic
role in primary segmental demyelination. Taurine acts not
only as an osmolyte but also as an endogenous antioxi-
dant and as a neurotrophic factor [35, 36]. Taurine deple-
tion may therefore compromise antioxidative defense
mechanisms and promote nerve degeneration. Polyol
pathway activation promotes oxidative stress via deple-
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Figure 1. Simplified scheme of pathogenetic pathways involved in type 1 insulin and C-peptide deficient-diabetes versus those induced by
insulin-resistant and hyperinsulinemic type 2 diabetes. Note that some of the key metabolic abnormalities of the early metabolic phase of DPN
are influenced by both hyperglycemia and insulin/C-peptide deficiencies. This is also true for mechanisms resulting in structural changes (‘the
structural phase’), except for nodal and paranodal degeneration which appear to be a direct consequence of impaired insulin action.
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tion of NADPH, a cofactor of both aldose reductase and
glutathione reductase, which results in a decrease in re-
duced glutathione and an increase in oxidized glutathione
[37]. Increased accumulation of fructose as a result of
polyol pathway activity enhances oxidative stress via
non-enzymatic glycation (fig. 1). On the other hand, myo-
inositol depletion perturbs phosphoinositide turnover
with decreased diacylglycerol synthesis and impaired ac-
tivation of total PKC. This reduction is mainly due to re-
duced diacylglycerol-sensitive neuronal isoforms such as
PKC-a and probably PKC-4[10, 38]. On the other hand,
increased activity of vascular PKC-f is believed to play a
significant role in microvascular complications. The
PKC-p inhibitor LY333531 dose-dependently corrects
endoneurial blood flow and nerve conduction velocity in
acutely diabetic STZ rats [39]. Substantially lower doses
of the inhibitor in combination with vitamin E, or a-
lipoic acid or y-linolenic acid achieved the same result,
suggesting a synergism between PKC-p, oxidative stress
and essential fatty acid mechanisms [39]. Impaired PKC
activity has been reported to play a role in reduced
Na'/K*-ATPase activity and a blunted regenerative re-
sponse in experimental diabetic nerve [40, 41]. This was
recently confirmed by reports showing that treatment
with both non-specific [42] and B-specific PKC in-
hibitors [43] prevents or normalizes NCV, decreases heart
rate variability and reduces sciatic nerve blood flow in the
STZ rat. Sciatic nerve Na*/K*-ATPase activity and myo-
inositol depletion are also ameliorated by non-specific
and B-specific PKC inhibitors, respectively, and both re-
duce hyperalgesia and C-fiber hyperexcitability in the
STZ rat [44]. Interestingly, vasodilators and antioxidants,
such as niceritrol and a-lipoic acid, ameliorate myo-inos-
itol depletion in the STZ rat, possibly by improving
Na/K*-ATPase activity and/or energy production sec-
ondary to normalization of nutritive nerve blood flow
[45, 46], suggesting that several mechanisms converge to
produce these abnormalities. Hence inhibition of PKC,
particularly the f isoform, may normalize the increased
PKC activities in the vasculature of nerve tissue, analo-
gous to what is seen in the retina and the kidney [47]. On
the other hand, C-peptide replacement in the BB/Wo rat
does not influence either the polyol pathway or oxidative
stress, but it dose-dependently ameliorates the Na'/K*-
ATPase abnormality and normalizes NO and endoneurial
blood flow [48—50]. Hence, several pathways in addition
to an activated polyol pathway apparently influence both
Na*/K*-ATPase activity and endoneurial NO, two key ab-
normalities of the metabolic phase of DPN.

Other concomitant metabolic derangements such as car-
nitine deficiency [51—54] and impaired prostanoid me-
tabolism [55] contribute to impaired Na*/K*-ATPase ac-
tivity in experimental, and possibly human type 1 diabetic
neuropathy. Decreased Na'/K*-ATPase activity impacts
on nodal sodium channel inactivation, with decreased
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nodal Na* membrane potentials, increased intra-axonal
Na*, nodal and paranodal swelling and reduced NCV [16,
17, 56—58].

Recently, mice transgenic for human aldose reductase
were shown to develop a neuropathy with structural and
functional changes resembling DPN, when challenged
with galactose [59]. In human type | patients, polymor-
phic microsatellites have been identified upstream of the
initiation site of the aldose reductase (ALR2) gene. Sev-
eral dinucleitide repeat polymorphic markers have been
identified. The most prominent alleles are Z-6, Z-4, Z-2,
Z, 7+2, Z+4 and Z+6 [60]. Type 1 patients with DPN
show significant decreases in frequencies of the Z+2 al-
lele. Decreased frequencies of the Z/Z+2 genotype
showed a higher frequency of DPN within 5 years of di-
agnosis [60]. Similar dinucleotide repeat polymorphic
markers upstream of the ALR2 gene have been associated
with diabetic nephropathy in type 1 patients and with
retinopathy in Chinese type 2 patients [61—63]. These
data demonstrate that the activity of the polyol pathway is
intimately involved in the pathogenesis of microvascular
complications of diabetes and that genetic predisposi-
tions exist.

Non-enzymatic glycation and oxidative stress

In non-enzymatic glycation, reducing sugars such as glu-
cose, fructose or galactose initially react with free amino
groups of proteins, lipids or nucleic acids to form early
reversible Schiff bases and Amadori products. These then
undergo chemical rearrangements to form advanced gly-
cation end products (AGEs). In vivo, AGEs accumulate
during normal aging and at an accelerated rate in diabetes
in various tissues such as the lens [64], retina [65], kidney
[66] and peripheral nerve [67]. The receptor for AGE
(RAGE) has been cloned and identified as a member of
the immunoglobulin superfamily of cell surface mole-
cules [68]. It shows close homology with the neural cell
adhesion molecule NCAM [69] and is present in the cen-
tral and peripheral nervous systems [70, 71]. Its interac-
tion with amyloid S-peptide, a possible candidate for
AGE modification [72], contributes to cell death by in-
ducing oxidative stress and activating the transcription
factor NF-xB in Alzheimer’s disease [73]. Therefore, ac-
cumulation of AGEs may play a crucial role in the patho-
genesis of DPN through generation of oxidative stress
and altered endoneurial hemodynamics.

In peripheral nerve, the glycation process is enhanced in
diabetes both in humans and animal models [67, 74]. Gly-
cation of major axonal cytoskeletal proteins such as tubu-
lin, neurofilament and actin is likely to contribute to ax-
onal atrophy and degeneration, and to slowing of axonal
transport (fig. 1) [75—77]. Glycation of laminin, a major
constituent of Schwann cell basal lamina, which is im-
portant in nerve sprouting, may contribute to impaired
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nerve fiber regeneration in diabetes [78]. Myelin compo-
nents such as PO, myelin basic protein and proteolipid
protein are subjected to non-enzymatic glycation [79, 80]
which may then be recognized and scavenged by
macrophages via RAGE [81, 82], thereby probably con-
tributing to segmental demyelination.

Increased production of fructose via activation of the
polyol pathway enhances the generation of glycated pro-
teins (fig. 1). 3-Deoxyglucosone (3-DG), a major car-
bonyl adduct and a potent AGE precursor, is generated di-
rectly from fructose [83]. Cross-linking of proteins by
fructose occurs ten times more readily than that by glu-
cose [84]. Furthermore, fructose is metabolized to fruc-
tose-3-phosphate and triose phosphate, which are sources
for 3-DG [85] and methylglyoxal (MGO), respectively,
other potent cross-linkers [86]. In this process, MGO is
formed under oxidative conditions, while the formation
of 3-DG does not require oxygen [87]. Interestingly, the
activity of sorbitol dehydrogenase, the second enzyme of
the polyol pathway, is markedly decreased by glycation
[88]. Excessive production of fructose therefore likely ac-
celerates glycation and deactivates sorbitol dehydrogen-
ase, thereby hampering further production of fructose.
The role of fructose as a glycator is further demonstrated
by the ability of aldose reductase inhibitors to signifi-
cantly reduce the levels of glycated proteins in aorta, lens
and red blood cells [89, 90].

Oxidative stress facilitates the formation of glycoxidation
products such as carboxymethyl-lysine and pentosidine
[91]. There are several potential sources of oxidative
stress in diabetes including altered redox status [92], dys-
regulation of glutathione synthesis [93] and hypoxia and
ischemic reperfusion injury [94]. Glucose autoxidation
and glycoxidation, which are catalyzed by trace amounts
of transition metal ions, generate reactive oxygen species
(ROS) [95-96]. Low-dose transition metal chelators
such as deferoxamine and trientine improve nerve blood
flow and nerve conduction velocity in the STZ rat [97].
Furthermore, superoxide generated not only via non-en-
zymatic glycation [98] but also via inactivation of Cu-Zn-
superoxide dismutase [99] attenuates NO activity, lead-
ing to reduced blood flow [100, 101]. Interaction of AGEs
with RAGE depletes intracellular reduced glutathione
and vitamin C, thereby further enhancing oxidative stress
[102, 103]. This process gives rise to breakdown of en-
dothelial barrier functions and NF-xB-mediated gene in-
ductions of tissue factor and endothelin-1, both of which
contribute to reduced vascular blood flow [102, 104]. Tis-
sue levels of glycoxidation products correlate with the
severity of nephropathy, retinopathy and vasculopathy in
diabetic patients [105—107].

Aminoguanidine inhibits the formation of AGEs [108]
and has beneficial effects on the development of retinopa-
thy, nephropathy and neuropathy. NCV slowing and
myelinated fiber pathology in the STZ rat are improved af-
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ter long-term treatment with aminoguanidine [109]. Im-
paired nerve blood flow is normalized after § weeks treat-
ment with aminoguanidine, whereas it has no effect on
oxygen free radical activity [110], suggesting that the he-
modynamic changes can be modulated without invoking
oxidative stress (fig. 1). Short-term treatment with
aminoguanidine ameliorates the NCV and the Na*/K*-AT-
Pase defects, but not endothelial damage as reflected by
systemic thrombomodulin concentrations [111]. On the
other hand, long-term aminoguanidine treatment has
beneficial effects on the structural alterations of en-
doneurial microvessels in the STZ rat [112].

a-Lipoic acid is one of the most powerful antioxidants
and acts as a coenzyme of hydrogen transfer. The sugges-
tion has been made that a-lipoid acid may not be suffi-
cient to eliminate the severe oxidative stress occurring in
DPN [113]. A review of several clinical trials employing
a-lipoic acid showed reduction in neuropathic symptoms
and small improvements of autonomic function [114].
Successful antioxidant therapy will probably require mul-
tiple antioxidant compounds targeting the different mech-
anisms and will include a-lipoic acid, vitamin E and C,
and probably agents targeting the perturbed lipid metab-
olism such as y-linoleic acid,, evening primrose oil/fish
liver oil and acetyl-L-carnitine [14, 97]. There is experi-
mental evidence demonstrating a synergistic effect in this
rationale of multitherapy [115, 116]. Since oxidative
stress may in part be a consequence of endoneurial hy-
poxia, additional therapies that have proven beneficial
under experimental conditions include angiotensin-con-
verting enzyme inhibition, endothelin-1 ET, antagonists
and PKC inhibitors [116]. As pointed out earlier, correc-
tion of regional blood flow is no guarantee for correction
of oxidative stress. For example, acetylcholine-induced
vasodilation and improvement of endoneurial blood flow
and NCV with myo-inositol, aminoguanidine or C-pep-
tide have no effect on markers of oxidative stress [50,
117, 118]. Therefore, contrary to earlier suggestions
[116, 119], the link between endoneurial hypoxia/
ischemia and oxidative stress may not be all that clear.

Altered neurotropism

There is now overwhelming evidence indicating that im-
paired neurotrophic support is involved in diabetes-re-
lated neuronal dysfunctions (fig. 1) [18, 19]. NGF is se-
lectively trophic to small-fiber sensory and sympathetic
ganglion neurons [120]. In the STZ rat, reduced expres-
sion of NGF mRNA in muscle and skin [18] and impair-
ment of its retrograde axonal transport [121, 122] lead to
impaired neurotrophic support of NGF-dependent neu-
rons. The cause of NGF reduction in diabetic tissues is
not known. Several mechanisms have been proposed. Ox-
idative stress has regulatory effects on NGF gene expres-
sion and sensitivity, and the vitamin D metabolic, 1,25-
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dihydroxyvitamin D3, which is reduced in diabetic rats,
induces NGF mRNA in vitro [19, 123, 124]. Supplemen-
tation with antioxidant taurine corrects oxidative stress
and NGF deficits [125]. Conversely, NGF can block the
induction of ROS and stabilize the mitochondrial mem-
brane potential [126]. Besides abnormalities in the syn-
thesis and transport of NGF, alterations in NGF receptors
are likely to mediate reduced responses. The low-affinity
NGF receptor p75 apparently undergoes an increased
turnover in diabetic nerve [127]. Expression of the high-
affinity Trk A receptor is markedly reduced both at the
mRNA and protein levels in diabetic dorsal root ganglia
(DRG) [128]. NGF administration prevents the reduction
of neuropeptides like substance P and calcitonin gene-re-
lated peptide in DRG neurons and sciatic nerve of the di-
abetic rat [129, 130]. These neuropeptides are confined to
small-fiber sensory neurons, mediating nociceptive, or
thermoreceptive sensation [131].

