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Abstract

Diabetes mellitus is a major cause of peripheral neu-
ropathy, commonly manifested as distal symmetrical
polyneuropathy. This review examines evidence for
the importance of vascular factors and their metabol-
ic substrate from human and animal studies. Diabetic
neuropathy is associated with risk factors for macro-
vascular disease and with other microvascular com-
plications such as poor metabolic control, dyslip-
idaemia, body mass index, smoking, microalbumin-
uria and retinopathy. Studies in human and animal
models have shown reduced nerve perfusion and en-
doneurial hypoxia. Investigations on biopsy material
from patients with mild to severe neuropathy show
graded structural changes in nerve microvasculature
including basement membrane thickening, pericyte
degeneration and endothelial cell hyperplasia. Arte-
rio-venous shunting also contributes to reduced en-
doneurial perfusion. These vascular changes strongly
correlate with clinical defects and nerve pathology.
Vasodilator treatment in patients and animals im-
proves nerve function. Early vasa nervorum function-
al changes are caused by the metabolic insults of dia-

betes, the balance between vasodilation and vasocon-
striction is altered. Vascular endothelium is particu-
larly vulnerable, with deficits in the major endothelial
vasodilators, nitric oxide, endothelium-derived hy-
perpolarising factor and prostacyclin. Hyperglycae-
mia and dyslipidaemia driven oxidative stress is a ma-
jor contributor, enhanced by advanced glycation end
product formation and polyol pathway activation.
These are coupled to protein kinase C activation and
w-6 essential fatty acid dysmetabolism. Together,
this complex of interacting metabolic factors ac-
counts for endothelial dysfunction, reduced nerve
perfusion and function. Thus, the evidence emphasis-
es the importance of vascular dysfunction, driven by
metabolic change, as a cause of diabetic neuropathy,
and highlights potential therapeutic approaches.
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Hyperglycaemia is a fundamental metabolic insult in
diabetes mellitus, due to either a relative or absolute
deficiency of insulin. However, hyperglycaemia alone
cannot completely explain the complications of dia-
betes. Intensive blood glucose control dramatically
reduces microvascular complications but does not
prevent them altogether [1, 2]. The current optimal
management of microvascular disease can only at-
tempt to control glycaemia and then to deal with the
complications when they occur. Consequently, pa-
tients continue to go blind, develop renal failure and
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undergo lower extremity amputations making a
greater understanding of the pathogenesis of mi-
crovascular disease to enhance the development of
rational therapies urgent.

Distal symmetrical polyneuropathy (DSP) is prob-
ably the most common but least understood of the mi-
crovascular complications of diabetes [3]. This review
will discuss the pathogenesis of DSP and the complex
vascular and metabolic interactions involved.

Diabetic distal symmetrical polyneuropathy

Diabetes mellitus can predispose to a variety of neu-
rological syndromes, DSP being the most common
[4-6]. DSP is a length-dependent sensory and motor
neuropathy, with sensory loss starting in the toes and
spreading into the legs and hands in a “stocking and
glove” distribution. Sensory symptoms and signs pre-
dominate, usually sensory loss and numbness. How-
ever, some patients also suffer painful or “positive”
symptoms, which can be extremely distressing and
difficult to treat [7, 8]. The involvement of the motor
system is usually sub-clinical in the early stages of
DSP although it is easily detectable by neurophysio-
logical testing and can become disabling as the dis-
ease progresses [9]. Autonomic dysfunction also is
usually present and can be manifested in a variety of
ways including postural hypotension, gastrointestinal
dysmotility or erectile dysfunction [6]. Progressive
axon degeneration affects all fibre types and teased
fibre studies show demyelination [10, 11], indicating
a combined insult on axons and Schwann cells.
Diabetes mellitus is the leading cause of peripher-
al neuropathy in the western world [12]. In the past,
there have been wide variations in reported preva-
lence rates of DSP [13], however, with improved con-
sensus as to the definition of DSP and better stan-
dardisation of neurophysiological tests, several re-
cent large epidemiological studies have consistently
reported rates around 30 % [14, 15]. The most impor-
tant clinical sequalae of sensory loss is foot ulcer-
ation, the most common cause of hospital admission
in diabetic patients and the leading cause of non-trau-
matic lower limb amputations [12, 16]. Consequently,
DSP is important not just on clinical grounds but also
on economic grounds, particularly because the preva-
lence of diabetes continues to increase dramatically
[17, 18]. To understand the pathogenesis of DSP
more clearly, to allow the development of effective
treatments to prevent, slow, or even reverse the dis-
ease process is therefore more and more important.

Pathogenesis of distal symmetrical polyneuropathy

An understanding of the pathogenesis of DSP has
been obfuscated in the past by polarised views as to
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whether metabolic or vascular factors were more im-
portant. However, current opinion focuses on the ex-
istence of complex interactions between the two at
all stages of disease. Indeed, microvascular reactivity
is impaired and agonist-stimulated endothelium-de-
pendent vasodilation can be compromised before
the onset of frank hyperglycaemia in those at risk of
developing Type II (non-insulin-dependent) diabetes
mellitus [19, 20]. The association of DSP with macro-
vascular and other microvascular diseases highlights
the role of vascular factors.

Neuropathy and risk factors for macrovascular dis-
ease. Several studies have shown the association of
DSP with risk factors that predict the development
of macrovascular disease. Hypertension has been im-
plicated as a strong risk factor for DSP [14, 21, 22]. In
the United Kingdom Prospective Diabetes Study
(UKPDS), control of hypertension not only markedly
improved macrovascular outcomes but also reduced
microvascular complications. Furthermore, two small
trials with angiotensin converting enzyme (ACE) in-
hibitors and one using another vasodilator, the SHT,
antagonist sarpogrelate, have shown nerve conduc-
tion velocity (NCV) improvements in DSP [23-25].
Other important risk factors for DSP include ciga-
rette smoking, dyslipidaemia, microalbuminuria and
BMI [14, 26]. Many of these factors are already treat-
ed aggressively in diabetes and this could conse-
quently also benefit peripheral nerve. However, evi-
dence from a recent trial on the effects of aggressive
risk factor control showed benefits for nephropathy,
retinopathy and autonomic neuropathy but not pe-
ripheral neuropathy [27].