The expression of neurotrophin-3 (NT-3), which is
trophic for sympathetic neurons and sensory neurons of
large-diameter fibers [132, 133], is also reduced in dia-
betic muscle. Administration of NT-3 ameliorates only
sensory NCV deficits, but not those of motor nerves
[134]. Reduced expressions of the high-affinity receptors
in the respective neurons [134, 135] and decreased syn-
thesis of these neurotrophins contribute to nerve dys-
function in DPN. Recent clinical trials have, however,
been inconclusive with respect to the effect of recombi-
nant human NGF [136].

IGFs have neurotrophic actions on sensory, sympathetic
and motor neurons [137]. Reduction in systemic IGF-I
levels and increased IGF-I-binding protein levels con-
tribute to impaired IGF-I activity in type 1 diabetic pa-
tients [138]. In the type 1 STZ rat and BB/Wor rat, IGF-I
mRNA expression is dramatically reduced in peripheral
nerve, DRG and spinal cord [139—142]. Interestingly, in
the BB/Wor rat, the IGF-I receptor is upregulated in pe-
ripheral nerve but downregulated in DRG and in the brain
[128, 142—-144]. These abnormalities are significantly
milder in the spontaneously type 2 diabetic BB/Z rat and
unaltered in the fa/fa rat [128, 143, 145]. However, in the
latter model, IGF-II mRNA expression is reduced in sci-
atic nerve, spinal cord and brain [145]. In the STZ rat,
subcutaneous infusion of IGF-I or IGF-II prevents the
progression of hyperalgesia [146] and local administra-
tion of IGFs protects against impairments in sensory
nerve regeneration [147]. The abnormalities in IGF-I and
IGF-I receptor expression in peripheral nerve, DRG and
brain in the type 1 BB/Wor rat are normalized by C-pep-
tide replacement [148, 149], and this is believed to be re-
lated to a PI-3 kinase-mediated effect on NF-xB [150].
High glucose induces apoptotic changes in cultured DRG
neurons and Schwann cells, which are prevented by IGF-
I [151]. This finding has been confirmed by in vivo ex-
periments both in 1-month STZ diabetes and in acute hy-
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perglycemia induced by continuous glucose infusion
(6—10 h) in rats [152]. Rats with more longstanding
(12—15 months) STZ diabetes show similar apoptotic
structural changes in DRG neurons [153]. Beside IGF de-
ficiencies, oxidative stress in this animal model may con-
tribute to mitochondrial changes and the initiation of pro-
grammed cell death. However, these in vivo findings have
become controversial because of the high incidence of
claimed apoptotic activity in DRG cells, coupled with an
unaltered number of sensory fibers in corresponding pe-
ripheral nerve.

Insulin and C-peptide actions

Hyperglycemia, although an important etiological factor,
is not the sole culprit in the development of diabetic com-
plications. Increasingly attention is being paid to insulin
and/or C-peptide deficiencies. Both insulin and C-pep-
tide exert neuroprotective and antiapoptotic effects [48,
149].

Insulin is synthesized by pancreatic f cells as a single-
chain precursor, proinsulin. The A and B chains of proin-
sulin are joined by a connecting peptide, C-peptide.
Proinsulin is cleaved by membrane-bound proteases into
equimolar amounts of insulin and C-peptide which are re-
leased into the circulation via secretory granules [154].
C-peptide was initially believed to have no biological ac-
tivity. Although it has no glucose-lowering effects, a num-
ber of physiological effects have been reported [48, 148,
155].

The physiological role of the proinsulin C-peptide has re-
ceived increasing attention, and the potential therapeutic
value of C-peptide replacement in preventing type 1 dia-
betic complications is seriously being considered. In pa-
tients with type 1 diabetes, autonomic nerve function as
measured by heart rate variability improves after admin-
istration of C-peptide [156]. A subgroup of the latter pa-
tients with signs of sensory neuropathy exhibited im-
proved temperature threshold discrimination [157]. None
of these effects were seen in patients who received insulin
therapy alone. C-peptide stimulates nerve Na*/K*'-AT-
Pase activity, resulting in improved electrolyte balance
and enzyme state. Additionally, the effects may be the
consequence of improved endoneural blood flow. Several
studies demonstrate an effect of C-peptide on NO release.
C-peptide stimulates endothial NO synthase (eNOS) with
release of NO from bovine aortic endothelial cells in a
concentration-dependent manner, an effect that is abol-
ished by NOS inhibitors [158]. This is in keeping with the
finding that C-peptide induces increased forearm blood
flow in type 1 diabetic patients, which is blocked by a NO
synthase blocker [159] and the demonstration of a C-pep-
tide concentration-dependent dilatation of rat skeletal
muscle arterioles in the presence of insulin [160]. In the
BB/Wor rat, C-peptide prevents the decrease in en-
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doneurial blood flow but interestingly without affecting
oxidative stress [50]. This effect was eliminated by a NO
inhibitor. C-peptide has no effect on blood glucose levels
nor does it affect the polyol pathway [48, 161].
C-peptide elicits concentration-dependent stimulation of
Na*/K*-ATPase activity in a variety of tissues including
renal tubular cells, rat sciatic nerve, pancreatic islets,
granulation tissue and red blood cells (fig. 1) [155, 161].
Further support for C-peptide effects on Na*/K*-ATPase
is provided by its effect on rat sciatic nerve Na*/K*-AT-
Pase in type | diabetic BB/Wor rats treated with C-pep-
tide for 8 months, an effect that is dose dependent [48,
161]. This was associated with partial correction of NCV
and paranodal swelling, secondary to axonal Na* accu-
mulation. In the diabetic BB/Wor rat, the expression of
both insulin receptor and IGF-I receptor mRNA and pro-
tein in peripheral nerve and brain tissue was normalized
by C-peptide replacement and the diabetes-induced hip-
pocampal apoptosis was prevented by C-peptide replace-
ment [149]. In the same model, C-peptide prevents in a
dose-dependent fashion nodal changes and axonal degen-
eration and dose-dependently promotes nerve regenera-
tion [161].

In peripheral nerve, insulin has failed to promote meta-
bolic effects such as glucose and amino acid uptake [162,
163]. Physiological concentrations of insulin, however,
stimulate neurite outgrowth and [*H]-thymidine incorpo-
ration, and are required for survival of sensory and sym-
pathetic neurons [164, 165]. Insulin upregulates and sta-
bilizes neurofilament and tubulin mRNAs during neurite
outgrowth in neuroblastoma cells in a dose-dependent
manner [166, 167]. In the STZ rat, local unilateral ad-
ministration of insulin to sciatic nerve results in an in-
creased number of small myelinated fibers and preven-
tion of NCV slowing in the treated nerve, suggesting that
insulin is involved in peripheral nerve fiber regeneration
and repair in this model [168]. Insulin is required for
NGF to exert its protective effects on human neuroblas-
toma cells [169].

The insulin signaling comprises two major pathways: the
phosphatidylinositol 3-kinase (PI 3-kinase) pathway and
the mitogen-activated protein (MAP) kinase pathway
(fig. 2). The PI 3-kinase pathway is linked to metabolic
effects such as glucose transport, glycolysis, glycogen
synthesis and protein synthesis. The MAP kinase path-
way is associated with cell proliferation and differentia-
tion [for a review see ref. 170].

Recently, we demonstrated that peripheral nerve and
brain mainly express the high-affinity isoform of the in-
sulin receptor, which in peripheral nerve is localized to
the nodal and paranodal apparatus [171, 172]. These spe-
cialized plasma membranes of myelinated fibers possess
a highly organized molecular structure with a non-uni-
form clustering of several molecules including ion chan-
nels [173], Na"/K*-ATPase [174], glucose transporter
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Figure 2. Flow chart of C-peptide signaling. Although the receptor
binding of C-peptide remains elusive, C-peptide shows a signaling
pattern similar to that of insulin. This is further supported by the
ability of C-peptide to phosphorylate the insulin receptor and to
synergize signaling effects of submaximal insulin doses. C-peptide
alone increases glycogen synthesis and amino acid uptake (not
shown).

[175], aldose reductase [29] and the cell adhesion mole-
cules, caspr and ankyring [176—178]. These molecules
are involved in the integrity of normal nodal function and
structure and their colocalization with the insulin recep-
tor suggests that insulin influences their biological activ-
ities.

Proinsulin C-peptide is known to enhance the effects of
insulin [160, 179—181] and phosphorylates the insulin
receptor [180, 181]. C-peptide signals through the in-
sulin- signaling pathway and mediates glucogen synthe-
sis and amino acid uptake on its own and enhances the
same effects by insulin within a narrow concentration
range [180]. We have therefore suggested that C-peptide
interacts with the insulin receptor, although others have
suggested that C-peptide binds to a specific membrane
receptor [182]. C-peptide substitution in the type 1 dia-
betic BB/Wor rat prevents and ameliorates paranodal
molecular abnormalities, and related nerve conduction
deficits [48, 161, 183]. These findings indicate that im-
paired insulin and/or C-peptide availability play impor-
tant pathogenic roles in the abnormalities of the nodal and
paranodal apparatus characteristic of type 1 human and
murine DPN [183].

The molecular components of the node of Ranvier and
the paranodal apparatus and their interactive regulation
are complex and not fully understood. Voltage-gated Na
channels are located in the nodal apparatus and are re-
sponsible for action potential initiation and conduction.
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They consist of a pore-forming a subunit and two auxil-
iary subunits: B, and fB,. Interactions between spectrin,
actin and contactin [184, 185] with ankyring and the Na
channel S subunits appear to be critical for Na channel
and Na'/K*-ATPase enrichment at the node [186—188].
The B, subunit interacts with receptor tyrosine phos-
phatase B(RTPT), which in turn interacts with contactin
[189, 190]. RTPT, belongs to a class of protein tyrosine
phosphatases which exhibit features common to cell sur-
face receptors. The extracellular domain has hallmarks
characteristic of adhesion molecules, whereas the cyto-
plasmic portion contains two tyrosine phosphatase do-
mains [191]. RTPTis dependent on insulin and NGF sig-
naling.

In the paranode, caspr is a major molecular component of
the tight junctions. These are also associated with spectrin,
actin and contactin, which via the f; Na channel subunit
and RTPT interact with caspr [191-193]. The type 1 dia-
betic BB/Wor rat shows a downregulation of several key
molecules, such as contactin, the ; Na channel subunit
and caspr, which is not seen in the type 2 BB/Z rat and is
prevented by replenishing insulinomimetic C-peptide in
type 1 diabetic rats [183]. Hence these data suggest that in-
sulin and C-peptide deficiencies perturb the expression of
crucial nodal and paranodal molecules and that impaired
insulin action is likely to interfere with their assembly,
thereby leading to the progressive disruption of the paran-
odal apparatus, which characterizes type 1 DPN in humans
and rodents alike. This is further supported by the intimate
colocalization of the insulinreceptor with paranodal tight
junctions and the nodal membrane [171].

Cognitive function may be regulated by insulin signaling
[194], since water maze training upregulates insulin re-
ceptor mRNA and the synaptic membrane insulin recep-
tor protein in the rat hippocampus [195]. Chemically in-
duced disruption of the brain insulin receptor causes per-
sistent cognitive dysfunction in the rat [196]. In
Alzheimer’s disease, impaired insulin actions have been
invoked in the genesis of this type of dementia
[197—-199]. Recent clinical data have demonstrated a du-
ration-dependent cognitive decline in insulin-deficient
type 1 diabetic subjects [200, 201]. Data from our labo-
ratory have shown a downregulation of both insulin and
IGF-I receptor expression in hippocampus of the BB/Wor
rat. These changes were associated with increased neu-
ronal apoptosis and loss of pyramidal cell neurons, and
impaired water maze performances [144], and were sig-
nificantly but not fully prevented by long-term C-peptide
replacement [149].

Nerve regeneration

The progressive nerve fiber loss characterizing DPN [1,
202] is in part due to impaired regenerative responses to
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the degenerative process [203]. Nerve regeneration is a
complex spatio-temporal sequence of events involving
immediate early gene responses such as IGF-1 — c-fos —
NGF [141, 204], elaboration of interleukins and cy-
tokines, macrophage recruitment, Wallerian degenera-
tion, induction of cytoskeletal protein synthesis and, fi-
nally, axonal sprouting, elongation and maturation [205].
Several of these components of nerve fiber regeneration
are perturbed in type 1 diabetes, such as altered immedi-
ate early gene responses [141], delayed Wallerian degen-
eration, delayed onset and rate of regeneration and im-
paired maturation of regenerated fibers [206]. Cytoskele-
tal proteins synthesized in DRG and transported into the
axon are affected by DPN. Both perturbed synthesis and
slowed transport of neurofilaments have been described.
Neurofilaments are the most abundant structural compo-
nents in axons and determine their size and NCVs
[207-210]. They are intermediate filaments and com-
prise three subunit proteins: low-, medium- and high-
molecular-weight neurofilaments [211, 212]. The impor-
tance of neurofilaments in determining axonal caliber
and thereby conduction velocity has been demonstrated
by analysis of a recessive mutation resulting from a pre-
mature translation terminator of the low-molecular neu-
rofilaments gene [213]. Suppressed expression of neuro-
filaments leads to inhibition of axonal radial growth
with consequent reduction in NCVs. Post-translational
changes of neurofilaments such as increased JNK-medi-
ated phosphorylation [214, 215] are likely to have conse-
quences for the normal assembly of the axonal cytoskele-
ton and contribute to axonal degeneration. Tubulins are
major components of microtubules. They display exten-
sive heterogeneity, especially in the nervous system,
where several neurospecific isotubulins have been
demonstrated [216, 217]. Together with actin filaments,
microtubules play important roles in directional out-
growth of neurites, such as growth cone advance and po-
larity [218]. Alterations in microtubule proteins affecting
the assembly and stability of microtubules are therefore
likely to modify axonal function and to influence neu-
ronal remodeling and regeneration.

In a series of experiments we have previously shown sig-
nificantly delayed and suppressed immediate early gene
responses, impaired macrophage recruitment and Waller-
ian degeneration in the type 1 BB/Wor rat [141—143, 206,
207, 219]. These abnormalities were associated with im-
paired upregulation of tubulin and a lack of normal down-
regulation of neurofilament expression in DRG associ-
ated with a downregulation of IGF-I, trkA and p75 in
DRG cells [142]. This led us to suggest that tubulin ex-
pression exerts a negative feedback on neurofilament ex-
pression to facilitate the early transport of tubulins to ini-
tiate the growth cone [142]. The sequence of abnormali-
ties ultimately resulted in impaired axonal extension and
caliber growth. Interestingly, parallel studies in the iso-
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hyperglycemic and hyperinsulinemic type 2 BB/Z rat
failed to demonstrate any major abnormalities in this se-
quence of events and showed more robust nerve fiber re-
generation [128, 143]. C-peptide-replaced type 1 rats ex-
hibited only mild changes compared to non-replaced an-
imals [148]. C-peptide normalized the immediate early
gene response and the expression of neurotrophic factors,
their receptors and tubulin and neurofilaments in DRG
neurons. This has led us to suggest that impaired nerve re-
generation is a more prominent phenomenon in type 1
DPN and may contribute to the more severe clinical ex-
pression of DPN in this type of diabetes. Impaired nerve
regeneration appears to be mainly the result of impaired
insulin action rather than hyperglycemia.

Apoptosis

In vivo studies

Apoptosis is involved in the development of type 1 dia-
betes [220, 221] and several apoptotic pathways have
been implicated in pancreatic f cell destruction in type 1
diabetes [222]. It occurs in diabetic retinopathy [223],
nephropathy [224], encephalopathy [144, 149], and en-
dothelial cells [225]. Recently, several reports have de-
scribed apoptosis of DRG in the STZ-diabetic rat model
[152, 153, 226]. Russell et al. [152] reported in 1-month
STZ-diabetic rats, 34% apoptotic L5-DRG neurons as
assessed by TUNEL stain. This finding was associated
with nuclear ultrastructural abnormalities of chromatin
condensation, clumping, and fragmentation and balloon-
ing of mitochondria. Surprisingly, neuronal densities of
DRG revealed a 2.7-fold increase in diabetic animals
[152]. In in vitro studies, the authors described increased
caspase 3 activation that correlated with glucose concen-
trations and suggested that hyperglycemia-induced ox-
idative stress promotes mitochondrial changes, leading
to apoptosis. This was further elaborated by Srinivasan et
al. [226], who in 3 - to 6-week diabetic STZ rats demon-
strated increased positive mitochondrial membrane po-
tentials in diabetic DRG neurons. These findings were
coupled with translocation of cytochrome C from mito-
chondria to the cytoplasm and decreased immunohisto-
chemical identification of Bcl-2. Two weeks of treatment
with insulin to achieve euglycemic levels normalized the
mitochondrial membrane potentials and the apoptotic in-
dices [226]. In this study, the apoptotic index in DRG
was 9% and only twice that of age-matched control ani-
mals. The authors concluded that oxidative stress leads
to mitochondrial injury as a specific target for DRG neu-
ronal apoptosis. In a recent study, Low and collaborators
[153] investigated L5 DRG neurons from 1-, 3-, and 12-
month diabetic STZ rats. Semiquantitative immunocyto-
chemical evaluation of TUNEL-positive, caspase 3-pos-
itive and 8-hydroxy-2'!-deoxyguanosine (a product of ox-
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idative DNA damage) labeled neurons, revealed apop-
totic indices of 8, 7 and 11% at the three time points.
Based on reduced cytochrome oxidase stainability in 12-
month STZ rats, the authors concluded that oxidative
stress in diabetes leads to impaired mitochondrial func-
tion and apoptosis [153].

In none of the above studies were apoptotic activities cor-
related with reliable morphometric analyses of either
DRG populations or sensory nerve fiber loss, which in
previous studies by other investigators have been normal
or only minimally affected in the STZ rat [227, 228]. This
apparent discordance between apoptosis of neuronal so-
mata and almost intact axonal populations has been ex-
plained by delayed apoptosis or ‘apoptosis lente’ [229],
by which the cell enters into apoptosis (TUNEL and cas-
pase 3 positivity), but final execution of the cell is de-
layed through DNA repair and other mechanisms.

DRG neuronal apoptosis has not been examined in the
spontaneously diabetic BB/Wor or BB/Z rats. However,
we have examined hippocampal neuronal apoptosis,
which in the BB/Wor rat occurs at 8 month of diabetes
as assessed by LM-PCR DNA laddering, caspase 3 ac-
tivity, Bax and Bcl-xL, and is associated with a 37%
neuronal loss of the hippocampal CA, region [144]. In
the iso-hyperglycemic type 2 BB/Z rat with the same du-
ration and magnitude of hyperglycemic exposure, we
have no evidence suggesting apoptotic activity in the
hippocampus. Replacement of insulinomimetic C-pep-
tide in the type 1 BB/Wor rat significantly but not fully
prevents hippocampal apoptosis, neuronal loss and cog-
nitive dysfunction [149]. These data, as well as the data
on DRG by Srinivasan open up the possibility that in-
sulin deficiency may be more important than hyper-
glycemia in diabetes-related apoptosis. Correlations
between nerve fiber loss in sural nerves and impaired
insulin availability or hyperglycemia show a highly sig-
nificant exponential relationship with impaired insulin
action but not with hyperglycemia (fig. 3). However, this
nerve fiber loss is unlikely to solely reflect DRG neu-
ronal apoptotic death.

Apoptosis in in vitro models mimicking the diabetic
condition

Human neuroblastoma cells (SH-SY5Y) as well as pri-
mary DRG neurons, Schwann cells and hippocampal
neurons undergo apoptosis when exposed to hyperosmo-
lar conditions [152, 230, 231]. Both high mannitol and
glucose induce apoptosis, indicating a hyperosmolar ef-
fect, although high glucose within pathophysiological
concentration ranges causes more severe apoptosis, sug-
gesting an additional glucotoxic effect. We [232, 233] and
others [234—236] have demonstrated that IGF-I protects
SH-SYS5Y cells from apoptosis via a PI-3 kinase-depen-
dent bi-directional regulation of p38 and JNK kinase
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Figure 3. Relationships between insulin availability (@) and hyperglycemia (b) and sural nerve fiber loss in animal models of type 1 and
type 2 diabetes and impaired glucose tolerance (IGT). A significant exponential relationship is seen between insulin deprivation and fiber
loss, whereas no relationship was found between hyperglycemia and fiber loss. However, progressive fiber loss is unlikely to be due to neu-
ronal DRG apoptosis, and is more likely to reflect progressive dying-back axonal degeneration in the insulinopenic BB/Wor rat.

[232, 233, 237]. IGF-I-mediated neuroprotection against
oxidative stress in primary cultures of rat cerebellar gran-
ular cell cultures and hypothalamic GT 1-7 cells was
found to be associated with activation of NF-xB in a PI-
3-kinase-dependent manner [238], indicating a close re-
lationship between PI-3 kinase and NF-xB in cell sur-
vival. Elevation of Bcl-2 family expression by NF-xB has
been suggested as one mechanism underlying its anti-
apoptotic effect [239].

The role of insulin as an antiapoptotic hormone was re-
cently demonstrated. Originally, this effect was believed
to be mediated via the IGF-Ireceptor (IGF-IR). Several
recent studies, however, have revealed that it exerts its an-
tiapoptotic signaling through activation of its own recep-
tor. In Chinese hamster ovary (CHO)-R cells, insulin
serves an antiapoptotic function through a Raf-1-depen-
dent pathway that leads to NF-«B activation via a PI-3-ki-
nase-dependent pathway [240]. Recent data from our lab-
oratory have demonstrated an antiapoptotic effect of in-
sulin on SH-SYS5Y cells grown in high glucose [150].
This was mediated via stimulation of PI-3 kinase and p38
MAP kinase activation, disinhibition of I-kB and translo-
cation of NF-xB, promotion of Bc1, expression and inhi-
bition of JNK phosphorylation [241]. These effects of in-
sulin alone were significantly enhanced by the addition of
insulinomimetic C-peptide [241]. Although we cannot
exclude the possibility that these antiapoptotic effects by
IGF-I, insulin and C-peptide may be mediated via possi-
ble effects on oxidative stress or mitochondrial dysfunc-
tion, eventhough C-peptide does not affect oxidative
stress in peripheral nerve [50], they may also provide un-
related antiapoptotic functions as indicated by the effect
of insulin and C-peptide on the Fas pathway [241, 242].

Apoptotic pathways

Our understanding of mechanisms involved in apoptosis of
neuronal components in diabetes is still in its infancy. Sev-
eral apoptotic pathways have been described (fig. 4) and
there is some evidence to suggest that most of them may be
involved in diabetes. Apoptosis of DRG has been described
as being associated with mitochondrial dysfunction, oxida-
tive stress and impaired IGF-I action (152, 153, 236).
Apoptosis can be initiated by activation of death recep-
tors, mitochondrial dysfunction, endoplasmic reticulum
(ER) abnormalities and alterations in calcium homeosta-
sis (fig. 4). Apoptotic signals converge toward a common
death pathway, for which the Bcl-2 family proteins act as
regulators [243]. There are two classes of Bcl-2 family
proteins with opposite effects on apoptosis the antiapop-
totic members of the Bcl-2 family (e.g. Bel-2, Bel-xL)
which protect cells against apoptosis, and the proapop-
totic members (e.g. Bax, Bcl-xS) which promote pro-
grammed cell death [244—248]. The decision for cells to
undergo apoptosis depends partly on the balance between
these regulatory proteins.

Caspases are the main executioners of apoptosis. The
family of caspase proteases exists as inactive proenzymes
and are activated by two distinct mechanisms. The first is
‘the caspase cascade’: a previously activated caspase ac-
tivates inactive procaspases, such as caspase 3, 6 and 7
[249]. The second is ‘the induced proximity’: binding of
ligands to death receptors which activates an initiator cas-
pase, such as caspase 8, 9 and 12.

Mitochondria play an important role in regulation of
apoptosis (fig. 4). Mitochondrial membrane changes may
lead to disruption of the inner transmembrane potential
(DeltaPsi) and release of cytochrome C, apoptosis-induc-
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ing factor (AIF), DNase and caspase 2 and 9 [250-252],
via the permeability transition (PT) pore. Cytochrome C
activates caspase 9, together with the cytosolic factors
dATP (or ATP) and Adaf-1, and subsequently caspase 3
[253], whereas AIF directly activates caspase 3 and in-
duces apoptosis [254, 255].

A further mechanism by which reactive oxidants may
cause cell death involves peroxynitrite and hydrogen per-
oxide, which cause single-strand DNA breakage trigger-
ing the activation of poly-ADP-ribose synthetase (PARS)
(256). PARS inhibitors prevent this mechanism in cardiac
myoblasts, endothelial cells and neurons (257-259).

Alterations in intracellular calcium homeostasis are com-
monly observed during apoptosis. Marked elevations of
[Ca?"]; activate hydrolytic enzymes, lead to exaggerated
energy expenditure, impaired energy production, and ini-
tiate cytoskeletal degradation, ultimately resulting in cell
death [260]. Over time in diabetes, there is a progressive
increase in cytoplasmic Ca?" in DRG neurons of the
type 1 BB/Wor rat, which is not prevented by nimodipine
[261-263]. An elevated cytoplasmic Ca?* concentration
has been described as a cause of cell injury [264—267].
However, the mechanism by which calcium might regu-
late cell death is still poorly understood.
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Ischemia-induced hyperglutaminergic activity has been
implicated as an excitotoxic apoptotic mechanism in neu-
ronal cells [268, 269]. This is most likely mediated by Ca?*
influx with subsequent mitochondrial dysfunction [268],
although other mechanisms such as K* efflux have been
proposed [270]. We have previously shown that inhibition
of GCP II (NAALADase), an enzyme responsible for the
hydrolysis of NAAG to NAA and glutamate, partially pre-
vents nerve conduction showing, hyperalgesia and axonal
atrophy in the BB/Wor rat [271], which, however, are
probably not the results of neuronal apoptosis.

ER participates in protein synthesis and trafficking, cel-
lular responses to stress and intracellular Ca?* signaling.
Recent studies have shown that ER plays importantroles
in apoptosis [272, 273]. As the largest store of releasable
calcium in the cell, alterations in ER calcium homeosta-
sis contribute to neuronal apoptosis and excitotoxicity,
and are being linked to the pathogenesis of several neu-
rodegenerative disorders, including Alzheimer’s disease
and stroke [for a review see ref. 274].

Death receptors are a subgroup of the tumor necrosis fac-
tor (TNF)/NGF receptor superfamily. So far, six members
of the death receptor family have been identified: TNF-
R1, Fas, DR3, TRAIL-R1, TRIL-R2 and DR6. Recently,
Kim et al. [275] showed that TNF induces apoptosis via
increasing calcium release from the ER and by suppress-
ing Bcl-2 expression, suggesting a caspase-independent
mechanism. Recent studies from our laboratory have
demonstrated increased expression of Fas coupled with
increased Ac-DEVD-AMC-inhibitable activity of cas-
pase 3 in 8-month diabetic hippocampi from the BB/Wor
rat, suggesting a Fas-mediated apoptotic component
[276]. Undoubtedly, apoptotic cell death or degeneration
(‘apoptosis lente’) are involved in the microvascular and
neurological complications of diabetes. Some studies in-
dicate that these mechanisms may differ in type 1 and
type 2 diabetes. However, this is a rapidly evolving area
with only recently emerging concepts within the realm of
diabetes.