Association with other microvascular disease. There is
a clear vascular aetiology for retinopathy and neph-
ropathy. The strong association between these com-
plications and DSP indicate a common pathogenic
mechanism [14]. The retina allows direct visualiza-
tion of the vasculature and has therefore been studied
extensively. It used to be thought that retinal blood
flow is increased initially, followed by hypoperfusion
and hypoxia, all occurring before any effect on retinal
function is evident [28]. However, more recent stud-
ies, backed by data from animal models, show that
the very earliest insult is a fall in retinal perfusion
[29]. Subsequently, there are maladaptive interac-
tions with trophic factors such as vascular endothelial
growth factor and poor metabolic control, which
eventually cause proliferation of unstable vessels
and the development of potentially sight-threatening
diseases [30, 31]. Studies of renal perfusion have also
shown that blood flow initially increases before any
functional defect is apparent [32]. This is followed by
a gradual decline in glomerular perfusion and conse-
quently filtration and renal function. It is still not
completely clear whether hyperperfusion precedes
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blood flow reductions in the peripheral nerve, al-
though the majority of experimental evidence from
humans and animal models suggests this is not the
case [33-35]. The microvasculature of the eye, kidney
and nerve might not be directly comparable because
there might be different autoregulatory, cytokine
and trophic mechanisms governing both normal re-
sponses and those to insults such as hyperglycaemia
and hypoxia.

Experimental studies of microvascular disease in
human distal symmetrical polyneuropathy

Endoneurial blood flow and hypoxia. The cardinal
features of in vivo studies of the sural nerve in estab-
lished human DSP are hypoxia and reduced nerve
blood flow (Fig. 1). Microelectrode polarography first
demonstrated reduced sural nerve endoneurial oxygen
tension in DSP[36]. Recently, less invasive techniques
have been developed allowing intracapillary haemo-
globin oxygen saturation to be measured using micro-
lightguide spectrophotometry and have confirmed hy-
poxia in DSP [37]. Nerve blood flow, estimated using
fluorescein angiography, is markedly reduced and cor-
relates strongly with neurophysiological parameters
and intracapillary oxygen saturation [37, 38]. Interest-
ingly, non-neuropathic diabetic patients had blood
flow and oxygen saturation values that were intermedi-
ate to,butnot markedly different from, the control sub-
jects and neuropathic patients suggesting some degree
of microvascular disease in this group [37]. Studies
evaluating early, subclinical neuropathy using these
techniques have not yet been reported.

One study examined nerve blood flow in early
DSP using laser-Doppler flowmetry [39]. The limita-
tions of the study include the use of disease controls
(rather than non-neuropathic diabetic and healthy
control subjects), the difficulty of measuring blood
flow by laser-Doppler and this technique’s lack of
specificity in monitoring nutritive perfusion [40].
However, the study showed similar values for laser-
Doppler flux in early DSP and other neuropathies,
whereas there were reductions in vasculitic neuropa-
thy [39]. Although the authors argue that these re-
sults suggest that blood flow might not be reduced in
early mild human DSP, this issue requires further
evaluation using more robust and accurate tech-
niques for assessing nerve perfusion.

There is strong indirect evidence that hypoxia has
a role in nerve dysfunction. Reduced transcutaneous
oxygen tension is associated with reductions in pero-
neal motor NCV [41]. Peripheral vascular disease
can exacerbate neuropathy [42], an effect which can
be partially reversed by surgical reconstruction of
the diseased arteries [43]. Nerve conduction velocity
increases in normal nerves with exercise, due to in-
creased nerve perfusion, but does not rise in DSP
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[44]. Furthermore, peripheral neuropathy can devel-
op in non-diabetic subjects with chronic hypoxia, for
example in chronic obstructive pulmonary disease.
Neuropathological changes were similar to those
found in DSP [45], suggesting that hypoxia without
the complex metabolic derangement of diabetes is
sufficient to cause neuronal dysfunction.

Increased resistance to ischaemic conduction fail-
ure has been described in both DSP and hypoxic neu-
ropathy [46, 47] and refers to the enhanced ability of
nerves to maintain function, assessed by NCV or per-
sistence of sensation, when the blood supply is oc-
cluded. The cause of this phenomenon is not clear al-
though it could be an adaptive change to chronic hy-
poxia and indeed, the effect is reversed by oxygen
supplementation [47]. A similar phenomenon has
been noted in animal models. Hyperglycaemia might
make a partial contribution, presumably by increas-
ing nerve energy substrate availability [48]. However,
the finding that vasodilator treatment can reduce the
development of ischaemic resistance, and in non dia-
betic rats, ischaemic resistance can be produced
when nerve vascular supply is compromised by
chronic partial blockade of endothelium-dependent
vasodilation indicates a vascular component [49, 50].

Structural changes and nerve vasculature. The fact
that structural vascular disease can have a role in the
pathogenesis of neurological damage in diabetes has
been recognized for over 100 years [51]. The first spe-
cific linkage of diabetic peripheral neuropathy with
microvascular disease came from the thickening and
hyalinisation of the intraneural vessel wall [52]. This
has subsequently been shown to be due to a thicken-
ing and reduplication of the capillary basal lamina
[53-55]. Sural nerve biopsy studies and the develop-
ment of detailed ultrastructural techniques have al-
lowed further assessment of the nerve fibre and ac-
companying microvascular pathologies. Endoneurial
microangiopathy has been consistently seen in both
mild and chronic DSP, with similar, but markedly less
severe changes in diabetic patients without neuropa-
thy [55-58]. The pathological changes (Fig.2) include
capillary basement membrane thickening, pericyte
degeneration and endothelial cell hyperplasia and
have been shown to correlate strongly with the degree
of nerve fibre and clinical defect [55-60]. Interesting-
ly, the abnormalities are more severe in endoneurial
capillaries than in the epineurium, skin and muscle in-
dicating a complex intraneural neurovascular interac-
tion [61]. The cause of these abnormalities is not clear.
Basement membrane thickening has been observed
in hereditary sensory and motor neuropathy and
could therefore represent a response to nerve damage
[62]. However, basement membrane thickening and
endothelial cell hyperplasia could also be a maladap-
tive response to hypoxia causing reduced diffusion ca-
pacity, therefore exacerbating the hypoxia.
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Fig.1A-E. Sural nerve fluorescein angiograms from a non-
neuropathic diabetic subject (A) showing normal intensity of
fluorescence and a subject with chronic neuropathy (B) show-
ing a reduction in fluorescence due to impaired blood flow.
The time course of the appearance of fluorescence (C) was slo-
wed in a neuropathic diabetic subject (d + n) compared to a
non-diabetic control subject (c), indicating impaired nerve
blood flow. This was reflected in the fluorescein rise time (D)
for groups of non-diabetic control (c; n = 9), non-neuropathic
diabetic (d; n = 9) and neuropathic diabetic (d + n; n = 10) pa-
tients. The mean sural nerve intravascular oxygen saturation
(E) was reduced in diabetic patients with chronic neuropathy,
strongly correlating with the increase in fluorescein rise time.
Fig. 1A—C reproduced with permission [39, 40]

The role of capillary luminal area and vessel occlu-
sion remains controversial. Several groups have dem-
onstrated endothelial hyperplasia, leading to reduc-
tions in luminal area [63-66]. This, in conjunction
with haemorheological abnormalities including fibrin
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deposition [65], platelet activation [67] and erythro-
cyte aggregation [68-70] could cause vessel occlusion
and endoneurial hypoxia [70, 71]. Indeed, the degree
of neuropathy was closely correlated with the num-
bers of closed vessels [66]. More recently however,
the contrary finding of increased endoneurial capil-
lary luminal area in DSP has been reported, indicat-
ing that this could be an adaptive change to endo-
neurial hypoxia [72].

Unmyelinated nerve fibres participate in the regu-
lation of endoneurial blood flow by controlling arte-
rio-venous shunting in the epineurial and perineurial
feeding arterioles [73]. Damage to these fibres occurs
early in the neuropathic process and this loss of con-
trolling innervation can exacerbate endoneurial hy-
poxia [74]. The potential contribution of arterio-ve-
nous shunting to DSP has been identified by a num-
ber of groups. The observation of dilated veins and
bounding arterial pulses in DSP and the increases in
pO, in the foot veins indicated arterio-venous shunt-



N. E.Cameron et al.: vascular factors in diabetic neuropathy

by

Fig.2 A, B. Photomicrographs of endoneurial capillaries from
sural nerve biopsies showing (A) a normal capillary from a di-
abetic patient without neuropathy and (B) a closed capillary
from a subject with diabetic neuropathy, with basement mem-
brane (BM) thickening and endothelial cell (e¢) proliferation.
Photomicrographs courtesy of Dr. R. A. Malik, University of
Manchester, Manchester UK

ing at the skin [75]. Interestingly, arterio-venous
shunting has been shown on the surface of the sural
nerve in DSP (Fig.3) as well as acute painful neuro-
pathy of rapid glycaemic control, implying endoneur-
ial hypoxia [38,76].

Role of ischaemia in nerve fibre pathology. It is not
clear whether the nerve fibre pathology described in
human DSP can be explained by ischaemia. Indeed,
the symmetrical, length-dependent nature of DSP
has been used as argument against a vascular patholo-
gy. Certainly, the insult required to cause neurological
dysfunction in DSP is likely to be considerable, as the
nutritive blood supply is extensive and anastomotic.
In experimental studies only patchy ischaemia is in-
duced by ligation of localised nutrient arterioles [77].
Microsphere embolisation studies showed that many
microvessels had to be occluded before sizeable nerve
fibre damage occurred [78]. However, post-mortem
and teased fibre studies in humans have shown that
proximal multifocal vascular lesions can summate to
produce distal fibre loss [11] which was used to argue
that ischaemia was the primary cause. Furthermore,
neuronal lesions in autopsy studies of DSP were very
similar to those of non-diabetic subjects with vasculi-
tis [79]. Thus, there is clear evidence that the microan-
giopathic process is extensive and could be sufficient
to explain the pathologic data.
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Specific diabetic neuropathic conditions in man and
the role of vascular factors

Painful neuropathies. Further evidence that hypoxia
plays a role in neuronal dysfunction comes from spe-
cific manifestations of neurological damage in diabe-
tes. A proportion of patients with DSP will develop
painful symptoms and, although many of the patho-
genic mechanisms can be the same, the cause of this
pain has to be considered [7]. Acute painful neuropa-
thy of rapid glycaemic control, so-called “insulin neu-
ritis”, has a very different presentation and prognosis
to DSP [76]. Extensive epineurial vessel abnormali-
ties were apparent including arterio-venous shunting
as seen in DSP. However, there was also evidence of
new vessel growth on the surface of the nerve
(Fig.4) which had features similar to retinal neovas-
cularisation [76]. The cause of these neural new ves-
sels is not clear although they have been strongly
linked in the retina to hypoxia and a variety of growth
factors [31]. Consequently, it was suggested that the
hypoxia could be driving the pain. In animal studies,
acute intravenous insulin infusion (in the absence of
hypoglycaemia) promoted the opening of nerve arte-
rio-venous shunts in diabetic and non-diabetic rats,
which diverted blood from the nerve capillary bed
causing reduced endoneurial oxygen tension [80].