Summary and conclusions

Diabetic syndromes are a diverse group of chronic meta-
bolic disorders, which have in common abnormal glucose
handling and, commonly, hyperglycemia. It is therefore
not surprising that over the last few decades, hyper-
glycemia has been regarded as the major and sometimes
the only culprit underlying the microvascular complica-
tions accompanying the two major types of diabetes; in-
sulin-deficient type 1 and insulin-resistant type 2 dia-
betes. As repeatedly pointed out in this review, the hyper-
glycemic (but still insulin-sufficient) STZ-induced
diabetic rat has provided the bulk of our knowledge re-
garding underlying metabolic and molecular aberrations
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producing DPN. Based on this information, we have ex-
trapolated the findings to human diabetes regardless of
type. During the last two decades, however, slowly and re-
luctantly, the concept is being accepted that the compli-
cations differ with respect to pathogenetic mechanisms,
metabolic and molecular perturbations as well as the
structural and clinical expressions of DPN in type 1 and
type 2 diabetes. By employing animal models that more
closely mimic either type 1 or type 2 diabetes, we and
others have suggested that beside hyperglycemia, insulin
and C-peptide deficiencies play important pathogenetic
roles, which cannot be disregarded. These differences ap-
pear to account for the more severe functional, structural
and symptomatic DPN in type 1 diabetes. Mechanisti-
cally, insulin and C-peptide deficiencies appear to have
greater impacts on perturbations of neurotrophic factors
like NGF and IGFs than does hyperglycemia. In addition,
the inherent neuroprotective effects of insulin and C-pep-
tide themselves must be considered. Deficits in insulin
action and/or signaling are likely to have a greater impact
on apoptotic phenomena, if they do indeed occur in neu-
ronal perikarya of the peripheral nervous system. Re-
cently, oxidative stress has received overwhelming atten-
tion as a hyperglycemia-induced pathogenetic phenome-
non which is probably correct, except for the fact that
insulin-deficiency-induced abnormalities of trophic fac-
tors are likely to contribute to the overall burden of ox-
idative stress in DPN.

In conclusion, I believe that we have in the past been to-
tally focused on hyperglycemia as being the sole evil in
DPN, and that other potential mechanisms have been
largely overlooked. Thus in the years to come we must
differentiate hyperglycemia-induced mechanisms from
those that can be ascribed to abnormalities in insulin/C-
peptide action per se. This information will enable us to
tailor design appropriate therapies for disorders as di-
verse as the diabetic neuropathies and the microvascular
complications and, hopefully, thereby improve and refine
the treatment and prevention of the dreaded complica-
tions of diabetes.

1 Greene D. A., Sima A. A. F,, Feldman E. L. and Stevens M. J.
(1997) Diabetic neuropathy. In: Ellenberg and Rifkin Diabetes
Mellitus, pp. 1009—1076, Rifkin H., Porte D. snf Sherwin R.
(eds), Appleton and Lange, Stanford, Conn.

2 Pirart J. (1977) Diabetes mellitus and its degenerative compli-
cations: a prospective study of 4,400 patients observed be-
tween 1947 and 1973. Diabete Metab. 3: 97—107

3 Vinik A. L., Liuzze F. J., Holland M. T., Stansberry K. B.,
LeBean J. M. and Colen L. B. (1992) Diabetic neuropathies.
Diabetes Care 15: 1926—1975

4 SimaA. A. F. (1994) Pathological definition and evaluation of
diabetic neuropathy and clinical correlations. Can. J. Neurol.
Sci. 21 (Suppl 4): 513-517

5 Tesfaye S., Stevens L. K., Stephanson J. M., Fuller J. H., Plater
M., lonescu-Tirgoviste C. et al. (1996) Prevalence of diabetic
peripheral neuropathy and its relation to glycaemic control



CMLS, Cell. Mol. Life Sci.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Vol. 60, 2003

and potential risk factors: the EURODIAB IDDM Complica-
tion Study. Diabetologia 39: 1377—1384

Sima A. A. F, Thomas P. K., Ishii D. and Vinik A. (1997) Di-
abetic neuropathies. Diabetologia 40 (Suppl 3): B74—B77
Dyck P. I, Davies J. L., Wilson D. M., Service F. J., Melton L.
J. 1IT and O’Brien P. C. (1999) Risk factors for severity of di-
abetic polyneuropathy: intensive longitudinal assessment of
the Rochester Diabetic Neuropathy Study Cohort. Diabetes
Care 22: 14791486

Sugimoto K., Murakawa Y. and Sima A. A. F. (2000) Diabetic
neuropathy—a continuing enigma. Diabetes Metab. Res. Rev.
16: 408433

Thomas P. K. (1997) Classification, differential diagnosis,
and staging of diabetic peripheral neuropathy. Diabetes 46
(Suppl 2): S54-S57

Greene D. A., Sima A. A. F, Stevens M. J., Feldman E. L. and
Lattimer S. A. (1992) Complications: neuropathy, patho-
genetic considerations. Diabetes Care 15: 1902—1925

Low P. A., Nickander K. K. and Scionti L. (1999) Role of hy-
poxia, oxidative stress, and excitatory neurotoxins in diabetic
neuropathy. In: Diabetic Neuropathy, pp. 317-329, Dyck PJ.
and Thomas PK. (eds), W. B. Saunders, Philadelphia

Sima A. A. F. (1996) Metabolic alterations of peripheral nerve
in diabetes. Semin. Neurol. 16: 129-137

Forst T., Kunt T., Pfutzner A., Beyer J. and Wahren J. (1998)
New aspects on biological activity of C-peptide in IDDM pa-
tients. Exp. Clin. Endocrinol. Diabetes 106: 270-276

Sima A. A. F. and Sugimoto K. (1999) Experimental diabetic
neuropathy: an update. Diabetologia 42: 773—788

Sima A. A. F. (2001) Diabetic neuropathy; pathogenetic back-
grounds, current and future therapies. Expert. Rev. Neurother.
1: 225-238

Brismar T. and Sima A. A. F. (1981) Changes in nodal func-
tion in nerve fibres of the spontaneously diabetic BB-Wistar
rat: potential clamp analysis. Acta Physiol. Scand. 113:
499-506

Sima A. A. F. and Brismar T. (1985) Reversible diabetic nerve
dysfunction: structural correlates to electrophysiological ab-
normalities. Ann. Neurol. 18: 21-29

Brewster W. J., Fernyhough P, Diemel L. T., Mohiuddin L. and
Tomlinson D. R. (1994) Diabetic neuropathy, nerve growth
factor and other neurotrophic factors. Trends Neurosci 17:
321-325

Tomlinson D. R. and Fernyhough P. (1999) Neurotrophism in
diabetic neuropathy. In: Chronic Complications in Diabetes:
Animal Models and Chronic Complications, pp. 167—182,
Sima A.A.F. (ed.), Harwood, Amsterdam

Brismar T., Sima A. A. F. and Greene D. A. (1987) Reversible
and irreversible nodal dysfunction in diabetic neuropathy.
Ann. Neurol. 21: 504—-507

Sima A. A. F, Lattimer S. A., Yagihashi S. and Greene D. A.
(1986) ‘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:
474484

Sima A. A. F., Nathaniel V, Bril V,, McEwen T. A. J. and
Greene D. A. (1988) Histopathological heterogeneity of neu-
ropathy in insulin-dependent and non-insulin-dependent dia-
betes, and demonstration of axo-glial dysjunction in human
diabetic neuropathy. J. Clin. Invest. 81: 349-364

Cherian P. V., Kamijo M., Angelides K. J. and Sima A. A. F.
(1996) Nodal Na+-channel displacement is associated with
nerve conduction slowing in the chronically diabetic BB/W-
rat: prevention by an aldose reductase inhibitor. J. Diabet.
Compl. 10: 192-200

Sima A. A. F., Zhang W., Xu G., Sugimoto K., Guberski D. L.
and Yorek M. A. (2000) A comparison of diabetic polyneu-
ropathy in type-2 diabetic BBZDR/Wor-rat and in type 1 dia-
betic BB/Wor-rat. Diabetologia 43: 786—793

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

Review Article 2457

Murakawa Y., Zhang W., Pierson C. R., Brismar T., Ostenson
C.-G., Efendric S. et al. (2002) Impaired glucose tolerance
and insulinopenia in the GK-rat causes peripheral neuropathy.
Diabetes Metab. Res. Rev. 18: 473483

Laudadio C., Sima A. A. F. and The Ponalrestat Study Group
(1998) Progression rates of diabetic neuropathy in placebo pa-
tients in an 18-month clinical trial. J. Diabet. Compl. 12:
121-127

Landadio C. and Sima A. A. F. (1996) Design of controlled
clinical trials for diabetic polyneuropathy. Semin. Neurol. 16:
187-192

Sima A. A. F. and Cherian P. V. (1997) Neuropathology of di-
abetic neuropathy and its correlations with neurophysiology.
Clin. Neurosci. 4: 359-364

Chakrabarti S., Sima A. A. F., Nakajima T., Yagihashi S. and
Greene D. A. (1987) Aldose reductase in the BB rat: isolation,
immunological identification and localization in the retina
and peripheral nerve. Diabetologia 30: 244—251

Stevens M. J., Lattimer S. A., Kamijo M., Van Huysen C.,
Sima A. A. F. and Greene D. A. (1993) Osmotically-induced
nerve taurine depletion and the compatible osmolyte hypothe-
sis in experimental diabetic neuropathy in the rat. Diabetolo-
gia 36: 608614

Zhu X. and Eichberg J. (199) A myo-inositol pool utilized for
phosphatidylinositol synthesis is depleted in sciatic nerve
from rats with streptozotocin-induced diabetes. Proc. Natl.
Acad. Sci. USA 87: 9818-9822

Zhu X. and Eichberg J. (1990) 1,2-Diacylglycerol content and
its arachidonyl-containing molecular species are reduced in
sciatic nerve from streptozotocin-induced diabetic rats. J.
Neurochem. 55: 1087—-1090

Greene D. A., Lattimer S. A. and Sima A. A. F. (1987) Sor-
bitol, phosphoinositides and sodium-potassium ATPase in the
pathogenesis of diabetic complications. N. Engl. J. Med. 316:
599-606

Row-Rendleman C. L. and Eichberg J. (1994) PO phosphory-
lation in nerves from normal and diabetic rats: role of protein
kinase C and turnover of phosphate groups. Neurochem. Res.
19: 1023-1031

Aruoma O. 1., Halliwell B., Hoey B. M. and Butler J. (1988)
The antioxidant action of taurine, hypotaurine and their meta-
bolic precursors. Biochem. J. 256: 251255

El Idrissi A. and Trenkner E. (1999) Growth factors and tau-
rine protect against excitotoxicity by stabilizing calcium
homeostasis and energy metabolism. J. Neurosci. 19:
9459-9468

De Mattia G., Laurenti O., Bravi C., Ghiselli A., Tuliano L. and
Balsano F. (1994) Effect of aldose reductase inhibition on glu-
tathione redox status in erythrocytes of diabetic patients. Me-
tabolism 43: 965-968

Zhou X., Li C., Dlugosz J., Kapor-Drezgic J., Munk S. and
Whiteside C. (1997) Mesangial cell actin disassembly in high
glucose mediated by protein kinase C and the polyol pathway.
Kidney Int. 6: 1797—1808

Cameron N. E. and Cotter M. A. (2002) Effects of protein
kinase C beta inhibition on neurovascular dysfunction in dia-
betic rats: interaction with oxidative stress and essential fat-
ty acid dysmetabolism. Diabetes Metab. Res. Rev. 18:
315-323

Kim J., Rushovich E. H., Thomas T. P., Ueda T., Agranoff B.
W. and Greene D. A. (1991) Diminished specific activity of
cytosolic protein kinase C in sciatic nerve of streptozocin-in-
duced diabetic rats and its correction by dietary myo-inositol.
Diabetes 40: 1545—-1554

Roberts R. E. and McLean W. G. (1997) Protein kinase C
isozyme expression in sciatic nerves and spinal cords of ex-
perimentally diabetic rats. Brain Res. 754: 147-156
Cameron N. E., Cotter M. A., Jack A. M., Basso M. D. and
Hohman T. C. (1999) Protein kinase C effects on nerve func-



2458

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

A.A.F Sima

tion, perfusion, Na(+), K(+)-ATPase activity and glutathione
content in diabetic rats. Diabetologia 42: 1120—1130
Nakamura J., Kato K., Hamada Y., Nakayama M., Chaya S.,
Nakashima E. et al. (1999) A protein kinase C-beta-selective
inhibitor ameliorates neural dysfunction in streptozotocin-in-
duced diabetic rats. Diabetes 48: 2090—-2095

Ahlgren S. C. and Levine J. D. (1994) Protein kinase C in-
hibitors decrease hyperalgesia and C-fiber hyperexcitability
in the streptozotocin-diabetic rat. J. Neurophysiol. 72:
684-692