Recently nerve blood flow and intracapillary oxy-
gen saturation have been compared in patients with
DSP with and without painful symptoms, and higher
blood flow and less hypoxia was observed in those pa-
tients with pain [81]. It is not clear whether this repre-
sents a general hyperperfusion of the nerve or further
profound arterio-venous shunting from the endoneu-
rium but the distinct differences between patients
with and without pain strongly suggests that haemo-
dynamic factors are important.
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Fig.3 A, B. Surface view of the sural nerve from a non-diabet-
ic subject (A) showing normal arterial (a) and venous (V)
anatomy. This contrasts with findings for a patient with chronic
diabetic neuropathy (B), where there was arterial (a) attenua-
tion, venous (V) tortuosity and arterio-venous shunting (s).
Reproduced with permission [40]

Mononeuropathies. Perhaps the neurological syn-
dromes with the strongest evidence of an ischaemic
origin are the mononeuropathies. Histological stud-
ies in third cranial nerve palsy have revealed localised
infarcts within the nerve and its nuclei [82, 83]. A sin-
gle, focal ischaemic insult is indeed suggested by the
clinical features of this condition particularly its
abrupt onset, good prognosis and pupillary sparing,
which presumably occurs as the peripherally placed
parasympathetic fibres have a separate blood supply
[84].

Commonly used animal models of distal symmetrical
polyneuropathy

Frequently used animal models consist of chemically-
induced (alloxan and streptozotocin) or genetically
diabetic rodents. All nerve fibre types are affected,
although the early abnormalities normally studied
are functional ones, such as reduced NCV and in-
creased ischaemic resistance, and at best are accom-
panied by subtle rather than gross morphometric al-
terations and fibre degeneration [85, 86]. Early apo-
ptosis-like changes have also been reported for neu-
ronal cell bodies in dorsal root ganglia [87]. In the
long term, degenerative changes occur in motor and
sensory fibres, roughly analogous to those in patients

[88-91]. In these models, although deficits are sym-
metrical, the nerves are too short for a “stocking and
glove” type distribution to be obvious. Thus, while
such experimental models do not mimic the human
disease exactly, particularly in terms of longevity and
development of the more chronic clinical complica-
tions, they are useful for a detailed study of the initial
metabolic and vascular insults that can trigger neuro-
pathy.

Vascular changes and neuropathy in animal models

Experiments in animal models, particularly the strep-
tozotocin-induced diabetic rat, have shown that re-
duced sciatic nerve blood flow occurs very early after
diabetes induction [33-35]. The same is true for other
important peripheral neural structures such as dorsal
root and autonomic ganglia ([92], Cameron and Cot-
ter, unpublished observations). The perfusion deficit
is sufficient to cause endoneurial hypoxia [33, 93]
and therefore closely parallels the sural nerve endo-
neurial changes noted for neuropathic patients
[36-38]. These early events occur well before the de-
velopment of clear pathological alterations to nerve
capillaries, such as basement membrane thickening,
and are accompanied by functional deficits such as re-
duced NCV and increased resistance to ischaemic
conduction failure [94].

In addition to the pathological and morphological
evidence of vasa nervorum microangiopathy de-
scribed in longer-term diabetes for human nerves, di-
abetes also causes several important basic defects in
vascular function. These have been found in non-neu-
ral tissue in humans and in many vessels and vascular
beds, including vasa nervorum, in animal models.
Vascular endothelium seems to be particularly vul-
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Fig.4. A sural nerve photograph from a subject with “insulin
neuritis”, showing a fine network of blood vessels resembling

the new vessels (NV) of the retina. Reproduced with permis-
sion [79]

nerable; deficits have been identified in endothelium-
derived vasodilation in patients and animal models
[95-98]. Experiments on diabetic rats and rabbits
have shown an early impairment of vasorelaxation
by the nitric oxide (NO), prostacyclin and endotheli-
um-derived hyperpolarising factor (EDHF) systems
[97-103]. Furthermore, there is increased activity in
multiple vasoconstrictor mechanisms and in some
vessels the production of prostanoid endothelium-de-
rived constricting factors is increased by diabetes
[97]. Local vascular production of angiotensin II is in-
creased and circulating ACE concentrations could be
increased [104-106]. Diabetes stimulates endothelial
endothelin-1 production in rats and circulating endo-
thelin-1 concentrations could be higher in diabetic
patients, particularly in those with other evidence of
microvascular disease [107, 108]. Increased endothe-
lin-1 release from other tissues whose expression is
increased by diabetes, for example the adrenal
glands, could also contribute in principle [109].

Taken together, the data strongly suggests that dia-
betes alters the balance of vasodilation and vasocon-
striction in favour of the latter. Coupled with an in-
creased procoagulatory state, increased blood viscos-
ity, and enhanced adhesion [68-70, 110], these delete-
rious effects on vascular function could be expected
to reduce nerve tissue perfusion.