Kishi Y., Schmelzer J. D., Yao J. K., Zollman P. J., Nickander
K. K., Tritschler H. J. et al. (1999) Alpha-lipoic acid: effect on
glucose uptake, sorbitol pathway, and energy metabolism in
experimental diabetic neuropathy. Diabetes 48: 2045-2051
Hotta N., Kakuta H., Fukasawa H., Koh N., Sakakibara F., Ko-
mori H. et al. (1992) Effect of niceritrol on streptozocin-in-
duced diabetic neuropathy in rats. Diabetes 41: 587—-891
Ishii H., Koya D. and King G. L. (1998) Protein kinase C ac-
tivation and its role in the development of vascular complica-
tions in diabetes mellitus. J. Mol. Med. 76: 21-31

Sima A. A. F., Zhang W.-X., Sugimoto K., Henry D, Li Z.-G.,
Wahren J. et al. (2001) C-peptide prevents and improves
chronic type 1 diabetic neuropathy in the BB/Wor-rat. Dia-
betologia 44: 889—897

Zhang W., Yorek M., Pierson C.R., Murakawa Y., Breidenbach
A. and Sima A.A.F. (2001) Human C-peptide dose depen-
dently prevents early neuropathy in the BB/Wor-rat. Int. J.
Exp. Diabetes Res. 2: 187—-194

Sima A. A. F, Li Z., Zhang W. and Stevens M. (in press) Im-
paired endoneurial blood flow but not oxidative stress is pre-
vented by C-peptide in type 1 BB/Wor-rats (abstract). XVth
Int. Congr. Neuropathol, Torino

Stevens M. J., Lattimer S. A., Feldman E. L., Helton E. D.,
Millington D. S., Sima A. A. F. et al. (1996) Acetyl-L-carnitine
deficiency as a cause of altered nerve myo-inositol content,
Na, K-ATPase activity, and motor conduction velocity in the
streptozotocin-diabetic rat. Metabolism 45: 865—872

Hotta N., Koh N., Sakakibara F., Nakamura J., Hamada Y.,
Wakao T. et al. (1996) Effect of propionyl-L-carnitine on mo-
tor nerve conduction, autonomic cardiac function, and nerve
blood flow in rats with streptozotocin- induced diabetes: com-
parison with an aldose reductase inhibitor. J. Pharmacol. Exp.
Ther. 276: 49-55

Ido Y., McHowat J., Chang K. C., Arrigoni-Martelli E., Or-
falian Z., Kilo C. et al. (1994) Neural dysfunction and meta-
bolic imbalances in diabetic rats: prevention by acetyl-L-car-
nitine. Diabetes 43: 14691477

Sima A. A. F, Ristic H., Merry A., Kamijo M., Lattimer S. A.,
Stevens M. J. et al. (1996) Primary preventive and secondary
interventionary effects of acetyl-L-carnitine on diabetic neu-
ropathy in the bio-breeding Worcester rat. J. Clin. Invest. 97:
1900-1907

Sonobe M., Yasuda H., Hisanaga T., Maeda K., Yamashita M.,
Kawabata T. et al. (1991) Amelioration of nerve Na(+)-K(+)-
ATPase activity independently of myo- inositol level by PGE1
analogue OP-1206.alpha-CD in streptozocin-induced diabetic
rats. Diabetes 40: 726—730

Greene D. A., Chakrabarti S., Lattimer S. A. and Sima A. A. F.
(1987) Role of sorbitol accumulation and myo-inositol deple-
tion in paranodal swelling of large myelinated nerve fibers in
the insulin-deficient spontaneously diabetic bio-breeding rat:
reversal by insulin replacement, an aldose reductase inhibitor,
and myo-inositol. J. Clin. Invest. 79: 1479—1485

Sima A. A. F. and Greene D. A. (1992) Morphologie der pe-
ripheren diabetischen Neuropathie und ihre Korrelation mit
Funktionstesten. Diabetes Stoffwechsel 1: 29-33

Sima A. A. F. (1992) Structural-functional interactions in the
therapeutic response of diabetic neuropathy. J. Diabet. Com-
plic. 6: 40—44

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

New understandings in diabetic neuropathy

Yagihashi S., Yamagashi S.-1., Wada R., Sugimoto K., Baba
M., Wong H. G. et al. (1996) Galactosemic neuropathy in
transgenic mice for human aldose reductase. Diabetologia 45:
56-59

Heesom A. E., Millward A. and Demaine A. G. (1998) Sus-
ceptibility to diabetic neuropathy in patients with insulin de-
pendent diabetes mellitus is associated with a polymorphism
at the 5” end of the aldose reductase gene. J. Neurol. Neuro-
surg. Psychiatry 64: 213-216

Heesom A. E., Hibberd M. L., Millward B. A. and Demaine
A. G. (1997) A polymorphism in the 5” end of the aldose re-
ductase gene is strongly associated with the development of
diabetic nephropathy in type 1 diabetes. Diabetes 46:
287-291

Ko B. C.-B., Lam K. S.-L, Wat N. S.and Chung, S. M. (1995)
An (A-C)n dinucleotide repeat polymorphic marker at the 5
end of the aldose reductase gene is associated with early onset
diabetic retinopathy in NIDDM patients. Diabetes 44:
727-732

Oates P. J. and Mylari B. L. (1999) Aldose reductase in-
hibitors: therapeutic implications for diabetic complications.
Exp. Opin. Invest. Drugs 8: 2095-2119

Araki N., Ueno N., Chakrabarti B., Morino Y. and Horiuchi S.
(1992) Immunochemical evidence for the presence of ad-
vanced glycation end products in human lens proteins and its
positive correlation with aging. J. Biol. Chem. 267:
10211-10214

Hammes H. P, Alt A., Niwa T., Clausen J. T., Bretzel R. G.,
Brownlee M. et al. (1999) Differential accumulation of ad-
vanced glycation end products in the course of diabetic
retinopathy. Diabetologia 42: 728736

Miyata T., Ueda Y., Horie K., Nangaku M., Tanaka S., Yper-
sele de Strihou C. van et al. (1998) Renal catabolism of ad-
vanced glycation end products: the fate of pentosidine. Kid-
ney Int. 53: 416-422

Vogt B. W., Schleicher E. D. and Wieland O. H. (1982) e-
Amino-lysine-bound glucose in human tissues obtained at au-
topsy: increase in diabetes mellitus. Diabetes 31: 1123—1127
Schmidt A. M., Vianna M., Gerlach M., Brett J., Ryan J., Kao
J. et al. (1992) Isolation and characterization of two binding
proteins for advanced glycosylation end products from bovine
lung which are present on the endothelial cell surface. J. Biol.
Chem. 267: 14987-14997

Neeper M., Schmidt A. M., Brett J., Yan S. D., Wang F,, Pan'Y.
C. et al. (1992) Cloning and expression of a cell surface re-
ceptor for advanced glycosylation end products of proteins. J.
Biol. Chem. 267: 1499815004

Brett J., Schmidt A. M., Yan S. D., Zou Y. S., Weidman E., Pin-
sky D. et al. (1993) Survey of the distribution of a newly char-
acterized receptor for advanced glycation end products in tis-
sues. Am. J. Pathol. 143: 1699-1712

Soulis T., Thallas V., Youssef S., Gilbert R. E., McWilliam B.
G., Murray-MclIntosh R. P. et al. (1997) Advanced glycation
end products and their receptors co-localise in rat organs sus-
ceptible to diabetic microvascular injury. Diabetologia 40:
619-628

Vitek M. P., Bhattacharya K., Glendening J. M., Stopa E.,
Vlassara H., Bucala R. et al. (1994) Advanced glycation end
products contribute to amyloidosis in Alzheimer disease.
Proc. Natl. Acad. Sci. USA 91: 4766—-4770

Yan S. D., Chen X., Fu J., Chen M., Zhu H., Roher A. et al.
(1996) RAGE and amyloid-beta peptide neurotoxicity in
Alzheimer’s disease. Nature 382: 685-691

Vlassara H., Brownlee M. and Cerami A. (1981) Nonenzy-
matic glycosylation of peripheral nerve protein in diabetes
mellitus. Proc. Natl. Acad. Sci. USA 78: 5190—-5192

Ryle C., Leow C. K. and Donaghy M. (1997) Nonenzymatic
glycation of peripheral and central nervous system proteins in
experimental diabetes mellitus. Muscle Nerve 20: 577—584



CMLS, Cell. Mol. Life Sci.

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

Vol. 60, 2003

Cullum N. A., Mahon J., Stringer K. and Mclean W. G. (1991)
Glycation of rat sciatic nerve tubulin in experimental diabetic
mellitus. Diabetologia 34: 387—-389

Pekiner C., Cullum N. A., Hughes N., Hargreaves A. J., Ma-
hon J., Casson L. F. et al. (1993) Glycation of brain actin in ex-
perimental diabetes. J. Neurochem. 61: 436—442

Federoff H. J., Lawrence D. and Brownlee M. (1993) Nonen-
zymatic glycosylation of laminin and laminin peptide CIK-
VAVS inhibits neurite outgrowth. Diabetes 42: 509—-513
Vlassara H., Blownlee M. and Cerami A. (1983) Excessive
nonenzymatic glycosylation of peripheral and central nervous
system myelin components in diabetic rats. Diabetes 32:
670-674

Weimbs T. and Stoffel W. (1994) Topology of CNS myelin
proteolipid protein: evidence for the nonenzymatic glycosyla-
tion of extracytoplasmic domains in normal and diabetic ani-
mals. Biochemistry 33: 10408—10415

Vlassara H., Brownlee M. and Cerami A. (1984) Accumula-
tion of diabetic rat peripheral nerve myelin by macrophages
increases with the presence of advanced glycosylation end-
products. J. Exp. Med. 160: 197-207

Vlassara H., Brownlee M. and Cerami A. (1985) Recognition
and uptake of human diabetic peripheral nerve myelin by
macrophages. Diabetes 34: 553-557

Takagi Y., Kashiwagi A., Tanaka Y., Asahina T., Kikkawa R.
and Shigeta Y. (1995) Significance of fructose-induced pro-
tein oxidation and formation of advanced glycation end prod-
uct. J. Diabet. Compl. 9: 87-91

McPherson J. D., Shilton B. H. and Walton D. J. (1988) Role
of fructose in glycation and cross-linking of proteins. Bio-
chemistry 27: 1901-1907

Lal S., Szwergold B. S., Taylor A. H., Randall W. C., Kappler
F., Wells-Knecht K. et al. (1995) Metabolism of fructose-3-
phosphate in the diabetic rat lens. Arch. Biochem. Biophys.
318: 191-199

Phillips S. A. and Thornalley P. J. (1993) The formation of
methylglyoxal from triose phosphates: investigation using a
specific assay for methylglyoxal. Eur. J. Biochem. 212:
101-105

Baynes J. W. and Thorpe S. R. (1999) Role of oxidative stress
in diabetic complications: a new perspective on an old para-
digm. Diabetes 48: 1-9

Hoshi A., Takahashi M., Fujii J., Myint T., Kaneto H., Suzuki
K. et al. (1996) Glycation and inactivation of sorbitol dehy-
drogenase in normal and diabetic rats. Biochem. J. 318:
119-123

Hamada Y., Araki N., Horiuchi S. and Hotta N. (1996) Role of
polyol pathway in nonenzymatic glycation. Nephrol. Dial.
Transplant. 11: 95-98

Soulis-Liparota T., Cooper M. E., Dunlop M. and Jerums G.
(1995) The relative roles of advanced glycation, oxidation and
aldose reductase inhibition in the development of experimen-
tal diabetic nephropathy in the Sprague-Dawley rat. Dia-
betologia 38: 387—394

Baynes J. W. (1991) Role of oxidative stress in development of
complications in diabetes. Diabetes 40: 405-412
Williamson J. R., Chang K., Frangos M., Hasan K. S., Ido Y.,
Kawamura T. et al. (1993) Hyperglycemic pseudohypoxia and
diabetic complications. Diabetes 42: 801—-813

Yoshida K., Hirokawa J., Tagami S., Kawakami Y., Urata Y.
and Kondo T. (1995) Weakened cellular scavenging acti-
vity against oxidative stress in diabetes mellitus: regulation
of glutathione synthesis and efflux. Diabetologia 38:
201-210

McCord J. M. (1985) Oxygen-derived free radicals in post-
ischemic tissue injury. N. Engl. J. Med. 312: 159163

Hunt J. V and Wolff S. P. (1991) Oxidative glycation and free
radical production: a causal mechanism of diabetic complica-
tions. Free Radic. Res. Commun. 12-13: 115-123

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

Review Article 2459

Hunt J. V,, Dean R. T. and Wolff S. P. (1988) Hydroxyl radical
production and autoxidative glycation. Glucose autoxidation
as the cause of protein damage in the experimental glycation
model of diabetes mellitus and aging. Biochem. J. 256:
205-212

Cameron N. E. and Cotter M. A. (1995) Neurovascular dys-
function in diabetic rats: potential contribution of autoxida-
tion and free radicals examined using transition metal chelat-
ing agents. J. Clin. Invest. 96: 1159—1163

Sakurai T. and Tsuchiya S. (1988) Superoxide production
from nonenzymatically glycated protein. FEBS Lett. 236:
406-410

Arai K., Maguchi S., Fujii S., Ishibashi H., Oikawa K. and
Taniguchi N. (1987) Glycation and inactivation of human Cu-
Zn-superoxide dismutase: identification of the in vitro gly-
cated sites. J. Biol. Chem. 262: 16969—-16972

Langenstroer P. and Pieper G. M. (1992) Regulation of spon-
taneous EDRF release in diabetic rat aorta by oxygen free rad-
icals. Am. J. Physiol. 263: H257—-H265