Vasodilator studies. In addition to the studies in hu-
mans showing the benefits of vasodilator treatment in
DSP [23-25], evidence for the importance of vascular
factors in diabetic neuropathy comes from numerous
vasodilator studies in experimental diabetes, which
show prevention or correction of a wide spectrum of
functional changes. A long list of vasodilator agents
increase NCV, accompanied by improved nerve blood
flow. These agents include ACE inhibitors and antag-
onists of angiotensin AT, receptors, endothelin-1
ET, receptors, a,-adrenoceptors, Ca** channels, and
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serotonin SHT, receptors [49, 93, 111-117]. The same
is true for several agonists, including $3,-adrenoceptor
agonists, prostacyclin, prostaglandin (PG) E,; and
PGE, analogues, nitrodilators, K ,1p channel openers
and a variety of other compounds such as phosphodi-
esterase inhibitors [114, 118-122]. Several vasodilator
studies have also shown the beneficial effects on endo-
neurial hypoxia, resistance to ischaemic conduction
failure, regeneration of damaged nerve fibres and
neuropathic pain [49, 93, 111, 123, 124]. While some
of these vasodilators could target the mechanisms un-
derlying diabetes-induced vasa nervorum dysfunc-
tion, particularly changes in the angiotensin II and en-
dothelin-1 systems, most simply compensate for the
adverse vascular changes and improve nerve blood
flow and oxygenation. Thus, explaining how metabol-
icabnormalities in diabetes cause vascular defects suf-
ficient to compromise nerve integrity, and ascer-
taining whether there are important parallel exacer-
bating metabolic insults that impinge directly on nerve
fibres is a major challenge.

Metabolic factors and vascular changes in diabetes

For experimental and theoretical reasons, a variety of
metabolic mechanisms dependent on hyperglycaemia
and hypoinsulinaemia have been thought to contrib-
ute to the aetiology of diabetic complications, includ-
ing neuropathy. To date, the greatest attention has fo-
cussed on advanced glycation, the polyol pathway,
oxidative stress, protein kinase C (PKC) and im-
paired essential fatty acid metabolism. In nerves, the
initial focus has been on direct neuronal effects in-
cluding glycation of structural proteins, accumulation
of sorbitol, myo-inositol depletion and decreased
PKC activity, oxidative damage to neuronal mem-
branes and changes in their fatty acid composition
[89, 90, 94, 125]. Some of these actions were thought
to impinge on nerve function via reduced Na*, K* AT-
Pase activity [125]. However, more recently, studies
in animal models and to a limited extent in humans,
showed that all of these mechanisms have vascular
targets relevant to neuropathy [94]. The potential im-
portance of this is shown in Figure 5, where the re-
sults of a substantial number of pharmacological in-
vestigations in the streptozotocin-induced diabetic
rat model [reviewed in 91] have been plotted to
show the relation between sciatic motor NCV and nu-
tritive (capillary) endoneurial blood flow. The data
are subdivided into different treatment categories:
vasodilators, antioxidants, aldose reductase inhibi-
tors, and other diverse treatments (including PKC in-
hibitors, essential fatty acids, aminoguanidine, myo-
inositol and drug combinations). The best fitting
non-linear regression curves for these individual cate-
gories are very similar; as blood flow increases so
does NCV up to an asymptote, that is, within the nor-
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Fig.5. Relation between sciatic motor nerve conduction veloc-
ity and endoneurial blood flow in groups of diabetic rats
(n = 6-12) treated with various drugs in our laboratory. Diabe-
tes duration was 4-12 weeks and treatment was preventive or
corrective. The drug treatments are divided into antioxidants
(0), aldose reductase inhibitors (A), vasodilators (*) or a mis-
cellaneous group (@) comprising aminoguanidine, essential
fatty acids, carnitine derivatives, protein kinase C inhibitors,
myo-inositol, a sorbitol dehydrogenase inhibitor, C-peptide,
statins and drug mixtures, for example lipoic acid — gamma li-
nolenic acid. The lines are the best-fitting Boltzman curves
for each treatment category. All the curves are very similar
and well fitted to the data: conduction velocity is low at low
flow rates and reaches an asymptote at high flows, correspond-
ing to the non-diabetic range. This emphasises the importance
of blood flow changes to nerve conduction

mal range. For the drugs targeting metabolic changes,
there is no indication of a substantial divergence from
the vasodilator curve, which would be expected if
there were important non-vascular or neural compo-
nents of drug action. Thus, at least as far as animal
studies and a simple measure of nerve dysfunction
are concerned, the evidence for a predominantly vas-
cular action of these “metabolic” drugs is extremely
robust. Questions remain on precisely how such met-
abolic factors affect nerve blood supply.

Oxidative stress and advanced glycation. Diabetes in-
creases the formation of reactive oxygen species
(ROS). Sources of ROS include auto-oxidation of
glucose and its metabolites, the advanced glycation
process, lipid oxidation, altered prostanoid produc-
tion, inefficient mitochondrial function, the NADPH
oxidase system, inflammatory processes and a variety
of other metabolic pathways. ROS could also be pro-
duced by the oxidative stress-linked blood flow ab-
normalities during ischaemia-reperfusion episodes,
with a contribution from the xanthine oxidase system.
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Oxidative stress could be exacerbated by impaired
endogenous antioxidant protection mechanisms,
which is particularly relevant for peripheral nerve, al-
though tissue responses to diabetes and oxidative
stress vary, some showing up-regulation of protection
mechanisms [126-130]. In addition, ROS have a non-
pathological role in signal transduction and cell regu-
lation of gene expression, which could also be rele-
vant for diabetes. For example, intracellular ROS
are involved in the activation of nuclear factor-kappa
B, which participates in the control of endothelial
NOS expression [131].

ROS affect the vascular endothelium, damaging
cells and altering specific functions. Nitric oxide is
an important target for ROS. Superoxide from a vari-
ety of sources can react with NO produced by vascu-
lar endothelium or nitrergic nerves, to form peroxyni-
trite (ONO,"), which would reduce endothelium-de-
pendent relation and nitrergic neurotransmission.
The peroxynitrite nitrosylates proteins, potentially
altering their function and increased concentrations
of nitrotyrosine have been noted in vessels from dia-
betic patients and endothelial cells cultured under
high glucose conditions [132, 133]. Peroxynitrite also
breaks down to give highly reactive hydroxyl radicals
that are cytotoxic [134]. Chronic treatment with the
ROS scavengers vitamin E, butylated hydroxytolu-
ene, acetylcysteine, a-lipoic acid, or the hydroxyl rad-
ical scavenger, dimethylthiourea, protect the vascular
NO system in diabetic rats [97, 135-137] and there
are some indications of similar effects in diabetic pa-
tients [138]. A preliminary report also suggests that
antioxidants ameliorate diabetic EDHF defects
[139].