Gryglewski R. J., Palmer R. M. and Moncada S. (1986) Su-
peroxide anion is involved in the breakdown of endothelium-
derived vascular relaxing factor. Nature 320: 454—456
Bierhaus A., Chevion S., Chevion M., Hofmann M., Quehen-
berger P, [llmer T. et al. (1997) Advanced glycation end prod-
uct-induced activation of NF-kB is suppressed by a-lipoic
acid in cultured endothelial cells. Diabetes 46: 1481—1490
Yan S. D., Schmidt A. M., Anderson G. M., Zhang J., Brett J.,
ZouY. S. et al. (1994) Enhanced cellular oxidant stress by the
interaction of advanced glycation end products with their re-
ceptors/binding proteins. J. Biol. Chem. 269: 9889—9897
Wautier J. L., Zoukourian C., Chappey O., Wautier M.P., Guil-
lausseau P. J., Cao R. et al. (1996) Receptor-mediated en-
dothelial cell dysfunction in diabetic vasculopathy: soluble re-
ceptor for advanced glycation end products blocks hyperper-
meability in diabetic rats. J. Clin. Invest. 97: 238—-243

Sell D. R., Lapolla A., Odetti P., Fogarty J. and Monnier V. M.
(1992) Pentosidine formation in skin correlates with severity
of complications in individuals with long-standing IDDM. Di-
abetes 41: 1286—1292

McCance D. R., Dyer D. G., Dunn J. A., Bailie K. E., Thorpe
S. R. and Baynes J. W. (1993) Maillard reaction products and
their relation to complications in insulin-dependent diabetes
mellitus. J. Clin. Invest. 91: 2470-2478

Beisswenger P. J., Moore L. L., Brinck-Johnsen T. and Cur-
phey T. J. (1993) Increased collagen-linked pentosidine levels
and advanced glycosylation end products in early diabetic
nephropathy. J. Clin. Invest. 92: 2212-2217

Edelstein D. and Brownlee M. (1992) Mechanistic studies of
advanced glycosylation end product inhibition by
aminoguanidine. Diabetes 41: 26—29

Yagihashi S., Kamijo M., Baba M., Yagihashi N.and Nagai K.
(1992) Effect of aminoguanidine on functional and structural
abnormalities in peripheral nerve of STZ-induced diabetic
rats. Diabetes 41: 47—52

Kihara M., Schmelzer J. D., Podulso J. E,, Curran E. E,, Nickan-
der K. K. and Low P. A. (1991) Aminoguanidine effect on nerve
blood flow, vascular permeability, electrophysiology and oxy-
gen free radicals. Proc. Natl. Acad. Sci. USA 88: 6107-6111
Wada R., Sugo M., Nakano M. and Yagihashi S. (1999) Only
limited effects of aminoguanidine treatment on peripheral
nerve function, (Na+,K+)-ATPase activity and thrombomod-
ulin expression in streptozotocin-induced diabetic rats. Dia-
betologia 42: 743747

Sugimoto K. and Yagihashi S. (1997) Effects of aminoguani-
dine on structural alterations of microvessels in peripheral
nerve of streptozotocin diabetic rats. Microvasc. Res. 53:
105-112

Lipinski B. (2001) Pathophysiology of oxidative stress in dia-
betes mellitus. J. Diabet. Compl. 15: 203-219



2460

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

A.A.F Sima

Ziegler D., Reljanovic M., Meknert H. and Gries F. A. (1999)
Alpha lipoic acid in the treatment of diabetic polyneuropathy
in Germany: current evidence from clinical trials. Exp. Clin.
Endocrinol Diabetes 107: 421430

Cameron N. E. and Cotter M. A. (1997) Metabolic and vascu-
lar factors in the pathogenesis of diabetic neuropathy. Dia-
betes 46 (Suppl. 2): S31-S37

Cameron N. E. and Cotter M. A. (1999) Oxidative stress and
abnormal lipid metabolism in diabetic complications. In:
Chronic Complications in Diabetes, pp. 97—130, Sima A.A.F.
(ed.), Harwood, Amsterdam

Coppey L. J., Gellet J. S., Davidson E. P, Dunlap J. A. and
Yorek M. A. (2002) Changes in endoneurial blood flow, motor
nerve conduction velocity and vascular relaxation of epineur-
ial arterioles of the sciatic nerve in ZDF-obese diabetic rats.
Diabetes Metab. Res. Rev. 18: 49-56

Coppey L. J., Gellet J. S., Davidson E. P. and Yorek M. A.
(2003) Preventing superoxide formation in epineurial arteri-
oles of the sciatic nerve from diabetic rats restores endothe-
lium-dependent vasodilation. Free Radic. Res. 37: 33—40
Van Dam P. S. (2002) Oxidative stress and diabetic neuropa-
thy: pathophysiological mechanisms and treatment perspec-
tives. Diabetes Metab. Res. Rev. 18: 176—184

Ebendal T. (1992) Function and evolution in the NGF family
and its receptors. J. Neurosci. Res. 32: 461-470

Jakobsen J., Brimijoin S., Skau K., Sidenius P. and Wells D.
(1981) Retrograde axonal transport of transmitter enzymes,
fucose-labeled protein, and nerve growth factor in streptozo-
tocin-diabetic rats. Diabetes 30: 797—803

Hellweg R. and Hartung H. D. (1990) Endogenous levels of
nerve growth factor (NGF) are altered in experimental dia-
betes mellitus: a possible role for NGF in the pathogenesis of
diabetic neuropathy. J. Neurosci. Res. 26: 258267
Obrosova 1. G. (2002) How does glucose generate oxidative
stress in peripheral nerve? Int. Rev. Neurobiol. 50: 3—35
Wion D., MacGrogan D., Neveu 1. and Jehan F. (1991) 1,25-
Dihydroxyvitamin D; is a potent inducer of nerve growth fac-
tor synthesis. J. Neurosci. Res. 28: 110—114

Obrosova I. G., Fathallah L. and Stevens M. J. (2001) Taurin
counteracts oxidative stress and nerve growth factor deficit in
early experimental diabetic neuropathy. Exp. Neurol. 172:
211-219

Vincent A. M., Brownlee M. and Russel J. W. (2002) Oxida-
tive stress and programmed cell death in diabetic neuropathy.
Ann N.Y. Acad. Sci. 959: 368383

Hruska R. E., Chertak M. M. and Kravis D. (1993) Elevation of
nerve growth factor receptor-truncated in the urine of patients
with diabetic neuropathy. Ann N.Y. Acad. Sci. 679: 349—351
Pierson C. R., Zhang W., Murakawa Y. and Sima A. A. F.
(2003) Insulin deficiency rather than hyperglycemia accounts
for impaired neurotrophic responses and nerve fiber regener-
ation in type 1 diabetic neuropathy. J. Neuropathol. Exp. Neu-
rol. 63: 260271

Apfel S. C., Arezzo J. C., Brownlee M., Federoff H. and
Kessler J. A. (1994) Nerve growth factor administration pro-
tects against experimental diabetic sensory neuropathy. Brain
Res. 634: 7-12

Diemel L. T., Brewster W. J., Fernyhough P. and Tomlinson D.
R. (1994) Expression of neuropeptides in experimental dia-
betes: effects of treatment with nerve growth factor or brain-
derived neurotrophic factor. Brain Res. Mol. Brain. Res. 21:
171-175

New H. V. and Mudge A. W. (1986) Distribution and ontogeny
of SP, CGRP, SOM, and VIP in chick sensory and sympathetic
ganglia. Dev. Biol. 116: 337-346

Hory-Lee E, Russell M., Lindsay R. M. and Frank E. (1993)
Neurotrophin 3 supports the survival of developing muscle
sensory neurons in culture. Proc. Natl. Acad. Sci. USA 90:
2613-2617

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

New understandings in diabetic neuropathy

Ernfors P, Lee K. F.,, Kucera J. and Jaenisch R. (1994) Lack of
neurotrophin-3 leads to deficiencies in the peripheral nervous
system and loss of limb proprioceptive afferents. Cell 77:
503-512

Tomlinson D. R., Fernyhough P. and Diemel L. T. (1997) Role
of neurotrophins in diabetic neuropathy and treatment with
nerve growth factors. Diabetes 46 (Suppl 2): S43—-S49
Fernyhough P, Diemel L. T. and Tomlinson D. R. (1998) Target
tissue production and axonal transport of neurotrophin-3 are re-
duced in streptozotocin-diabetic rats. Diabetologia 41: 300—306
Apfel S. C. (1999) Neurotrophic factors in the therapy of dia-
betic neuropathy. Am. J. Med. 107: 34S—-42S

Ishii D. N. (1995) Implication of insulin-like growth factors in
the pathogenesis of diabetic neuropathy. Brain Res. Rev. 20:
47-67

Crosby S. R., Tsigos C., Anderton C. D., Gordon C., Young R.
J. and White A. (1992) Elevated plasma insulin-like growth
factor binding protein-1 levels in type 1 (insulin-dependent)
diabetic patients with peripheral neuropathy. Diabetologia 35:
868—-872

Ishii D. N., Guertin D. M. and Whalen L. R. (1994) Reduced
insulin-like growth factor-I mRNA content in liver, adrenal
glands and spinal cord of diabetic rats. Diabetologia 37:
1073-1081

Wauarin L., Guertin D. M. and Ishii D. N. (1994) Early reduc-
tion in insulin-like growth factor gene expression in diabetic
nerve. Exp. Neurol. 130: 106—114

Xu G. and Sima A. A. F. (2001) Altered immediate early gene
expression is impaired in diabetic nerve: implications in re-
generation. J. Neuropathol. Exp. Neurol. 60: 972—983

Xu G., Murakawa Y., Pierson C. R. and Sima A. A. F. (2002)
Altered (-tubulin and neurofilament expression and impaired
axonal growth in diabetic nerve regeneration. J. Neuropath.
Exp. Neurol. 61: 164—175

Pierson C. R., Zhang W., Murakawa Y. and Sima A. A. F.
(2002) Early gene responses of trophic factors differ in nerve
regeneration in type 1 and type 2 diabetic neuropathy. J. Neu-
ropathol. Exp. Neurol. 61: 857—-871

LiZ., Zhang W., Grunberger G. and Sima A. A. F. (2002) Hip-
pocampal neuronal apoptosis in type 1 diabetes. Brain Res.
946: 212-231

Zhuang H. X., Wuarin L., Fei Z. J. and Ishii D. N. (1997) In-
sulin-like growth factor (IGF) gene expression is reduced in
neural tissues and liver from rats with non-insulin-dependent
diabetes mellitus, and IGF treatment ameliorates diabetic neu-
ropathy. J. Pharmacol. Exp. Ther. 283: 366374

Zhuang H. X., Snyder C. K., Pu S. F. and Ishii D. N. (1996) In-
sulin-like growth factors reverse or arrest diabetic neuropathy:
effects on hyperalgesia and impaired nerve regeneration in
rats. Exp. Neurol. 140: 198—-205

Ishii D. N. and Lupien S. B. (1995) Insulin-like growth factors
protect against diabetic neuropathy: effects on sensory nerve
regeneration in rats. J. Neurosci. Res. 40: 138—144

Pierson C. R., Zhang W. and Sima A. A. F. (2003) Proinsulin
C-peptide replacement in type 1| BB/Wor-rats prevents defi-
cits in nerve fiber regeneration. J. Neuropathol. Exp. Neurol.
62: 765-779

Li Z.-G., Zhang W. and Sima A. A. F. (2002) C-peptide pre-
vents hippocampal apoptosis in type 1 diabetes. Int. J. Exp.
Diabetes Res. 3: 241-246

LiZ., Zhang W. and Sima A. A. F. (2003) C-peptide enhances
insulin-mediated cell growth and protection against high glu-
cose induced apoptosis in SH-SY5Y cells. Diabetes Metab.
Res. Rev. 62: 765-779

Russell J. W. and Feldman E. L. (1999) Insulin-like growth
factor-I prevents apoptosis in sympathetic neurons exposed to
high glucose. Horm. Metab. Res. 31: 90-96

Russell J. W., Sullivan K. A., Windebank A. J., Herrmann D.
N. and Feldman E. L. (1999) Neurons undergo apoptosis in



CMLS, Cell. Mol. Life Sci.