Oxidative stress is also involved in the increase in
vascular angiotensin II activity, and antioxidants re-
duce plasma ACE concentrations in diabetic rats
[105]. Scavengers, such as those listed above, improve
NCV and blood flow in experimental diabetes, ac-
tions that are markedly attenuated by NO synthase
inhibitor cotreatment [105, 129, 140-142]. Moreover,
beneficial scavenger effects have been noted for en-
doneurial oxygen tension, nerve morphometry, re-
generation of damaged nerve fibres and corpus caver-
nosum innervation [105, 143-145].

The peroxynitrite mechanism can be enhanced in
diabetes not only by increased superoxide formation
but also by up-regulation of NOS in some tissues, par-
ticularly early on in the disease [131]. Endothelium-
dependent relaxation of aorta from diabetic rats
could be protected by NO scavenger treatment
[146]. The early degenerative changes of corpus cav-
ernosum nitrergic innervation were partially attenu-
ated by NO synthase inhibitor treatment [147]. How-
ever, this approach would not be generally suitable
for treatment of nerve and vasa nervorum dysfunc-
tion. Thus, there is no evidence of NOS up-regulation
in vas nervorum [89]. Chronic NOS inhibition causes
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neuropathic damage by reducing nerve blood flow in
non-diabetic rats and it opposes the beneficial effects
of various vasoactive agents in diabetic rats including
vasodilators, aldose reductase inhibitors, protein ki-
nase C inhibitors, antioxidants and aminoguanidine
on nerve function [50, 148-150]. Thus, for peripheral
neuropathy, increasing vasodilation to restore vasa
nervorum perfusion is a primary concern, even when
nitrodilators are used to further increase NO [120].
The practical vascular benefits of antioxidant therapy
in inhibiting the formation of ROS and peroxynitrite
clearly outweigh those of a theoretical remedy based
on agents that reduce NO availability, which would
also exacerbate hypertension, a risk factor for neur-
opathy[14].

In general, both lipophilic and hydrophilic scav-
engers are effective against endothelial and nerve
dysfunction in experimental diabetes. However, ex-
tremely large doses are often required, for example,
1 g-kg'day! of vitamin E [135, 141, 144]. Not only
does this limit potential therapeutic application but
it also suggests that scavenging might not be a partic-
ularly effective approach. It is necessary to increase
our detailed understanding of the importance of po-
tential sources of ROS in diabetes, their localisation
and the processes involved in their formation.

LDL is oxidised in diabetes, the lipid content un-
dergoing peroxidation chain reactions [126]. This
source of hydroxyl radicals can cause endothelial
damage [151]. A lipid-lowering strategy would re-
duce this cause of oxidative stress, which could be im-
portant as higher lipids are a risk factor for neuropa-
thy and endothelial dysfunction [14, 152]. Endotheli-
um-dependent relaxation in diabetic mice was pro-
tected by treatment with the lipid-lowering drug, cho-
lestyramine [153]. A similar strategy has recently
been applied to vasa nervorum; NCV and blood flow
deficits were corrected by statin treatment of diabetic
rats [154].

Another approach is to prevent ROS formation by
auto-oxidation and the Fenton reaction, which are ca-
talysed by free transition metal ions, particularly iron
and copper. The normally tight regulation of free
transition metals is compromised by diabetes [155,
156]. Low doses of the transition metal chelators, def-
eroxamine and trientine, completely corrected sciatic
nerve perfusion and NCV deficits in diabetic rats
[157]. Chronic chelator treatment prevented defec-
tive aorta and corpus cavernosum endothelium-de-
pendent relaxation, and attenuated defects in cav-
ernosal nitrergic nerve function [97, 158]. Interesting-
ly, a single intravascular injection of a macromolecu-
lar dextran conjugate of deferoxamine caused long-
lasting improvements in nerve blood flow and NCV
in diabetic rats, so that it took one month for values
to return to the diabetic level [159]. Moreover, the
initial increase in NCV lagged behind that of perfu-
sion, which suggests that vascular changes, rather
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than a direct ROS action on nerve fibres, cause the
NCYV defect. Thus, transition metal dysregulation ap-
pears to make an important contribution to ROS gen-
eration in experimental diabetes, with a gradual
build-up of free iron and copper in blood or vascular
tissue which could be controlled by periodic chelator
treatment. In diabetic patients, clinical neuropathy
trials are underway using lipoic acid, which is both a
scavenger and metal chelator. Early reports show
some benefits for symptomatic and autonomic neuro-
pathy as well as modest improvements in NCV [160].