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

Vol. 60, 2003

animal and cell culture models of diabetes. Neurobiol. Dis. 6:
347-363

Schmeichel A. M., Schmelzer J. D. and Low P. A. (2003) Ox-
idative injury and apoptosis of dorsal root ganglion neurons in
chronic experimental diabetic neuropathy. Diabetes 52:
162171

Steiner D. F. (1978) On the role of the proinsulin C-peptide.
Diabetes 27: 145—148

Wahren J., Ekberg K., Johansson J., Henriksson M., Pramanik
A., Johansson B.-L. et al. (2000) Role of C-peptide in human
physiology. Am. J. Physiol. Endocrinol. Metab. 278:
E759-E768

Odergren T., Remahl S. and Wahren J. (1996) C-peptide im-
proves autonomic nerve function in patients with type 1 dia-
betes. Diabetologia 39: 687—695

Johansson B. L., Borg K., Fernquist-Forbes E., Kernell A., Oder-
gren T. and Wahren J. (2000) Beneficial effects of C-peptide on
incipient nephropathy and neuropathy in patients with type 1 di-
abetes — a three-month study. Diabet. Med. 17: 181188

Kunt T., Forst T., Closs E., Pfutzner A., Beyer J. and Wahren J.
(1998) Activation of endothelial nitric oxide synthase (eNOS)
by C-peptide. Diabetologia 41: A176

Johansson B.-L., Pernow J. and Wahren J. (1999) Muscle va-
sodilatation by C-peptide is NO-mediated. Diabetologia 42:
A324

Jensen M. E. and Messina E. J. (1999) C-peptide induces a
concentration-dependent dilation of skeletal muscle arterioles
only in presence of insulin. Am. J. Physiol. 276:
H1223-H1228

Zhang W., Yorek M., Pierson C.R., Murakawa Y., Breidenbach
A. and Sima A. A. F. (2001) Human C-peptide dose depen-
dently prevents early neuropathy in the BB/Wor-rat. Int. J.
Exp. Diabetes Res. 2(3): 187-194

Greene D. A. and Winegrad A. 1. (1979) In vitro studies of the
substrates for energy production and the effects of insulin on
glucose utilization on the neural components of peripheral
nerve. Diabetes 28: 878—887

Patel N. J., Llewelyn J. G., Wright D. W. and Thomas P. K.
(1994) Glucose and leucine uptake by dorsal root ganglia is
not insulin sensitive. J. Neurol. Sci. 121: 159-162
Recio-Pinto E., Rechler M. M. and Ishii D. N. (1986) Effects
of insulin, insulin-like growth factor-1I, and nerve growth fac-
tor on neurite formation and survival in cultured sympathetic
and sensory neurons. J. Neurosci. 6: 1211-1219

Zackenfels K., Oppenheim R. W. and Rohrer H. (1995) Evi-
dence for an important role of IGF-I and IGF-II for the early
development of chick sympathetic neurons. Neuron 14:
731-741

Wang C., LiY., Wible B., Angelides K.J. and Ishii D. N. (1992)
Effects of insulin and insulin-like growth factors on neurofil-
ament mRNA and tubulin mRNA content in human neurob-
lastoma SH-SYSY cells. Mol. Brain Res. 13: 289-300
Fernyhough P, Mill J. F, Roberts J. L. and Ishii D. N. (1989)
Stabilization of tubulin mRNAs by insulin and insulin-like
growth factor I during neurite formation. Mol. Brain Res. 6:
109-120

Singhal A., Cheng C., Sun H. and Zochodne D. W. (1997)
Near nerve local insulin prevents conduction slowing in ex-
perimental diabetes. Brain Res. 763: 209-214

Recio-Pinto E., Lang F. F. and Ishii D. N. (1984) Insulin and
insulin-like growth factor II permit nerve growth factor bind-
ing and the neurite formation response in cultured human neu-
roblastoma cells. Proc. Natl. Acad. Sci. USA 81: 2562-2566
Combettes-Souverain M. and Issad T. (1998) Molecular basis
of insulin action. Diabetes Metab. 24: 477—489

Sugimoto K., Murakawa Y., Zhang W.-X., Xu G. and Sima A.
A. F. (2000) Insulin receptor in rat peripheral nerve: its local-
ization and alternatively spliced isoforms. Diabetes Metab.
Res. Rev. 16: 354—-363

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

Review Article 2461

Sugimoto K., Murakawa Y., Sima A. A. F. (2002) Expression
and localization of insulin receptor in rat dorsal root ganglion
and spinal cord. J. Periph. Nervous System 7: 44—53

Ritchie J. M., Black J. A., Waxman S. G. and Angelides K. J.
(1990) Sodium channels in the cytoplasm of Schwann cells.
Proc. Natl. Acad. Sci. USA 87: 9290-9294

Ariyasu R. G., Nichol J. A.and Ellisman M. H. (1985) Local-
ization of sodium/potassium adenosine triphosphatase in mul-
tiple cell types of the murine nervous system with antibodies
raised against the enzyme from kidney. J. Neurosci. S:
2581-2596

Magnani P, Cherian P.V,, Gould G. W., Greene D. A., Sima A.
A. F. and Brosius F. C. III (1996) Glucose transporters in rat
peripheral nerve: paranodal expression of GLUTI and
GLUT3. Metabolism 45: 1466—1473

Kordeli E., Lambert S. and Bennett V. (1995) Ankyring: a new
ankyrin gene with neural-specific isoforms localized at the
axonal initial segment and node of Ranvier. J. Biol. Chem.
270: 352-359

Menegoz M., Gaspar P, Le Bert M., Galvez T., Burgaya F,
Palfrey C. et al. (1997) Paranodin, a glycoprotein of neuronal
paranodal membranes. Neuron 19: 319-331

Poliak S., Gollan L., Martinez R., Custer A., Einheber S.,
Salzer J. L. et al. (1999) Caspr2, a new member of the
neurexin superfamily, is localized at the juxtaparanodes of
myelinated axons and associates with K* channels. Neuron
24:1037-1047

Johansson B. L., Kernell A., Sjoberg S. and Wahren J. (1993)
Influence of combined C-peptide and insulin administration
on renal function and metabolic control in diabetes type 1. J.
Clin. Endocrinol. Metab. 77: 976981

Grunberger G., Xiaoling Q., Li Z.-G., Mathews S. T,
Sbriessa D., Shisheva A. et al. (2001) Molecular basis for the
insulinomimetic effects of C-peptide. Diabetologia 44:
1247-1257

Li Z.-G., Qiang X., Sima A. A. F. and Grunberger G. (2001)
C-peptide attenuates protein tyrosine phosphatase activity and
enhances glycogen synthesis in L6 myoblasts. Biochem. Bio-
phys. Res. Commun. 26: 615-619

Rigler R., Pramanik A., Jonasson P., Kratz G., Jansson O. T.,
Nygren P. et al. (1999) Specific binding of proinsulin C-pep-
tide to human cell membranes. Proc. Natl. Acad. Sci. USA 96:
13318-13323

Sima A. A. F, Pierson C. R. and Zhang W. (2003) The molec-
ular abnormalities of the paranode in type 1 diabetic polyneu-
ropathy are prevented by C-peptide. XVth Int. Congr. Neu-
ropathol, Torino (abstract)

Scherer S. S. (1996) Molecular specialization at nodes and
paranodes in peripheral nerve. Microsc. Res. Techn. 34:
452-461

Lambert S., Davis J. Q. and Bennett V. (1997) Morphogenesis
of the node of Ranvier: co-clusters of ankyrin and ankyrin-
binding integral proteins define early developmental interme-
diaries. J. Neurosci. 15: 7025-7036

Isom L. L. (2002) The role of sodium channels in cell adhe-
sion. Front. Biosci. 7: 12-23

Malhotra J. D., Kazeu-Gillespie K., Hortsch M. and Isom L.
L. (2000) Sodium channel B subunits mediate homophilic cell
adhesion and recruit ankyrin to points of cell-cell contact. J.
Biol. Chem. 275: 1138311388

Muller-Husman G., Gloor S. and Schachner M. (1993) Func-
tional characterization of beta iso-forms of murine Na/K-AT-
Pase: the adhesion molecule on glia (AMOG/beta 2) but not
beta 1, promotes neurite outgrowth. J. Biol. Chem. 268:
2626026267

Ratcliff C. F., QuY., McCormick K. A., Tibbs V. C., Dixon J.
E., Scheuer T. et al. (2000) A sodium channel signaling com-
plex: modulation by associated receptor protein tyrosine phos-
phatase B. Nat. Neurosci. 3: 437—444



2462

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

A.A.F Sima

Peles E., Nativ M., Campbell P. L., Sukurai T., Martinez R.,
Lev S. et al. (1995) The carbonic anhydrase domain of recep-
tor tyrosine phosphatase beta is a functional ligand for the ax-
onal cell recognition molecule contactin. Cell 82: 251-260
Peles E., Nativ M., Lustig M., Graumet M., Schilling J., Mar-
tinez R. et al. (1997) Identification of a novel contactin-asso-
ciated transmembrane receptor with multiple domains impli-
cated in protein-protein interactions. EMBO J. 16: 978—988
Einheber S., Zanazzi G., Ching W., Scheres S., Milner T. A.,
Peles E. et al. (1997) The axonal membrane Caspr, a homo-
logue of neurexin 1V, is a component of the septate-like para-
nodal junctions that assemble during myelination. J. Cell Biol.
139: 1495-1506

Menegoz M., Gaspar P, Le Bart M., Galvez T., Burgaya F.,
Palfrey C. et al. (1997) Paranodin, a glycoprotein of neuronal
paranodal membranes. Neuron 19: 319-331

Wickelgren 1. (1998) Tracking insulin to the mind. Science
280: 517-519

Zhao W., Chen H., Xu H., Moore E., Meiri N., Quon M. J. et
al. (1999) Brain insulin receptors and spatial memory: corre-
lated changes in gene expression, tyrosine phosphorylation,
and signaling molecules in the hippocampus of water maze
trained rats. J. Biol. Chem. 274: 34893-34902

Lannert H. and Hoyer S. (1998) Intracerebroventricular ad-
ministration of streptozotocin causes long-term diminutions
in learning and memory abilities and in cerebral energy me-
tabolism in adult rats. Behav. Neurosci. 112: 1199—1208
Craft S., Peskind E., Schwartz M. W., Schellenberg G. D.,
Raskind M. and Porte D. Jr. (1998) Cerebrospinal fluid and
plasma insulin levels in Alzheimer’s disease: relationship to
severity of dementia and apolipoprotein E genotype. Neurol-
ogy 50: 164—168

Craft S., Newcomer J., Kanne S., Dagogo-Jack S., Cryer P,
Sheline Y. et al. (1996) Memory improvement following in-
duced hyperinsulinemia in Alzheimer’s disease. Neurobiol.
Aging 17: 123-130

Hoyer S. (1998) Is sporadic Alzheimer disease the brain type
of non-insulin dependent diabetes mellitus? A challenging hy-
pothesis. J. Neural. Transm. 105: 415-422

Kramer L., Fasching P, Madl C., Schneider B., Damjanic P.,
Waldhdusel W. et al. (1998) Previous episodes of hypo-
glycemic coma are not associated with permanent cognitive
brain dysfunction in IDDM patients on intensive insulin treat-
ment. Diabetes 47: 1909—-1914

Schoenle E. J., Schoenle D., Molinari L. and Largo R.H.
(2002) Impaired intellectual development in children with
type 1 diabetes: association with HbA , age at diagnosis and
sex. Diabetologia 45: 108—114

Thomas P. K. and Eliasson S. G. (1984) Diabetic neuropathy.
In: Peripheral neuropathy, pp. 1773-1810, Dyck P. J., Thomas
P. K., Lambert E. H. and Bunger R. (eds), Saunders, Philadel-
phia

Sima A. A. F, Bril V,, Nathaniel V., McEwen T. A. J., Brown
M., Lattimer S. A. et al. (1988) Regeneration and repair of
myelinated fibers in sural nerve biopsies from patients with
diabetic neuropathy treated with an aldose reductase inhibitor.
N. Engl. J. Med. 319: 548555

Hengerer B., Lindholm D., Henmann R., Ruther V., Wagner E.
F. and Thoenen H. (1990) Lesion-induced increase in nerve
growth factor mRNA is mediated by c-fos. Proc. Natl. Acad.
Sci. USA 87: 3899-3903

Ide C. (1996) Peripheral nerve regeneration. Neurosci. Res.
25:101-121

Kamijo M., Merry A. C., Cherian P. V,, Akdas G. and Sima A.
A. F. (1996) Nerve fiber regeneration following axotomy in
the diabetic BB/W-rat: the effect of ARI-treatment. J. Diabet.
Compl. 10: 183—-191

Sima A. A. E. (1999) Diabetic neuropathy — the utility of nerve
biopsy. In: Clinical Neurophysiology: from Receptors to Per-

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

New understandings in diabetic neuropathy

ception, pp. 525-533, Comi G., Liicking C. H., Kimura J. and
Rossini P. M. (eds) Elsevier, Amsterdam

Yagihashi S., Kamijo M. and Watanabe K. (1990) Reduced
myelinated fiber size correlates with loss of axonal neurofila-
ments in peripheral nerve of chronically streptozotocin dia-
betic rats. Am. J. Pathol. 136: 1365-1373

Macioce P, Filliatreau G., Figliomeni B., Hassig R., Thiery J.
and DiGiamberardino L. (1989) Slow axonal transport im-
pairment of cytoskeletal proteins in streptozotocin-induced
diabetic neuropathy. J. Neurochem. 53: 1261-1267

Hoffman P. N., Cleveland D. W., Griffin J. W., Landes P. W.,
Cowan N. J. and Price D. L. (1987) Neurofilament gene ex-
pression: a major determinant of axonal caliber. Proc. Natl.
Acad. Sci. USA 84: 3472-2476

Julien J. P, Meyer D., Flavell D., Hurst J. and Grosveld F.
(1986) Cloning and developmental expression of the murine
neurofilament family. Mol. Brain Res. 1: 243-250

Julien J. P. and Grosveld F. (1991) Structure and expression of
neurofilament genes. In: Neuronal Cytoskeleton, pp.
215-231, Burgoyne R.D. (ed.), Wiley Liss, New York

Ohara O., Gahara T., Miyake H., Teraoka H. and Kitamura T.
(1993) Neurofilament deficiency in quail caused by nonsense
mutation in neurofilament-L gene. J. Cell Biol. 121: 387—395
Fernyhough P, Gallagher A., Averill S. A., Priestley J. V.,
Hounsom L., Patel J. et al. (1999) Abberant neurofilament
phosphorylation in sensory neurons of rats with diabetic neu-
ropathy. Diabetes 48: 881-889