The non-enzymatic reaction of reducing sugars
with protein amino groups and lipids gives rise to the
formation of reactive dicarbonyl intermediates by
auto-oxidation, which then further react to form a va-
riety of advanced glycation end products (AGEs)
[126, 127, 161]. It is difficult to separate the effects of
oxidative stress from changes due to AGE produc-
tion because the latter produces ROS and is acceler-
ated by ROS. Moreover, transition metal-catalysed
auto-oxidation is involved in AGE formation and
AGEs bind transition metals in such a way that they
remain redox active [127, 162]. AGEs have marked
vascular effects, both directly and by binding to spe-
cific receptors [161]. The latter could mediate signal
transduction through ROS generation to activate nu-
clear transcription factor xB, which is involved in
cell injury responses. Antioxidants inhibit AGE for-
mation and the effects of AGE receptor activation
[126]. AGEs can affect the endothelial NO system
by ROS generation and also by directly quenching
NO [133, 161]. Chronic treatment with aminoguani-
dine, which reacts with dicarbonyl intermediates to
inhibit AGE formation, prevented the development
of aorta NO-mediated endothelium-dependent relax-
ation deficits in diabetic rats [137]. Aminoguanidine
treatment also prevents and corrects nerve blood
flow and NCV deficits and prevents deficits in neu-
ronal morphology in diabetic rats [89, 128, 148]. How-
ever, aminoguanidine is not only an AGE inhibitor
but also blocks the inducible isoform of NO synthase.
This does not contribute to the beneficial neurovas-
cular actions of aminoguanidine, which are abolished
by cotreatment with a non-specific NO synthase in-
hibitor [148]. Aminoguanidine also inhibits semicar-
bazide-sensitive amine oxidase, which is located in
several tissues including arterial vessel walls. This en-
zyme is higher in diabetes and can catalyse the break-
down of aminoacetone to methylglyoxal and the
ROS, hydrogen peroxide [163]. The former is a reac-
tive carbonyl species involved in AGE formation
[126] and the latter would further contribute to oxida-
tive stress.

Thus, it is clear that the increased generation of
ROS and AGEs in diabetes have marked neurovas-
cular actions, sufficient to account for many, if not
all, of the nerve function changes in experimental dia-
betes. However, in the long-term, direct ROS effects
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on neurones could contribute to degeneration, for ex-
ample by impaired mitochondrial function which
could be linked to the apoptosis-like changes seen in
neuronal ganglionic cell bodies [87, 92]. These events
could also be triggered by reduced peripheral gangli-
on and nerve blood flow [92].

Polyol pathway. Increases in polyol pathway activity
have long been thought to be an important in diabetic
complications, particularly for neuropathy and there
have been several major clinical trials of aldose re-
ductase inhibitors (ARIs), which block the first en-
zyme in the pathway. Several of the ARI trials, which
have been reviewed in detail, showed relatively mod-
est improvements in nerve function and morphome-
try [164-166]. In marked contrast, studies in animal
models show far more profound actions [89, 90, 94,
125, 164, 165]. Reasons for this discrepancy have
been debated [94, 165] but could in part be because
a crucial issue is the ARI dose necessary for neuro-
chemical effects on sorbitol accumulation in nerves
compared to the dose necessary for functional chan-
ges. Thus, in diabetic rats, a 90 % correction of a mo-
tor NCV deficit can require a greater than 30-fold
higher dose than for 90 % inhibition of nerve sorbitol
[167]. Trials on the effectiveness of ARI’s biochemi-
cal efficacy in lowering nerve polyols will, perforce,
have a similar discrepancy for functional measures
such as NCV. ARIs have profound effects on nerve
blood flow and it is this that correlates with NCV
(Fig.5). Moreover, ARI dose-response studies show
that blood flow effects closely parallel those on NCV
[167]. The actions of ARIs on vascular endothelium
are very similar to those of antioxidants, protecting
the NO and EDHF systems [100]. This could be be-
cause ARI treatment improves the concentration of
the endogenous antioxidant, glutathione, which is re-
duced in nerve and vascular tissue [121, 168]. Certain
ARIs of the spirohydantoin type, such as sorbinil,
have also been shown to have transition metal chela-
tion properties at high doses in vitro, which could po-
tentially contribute to their antioxidant-like action if
it occurs in vivo [169]. However, this putative mecha-
nism is not likely to be important for the more recent-
ly developed and highly potent third generation
ARIs, or for carboxylic acid and suphonylnitrome-
thane derived ARIs [164, 167]. As with antioxidants,
ARI effects on nerve perfusion and NCV are blocked
by NO synthase inhibition, while their polyol lower-
ing action does not change [149].

The first step of the polyol pathway, catalysed by
aldose reductase, seems more important for neu-
rovascular actions than the second sorbitol dehydro-
genase-dependent step. Thus, inhibitors of sorbitol
dehydrogenase, while being biochemically effective,
do not alter nerve blood flow or NCV in the short-
term [170]. In fact, they might exacerbate oxidative
stress by further depressing tissue glutathione con-
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centration [168], which in the long-term could be re-
sponsible for the increase in dystrophic changes of
mesenteric nerves seen with these agents [171].
Thus, the first polyol pathway step appears to be an
important contributor to oxidative stress in experi-
mental diabetes and actions on vasa nervorum are
primarily responsible for its role in early nerve dys-
function.

Protein kinase C. Another mechanism, increased
PKC activation, has been implicated in diabetic com-
plications and could in part act to mediate oxidative
stress-related neurovascular effects. PKC is activated
by hyperglycaemia-driven de novo synthesis of dia-
cylglycerol and also by oxidative stress [172]. In ves-
sels and vascular tissue, PKC, particularly the 3 iso-
form, is higher. In nerves, this is not usually observed
[150, 173], indeed reductions have been claimed to
be central to the pathogenesis of diabetic neuropathy
by modulating Na*, K* ATPase activity [125]. De-
spite the prediction from the neurochemical hypothe-
sis that PKC inhibitor treatment would further exac-
erbate nerve dysfunction, several PKC inhibitors
and diacylglycerol complexing agents were found in
fact to improve NCV in diabetic rats [150, 173, 174],
although the improvement was not sustained for
non-specific agents at very high doses [150]. The ben-
eficial effects on NCV were mediated by vasa ner-
vorum and improved nerve blood flow [150, 173,
174]. As with antioxidants and ARIs, the neural ac-
tion of PKC inhibitors in diabetic rats was blocked
by cotreatment with a NO synthase inhibitor [150,
174]. Moreover, chronic treatment with the PKCp in-
hibitor, 1Y333531, attenuated deficits in endotheli-
um-dependent relaxation mediated by the NO and
EDHEF systems in diabetic rats [175].

Essential fatty acids and interactions with oxidative
stress. The metabolism of w-6 essential fatty acids is
impaired by diabetes, the A-6 and A-5 desaturation
steps in the conversion of linoleic acid to arachidonic
acid being particularly compromised [176]. This lim-
its the production of 1 and 2 series prostanoids and li-
poxygenase products. Vasa nervorum production of
the vasodilator and inhibitor of platelet aggregation,
prostacyclin (PGI,), is reduced in diabetic rats [103].
The rate limiting A-6 desaturation deficit can be by-
passed by treatment with oils containing y-linolenic
acid or arachidonic acid, resulting in increased nerve
blood flow and NCV and attenuation of the develop-
ment of resistance to ischaemic conduction failure
[176, 177]. These functional effects were reduced by
cotreatment with cyclooxygenase inhibitors [149,
176]. Thus, the beneficial effects of w-6 essential fatty
acid treatment has been suggested to be due to the
restoration of vasa nervorum PGI, production by im-
proving substrate availability [176]. Recently, treat-
ment with evening primrose oil, which is rich in y-li-
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nolenic acid, was also found to improve the EDHF
system in mesenteric vessels of diabetic rats and to
boost it in non-diabetic animals [178]. The reason for
this is not clear, primarily because the chemical iden-
tity of EDHF has not been established. However,
one suggestion is that EDHF is an epoxyeicosatrie-
noic acid product of arachidonic acid metabolism by
cytochrome P450 [179]. If this proves to be the case,
then w-6 essential fatty acid treatment could be pro-
viding substrate for EDHF as well as PGI, synthesis.
Clinical trials of evening primrose oil show NCV and
sensory threshold improvements as well as a slowing
of neuropathy progression [176].

Polyunsaturated fatty acids, including the w-6 and
w-3 essential fatty acids, are a major target for ROS
damage. Indeed, without antioxidant protection they
can be the sites of destructive lipid peroxidation chain
reactions. Thus, they can be viewed as potential pro-
oxidants and vehicles for ROS carriage, for example
to vascular endothelium. This is balanced by their
positive actions to promote endothelium-derived va-
sodilation by PGI, and EDHF. Essential fatty acids
are also necessary for the normal structure and func-
tion of cell membranes and influence membrane flu-
idity and the microenvironment and activity of mem-
brane-bound proteins [176]. As antioxidants can pro-
tect essential fatty acids from ROS and also promote
endothelium dependent relaxation, albeit with a
somewhat different spectrum of action with greater
emphasis on NO, the effects of joint antioxidant and
y-linolenic acid therapies have been examined. These
proved to have synergistic actions on both nerve
blood flow and NCV in diabetic rats [142, 180]. The
most striking neurovascular effect was seen with an
equimolar lipoic acid / y-linolenic acid combination
where there was a synergy equivalent to a fivefold
amplification of drug action. The effect was specific,
as substituting the w-3 components, docosahexaenoic
acid or eicosapentaenoic for y-linolenic acid abol-
ished the synergistic effects [142]. In these and other
examples of synergistic drug interactions studied, the
correction of blood flow occurred in parallel to func-
tion improvements, emphasising a causal link [113,
142, 149, 180].

Conclusions

It is clear that impaired blood flow and endoneurial
hypoxia play a major role in causing diabetic neuro-
pathy in human and animal models. There is a com-
plex series of metabolic changes that interact to cause
reduced nerve perfusion (Fig.6). Animal studies sug-
gest that major defects arise from hyperglycaemia
and altered lipid handling, a hypothesis in accord
with epidemiological data on humans. Oxidative
stress-related mechanisms play a central role in vas-
cular dysfunction, altering the balance between va-
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Fig.6. Schematic of the metabolic and vascular interactions
that alter neurovascular function in diabetes. AIl, angiotensin
2; AGE, advanced glycation end product; A-V, arterio-venous;
DAG, diacylglycerol; EDHF, endothelium-derived hyperpola-
rising factor; EFA, essential fatty acid; ET, endothelin-1; NO,
nitric oxide; ONOO™, peroxynitrite; PGI,, prostacyclin; PKC,
protein kinase C; ROS, reactive oxygen species

sodilation and vasoconstriction in favour of the latter.
These early changes in vascular function give way to
progressive chronic endoneurial vascular damage
that accompanies the neurodegeneration seen in bi-
opsy samples from patients. The link between vascu-
lar dysfunction and long-term degenerative changes
is not entirely clear and merits future attention. Al-
terations in flow patterns appear to be very impor-
tant, particularly the increase in arterio-venous
shunting in vasa nervorum, which could in part be a
product of the neuropathic process involving auto-
nomic fibres. Questions remain on the nature of the
earliest nerve blood flow changes in humans and their
relation to neuropathy, and also on the details of the
role of vascular factors in neuropathic pain. The few
clinical trials using drugs targeting the vascular chan-
ges in diabetes have shown that it is possible to slow
or halt the progression of neuropathy or even give
rise to improvements in nerve function. Animal stud-
ies have identified many other metabolic-vascular
drug targets that have yet to be examined in human
beings, and the hope is that at least one of these ap-
proaches will prove to have substantial therapeutic
benefits.

Sources. The review is based on the relevant litera-
ture published in the English language during the pe-
riod 1990-2001 and seminal prior contributions. The
sources available to the authors were integrated with
sources identified through PubMed, Medline and
Web of Science searches using keyword combinations
of diabetes, neuropathy, endothelium, blood flow, is-
chaemia, nerve conduction, sensory testing, pain and
vasa nervorum.
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