Fernyhough P. and Schmidt R. E. (2002) Neurofilaments in di-
abetic neuropathy. Int. Rev. Neurobiol. 50: 115144
Denoulet P., Edde B. and Gros F. (1986) Differential expres-
sion of several neurospecific beta-tubulin mRNA’s in the
mouse brain during development. Gene 50: 289-297

Moura Neto V., Mallat M., Jeantet C. and Prochiantz A. (1983)
Microheterogeneity of tubulin proteins in neuronal and glial
cells from the mouse brain in culture. EMBO J. 2: 12431248
Mitchison T. and Kirschner M. (1988) Cytoskeletal dynamics
and nerve growth. Neuron 1: 761-772

Sima A. A. E, Merry A. C. and Lightle R. (1997) Impaired
macrophage recruitment in axotomized diabetic nerve. Exp.
Clin. Endocrinol Diabetes 105: 62—63

Carson D. A. and Ribeiro J. M. (1993) Apoptosis and disease.
Lancet 34: 12511254

Thompson C. B. (1995) Apoptosis in the pathogenesis and
treatment of disease. Science 267: 1456—1462

Hayashi T. and Faustman D. L. (2001) Implications of altered
apoptosis in diabetes mellitus and autoimmune disease. Apop-
tosis 6: 31-45

Barber A. ], Lieth E., Khin S. A., Antonetti D. A., Buchanau
A. G. and Gardner T. W. (1998) Neural apoptosis in the retina
during experimental and human diabetes: early onset and ef-
fect of insulin. J. Clin. Invest. 102: 783-791

Zhang W., Khanna P., Chan L. L., Campbell G. and Ansari N.
H. (1997) Diabetes induced apoptosis in rat kidney. Biochem.
Mol. Med. 61: 58—62

Baumgartner-Parzer S. M., Wagner L., Pettermann M., Gril-
lari J., Gessl A. and Waldhéusl W. (1995) High-glucose-trig-
gered apoptosis in cultural endothelial cells. Diabetes 44:
1323-1327

Srinivasan S., Stevens M. and Wiley J. W. (2000) Diabetic pe-
ripheral neuropathy: evidence for apoptosis and associated
mitochondrial dysfunction. Diabetes 49: 19321938

Sharma A. K. and Thomas P. K. (1987) Animal models:
pathology and pathophysiology. In: Diabetic Neuropathy, pp.
237-252, Dyck P. J., Thomas P. K., Asbury A. K., Winegrad
A. L. and Porte D. Jr (eds), Saunders, Philadelphia

Sharma A. K., Duguid I. G. M., Blanchard D. S. and Thomas
P. K. (1985) The effect of insulin treatment on myelinated
nerve fiber maturation and integrity and on body growth in
streptozotocin-diabetic rats. J. Neurol. Sci. 67: 285-297



CMLS, Cell. Mol. Life Sci.

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

Vol. 60, 2003

Broccolini A., Engel W. K. and Askanas V. (1999) Localiza-
tion of survival motor neuron protein in human apoptotic-like
and regenerating muscle fibers and neuromuscular junctions.
Neuroreport 10: 1637—1641

Srinivasan S., Stevens M. J., Sheng H., Hall K. E. and Wiley J.
W. (1998) Serum from patients with type 2 diabetes with neu-
ropathy induces complement-independent, calcium-depen-
dent apoptosis in cultured neuronal cells. J. Clin. Invest. 102:
1454—1462

Pittinger G. L., Lin D. and Vinik A. 1. (1997) The apoptotic
death of neuroblastoma cells caused by serum from patients
with insulin-dependent diabetes and neuropathy may be Fas-
mediated. J. Neuroimmunol. 76: 153—160

Li Z.-G., Zhang W., Grunberger G. and Sima A. A. F. (2001)
Neuroprotective effect of C-peptide: In vivo and in vitro stud-
ies. J. Int. Exp. Res. 2: 159

Li Z.-G., Zhang W.-X. and Sima A. A. F. (2001) The effect of
C-peptide on cell proliferation and apoptosis in human neu-
roblastoma cells. Diabetologia 44 (Suppl. 1): A297
Matthews C. C. and Feldman E. L. (1996) Insulin-like growth
factor 1 rescues SH-SYSY human neuroblastoma cells from
hyperosmotic induced programmed cell death. J. Cell Physiol.
166: 323-331

Russel J. W.,, Windebank A. J., Schenone A. and Feldman E. L.
(1998) Insulin-like growth factor-1 prevents apoptosis in neu-
rons after nerve growth factor withdrawal. J. Neurobiol. 36:
455-467

Singleton J. R., Dixit V. M. and Feldman E. L. (1996) Type 1
insulin-like growth factor receptor activation regulates apop-
totic proteins. J. Biol. Chem. 271: 31791-31794

Cheng H. L. and Feldman E. L. (1998) Bi-directional regula-
tion of p38 kinase and c-Jun N-terminal protein kinase by in-
sulin-like growth factor-1. J. Biol. Chem. 273: 14560—14565
Heck S., Lezonalc’h F,, Engert S. and Behl C. (1999) Insulin-
like growth factor-1-mediated neuroprotection against oxida-
tive stress is associated with nuclear factor kappa B. J. Biol.
Chem. 274: 9828-9835

Tamatain M., Che Y. H., Matsuzaki H., Ogawa S., Okado H.,
Miyake S. et al. (1999) Tumor necrosis factor induces Bcl-
2 and Belx expression through NF kappa B activation in
primary hippocampal neurons. J. Biol. Chem. 274:
8531-8538

Lee-Kwon W.,, Park D., Baskar P. V,, Kole S. and Bernier M.
(1998) Antiapoptotic signaling by the insulin receptor in Chi-
nese hamster ovary cells. Biochemistry 37: 15747—15757
Zhang W., Li Z. G. and Sima A. A. F. (2002) C-peptide poten-
tiates the anti-apoptotic effect of insulin via activation of Bcl-
2 and NF-kB. Diabetes 51 (Suppl 2): A197

Saeki M., Maeda S., Wada K. and Kamisaki Y. (2002) Insulin-
like growth factor-1 protects peroxy-nitrate-induced cell death
by preventing cytochrome C-induced caspase-3 activation. J.
Cell Biochem. 84: 708716

Cory S. (1995) Regulation of lymphocyte survival by the bcl-
2 gene family. Annu. Rev. Immunol. 13: 513-543

Burns T. F. and El-Deiry W. S. (1999) The p53 pathway and
apoptosis. J. Cell Physiol. 181: 231-239

Amundson S. A., Myers T. G. and Fornace A. J. Jr (1998)
Roles for p53 in growth arrest and apoptosis: putting on the
brakes after genotoxic stress. Oncogene 17: 3287-3299
Oltvai Z. N. and Korsmeyer S. J. (1994) Checkpoints of duel-
ing dimers foil death wishes. Cell 79: 189192

Reed J. C. (1994) Bcl-2 and the regulation of programmed cell
death. J. Cell Biol. 124: 1-6

Adams J. M. and Cory S. (1998) The Bcl-2 protein family: ar-
biters of cell survival. Science 28: 1322-1326

Thornberry N. A. and Lazebnik Y. (1998) Caspases: enemies
within. Science 281: 1312—1316

Susin S. A., Lorenzo H. K., Zamzami N., Marzo 1., Brenner
C., Larochette N. et al. (1999) Mitochondrial release of cas-

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

Review Article 2463

pase-2 and -9 during the apoptotic process. J. Exp. Med. 189:
381-394

Cai J.,, Yang J. and Jones D. P. (1998) Mitochondrial control of
apoptosis: the role of cytochrome c. Biochim. Biophys. Acta
1366: 139—149

Yang J., Liu X., Bhalla K., Kim C. N., Ibrado A. M., Cai J. et
al. (1997) Prevention of apoptosis by Bcl-2: release of cy-
tochrome c¢ from mitochondria blocked. Science 275:
1129-1132

Li P, Nijhawan D., Budihardjo I., Srinivasula S. M., Ahmad
M., Alnemri E. S. et al. (1997) Cytochrome ¢ and dATP-de-
pendent formation of Apaf-1/caspase-9 complex initiates an
apoptotic protease cascade. Cell 91: 479—-489

Susin S. A., Zamzami N., Castedo M., Hirsch T., Marchetti P.,
Macho A. et al. (1996) Bcl-2 inhibits the mitochondrial re-
lease of an apoptogenic protease. J. Exp. Med. 184:
1331-1341

Susin S. A., Zamzami N., Castedo M., Daugas E., Wang H. G.,
Geley S. et al. (1997) The central executioner of apoptosis:
multiple connections between protease activation and mito-
chondria in Fas/APO-1/CD95- and ceramide-induced apopto-
sis. J. Exp. Med. 186: 25-37

Gilad E., Zingarelli B., Salzman A. L. and Szab6 C. (1997)
Protection by inhibition of poly (ADP-ribose) synthetase
against oxidant injury in cardiac myoblasts in vitro. J. Mol.
Cell. Cardiol. 29: 2585-2597

Bowes J., Piper J. and Thiemermann C. (1998) Inhibitors of
the activity of poly (ADP-ribose) synthetase reduce the cell
death caused by hydrogen peroxide in human cardiac my-
oblasts. Br. J. Pharm. 124: 1760—1766

Szab¢ C., Cuzzocrea S., Zingarelli B., O’Connor M. and Salz-
man A. L. (1997) Endothelian dysfunction in a rat model of
endotoxic shock. J. Clin. Invest. 100: 723735

Cosi C. and Marien M. (2001) Implication of poly (ADP-ri-
bose) polymerase (PARP) in neurodegeneration and brain en-
ergy metabolism. Ann N.Y. Acad. Sci. 957: 227-239
Nicotera P. and Orrenius S. (1998) The role of calcium in
apoptosis. Cell Calcium 23: 173180

Hall K. E., Sima A. A. F. and Wiley J. W. (1995) Voltage-de-
pendent calcium currents are enhanced in dorsal root ganglion
neurones from the Bio Bred/Worchester diabetic rat. J. Phys-
iol. 486 : 313-222

Hall K. E., Sima A. A. F. and Wiley J. W. (1996) Opiate-medi-
ated inhibition of calcium signaling is decreased in dorsal root
ganglion neurons from the diabetic BB/W rat. J. Clin. Invest.
97: 1165-1172

Ristic H., Wiley J. W., Hall K. E. and Sima A. A. F. (1996) Fail-
ure of nimodipine to prevent or correct the long-term nerve
conduction defect and increased neuronal Ca(2+)-currents in
the diabetic BB/W-rat. Diabetes Res. Clin. Pract. 32:
135-140

McConkey D. J. and Orrenius S. (1997) The role of calcium in
the regulation of apoptosis. Biochem. Biophys. Res. Com-
mun. 239: 357-366

Green D. R. and Reed J. C. (1998) Mitochondria and apopto-
sis. Science 281: 13091312

Crompton M. (1999) The mitochondrial permeability transi-
tion pore and its role in cell death. Biochem. J. 341: 233-249
Lee J.M., Zipfel G.J. and Choi D.W. (1999) The changing
landscape of ischaemic brain injury mechanisms. Nature 399:
A7-Al4

Martin L. J., Al-Abdulla N. A., Brambrink A. M., Kirsch J. R.,
Sieber F. E. and Portera-Cailliau C. (1998) Neurodegeneration
in excitotoxicity, global cerebral ischemia, and target depriva-
tion: a perspective on the contributions of apoptosis and
necrosis. Brain Res. Bull. 46: 281-309

Zipfel G. J., Babcock D. J., Lee J. M. and Choi D. W. (2000)
Neuronal apoptosis after CNS injury: the roles of glutamate
and calcium. J. Neurotrauma 17: 857—869



2464

270

271

272

273

A.A.F Sima

Yu S. P, Yeh C., Strasser U., Tian M. and Choi D. W. (1999)
NMDA receptor-mediated K* efflux and neuronal apoptosis.
Science 284: 336—339

Zhang W., Slusher B., Murakawa Y., Wozniak K. M., Tsuka-
moto T., Jackson P. F. et al. (2002) GCPII (NAALADase) in-
hibition prevents long-term diabetic neuropathy in type 1 dia-
betic BB/Wor rats. J. Neurol. Sci. 194: 21-28

Rizzuto R., Pinton P, Carington W., Fay F. S., Fogarty K. E.,
Lifshitz L. M. et al. (1998) Close contacts with the endoplas-
mic reticulum as determinants of mitochondrial Ca*" re-
sponses. Science 280: 1763—1766

Szalai G., Krishnamurthy R. and Hajnoczky G. (1999) Apop-
tosis driven by IP(3)-linked mitochondrial calcium signals.
EMBO J. 18: 6349-6361

274

275

276

New understandings in diabetic neuropathy

Mattson M. P, LaFerla F. M., Chan S. L., Leissring M. A.,
Shepel P. N. and Geiger J. D. (2000) Calcium signaling in the
ER: its role in neuronal plasticity and neurodegenerative dis-
orders. Trends Neurosci. 23: 222-229

Kim B. C., Kim H. T., Mamura M., Ambudkar I. S., Choi K.
S. and Kim S. J. (2002) Tumor necrosis factor induces apop-
tosis in hepatoma cells by increasing Ca(2+) release from the
endoplasmic reticulum and suppressing Bcl-2 expression. J.
Biol. Chem. 277: 3138131389

Li Z.G., Zhang W. and Sima A. A. F. (2002) Cognitive impair-
ment and hippocampal apoptosis in type 1 diabetic BB/W rats.
Diabetes 51 (Suppl. 2): A196

To access this journal online:
http://www.birkhauser.ch




