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Summary Despite considerable research we still do 
not have a comprehensive explanation for the patho- 
genesis of diabetic neuropathy. Although chronic hy- 
perglycaemia is almost certainly involved, it is not 
known whether the primary pathology is metabolic, 
microvascular, or an interaction between the two. 
Hyperglycaemia-induced polyol pathway hyperactiv- 
ity associated with nerve sorbitol accumulation and 
myo-inositol depletion may play a part in the genesis 
of diabetic neuropathy. The case for microvascular 
disease in diabetic neuropathy is now strong. Fibre 
loss in human sural nerve is multifocal, suggesting 
ischaemia. The degree of vessel disease has been 
related to the severity of neuropathy. People with 
chronic obstructive pulmonary disease develop the 

so called "hypoxic neuropathy" in which similar mi- 
crovascular changes occur as in diabetic neuropathy. 
In rats with experimental diabetic neuropathy nerve 
blood flow is reduced and oxygen supplementation 
or vasodilator treatment improved the deterioration 
in conduction velocity and nerve blood flow. Similar- 
ly, in human diabetic neuropathy, there is impaired 
nerve blood flow, epineurial arterio-venous shunting 
and a reduction in sural nerve oxygen tension. At 
what stage during the development of nerve damage 
these changes occur is yet to be determined. [Diabe- 
tologia (1994) 37: 847-854] 
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Diabetic polyneuropathy commonly leads to consid- 
erable morbidity and mortality [1]. The most com- 
mon neuropathic syndrome associated with diabetes 
is the distal symmetric, predominantly sensory vari- 
ety, which is the major initiatng factor for foot ulcera- 
tion and infection [2]. Neuropathic pain is often dis- 
abling, leading to considerable distress and loss of 
sleep [3-5]. Conventional treatment is largely symp- 
tomatic and frequently ineffective. Yet, the aetiology 
of this common condition and the mechanisms of 
neuropathic pain remain obscure [6-8]. Moreover, 
we have no reliable means by which we can predict 
the development, or indeed prevent the progression 
of  clinical diabetic neuropathy [9]. These deficien- 
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cies emphasise the need to pursue the cause of this 
unpleasant complication. Although there is now a 
substantial body of evidence for the involvement of 
chronic hyperglycaemia [10-16], it is not known 
whether metabolic abnormalities directly cause 
nerve damage (Table 1) or whether they do so by 
first causing an alteration in nerve microvasculature. 
In this review we highlight the role of vascular fac- 
tors in the pathogenesis of diabetic neuropathy 
(Fig.i). 

Microangiopathy in human diabetic neuropathy 

The view that vascular disease may play a part in the 
pathogenesis of diabetic neuropathy is not recent. In 
1893, Price [17] described areas of nerve degenera- 
tion in the posterior tibial nerve trunks supplied by se- 
verely atheromatous posterior tibial arteries with oc- 
clusion of smaller microscopic vessels. Early this cen- 
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Table 1. Some of the proposed metabolic alterations in the 
diabetic peripheral nerve 
Sorbitol accumulation [96-98] 
Myo-inositol depletion [99] 
Reduction in sodium-potassium-ATPase [100, 101] 
Non-enzymatic glycosylation of proteins [21] 
Defective protein synthesis [102] 
Abnormalities of axonal flow [103] 
Reduction in gamma-linolenic acid [55, 88, 89] 
Abnormalities in transport and levels of nerve growth factor 
[104, 105] 

Diabetes mellitus 

I 
Endothelial cell proliferation 
Basement membrane thickening 
Increased diffusion distance 
Epineurial arterio-venous shunting 

Hyper-reactive }latelets 
Elevated blood viscosity 
Rigid erythrocytes 

Impaired nerve blood flow 

l 
Endoneurial hypoxia 

l 
Impaired nerve metabolism 

Diabetic neuropathy 
Fig. 1. Some of the proposed microvascular and haemorheolo- 
gical abnormalities leading to endoneurial hypoxia 

tury, Woltman and Wilder [18] also at tr ibuted neuro- 
pathy to arteriosclerosis of the vasa nervorum. How- 
ever, the first detailed study linking diabetic neuropa- 
thy to microvascular disease was unter taken by Fager- 
berg [19]. He demonst ra ted  the presence of thickening 
and hyalinization of intraneural  vessel wall by a mate- 
rial staining positive with periodic acid Schiff. These 
changes were later found to be due to reduplication 
of the capillary basal lamina [20], which may be the re- 
sult of episodes of increased endothelial  cell turnover  
or indeed due to non-enzymatic glycation [21]. 
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Several studies have confirmed the presence of en- 
doneurial  microangiopathy in both mild and chronic 
diabetic neuropathy [22-27]. In a recent sural nerve 
morphometr ic  study, endoneurial  capillary basement  
membrane  (Fig.2), endothelial  cell profile number  
and total diffusion barrier were found to be signifi- 
cantly increased in diabetic neuropathy [27]. These 
changes were found to be more  severe in endoneu-  
rial vessels compared  to epineurial [27] muscle [25] 
or skin [25] capillaries, suggesting an intraneural neu- 
rovascular interaction. Fur thermore,  only the degree 
of endoneurial  vessel disease was related to the sever- 
ity of both nerve fibre pathology and clinical neuro- 
pathy [25], a relationship which has also been report- 
ed by other studies [26]. 

Endothel ial  cell hyperplasia has been found in en- 
doneurial  capillaries in diabetic neuropathy [28], in 
some cases leading to complete  occlusion of small 
vessels (Fig.3) [29]. Timperly et al. [30] described 
plugging of small vessels by degenerate  cellular mate- 
rial and electron-dense protein in diabetic patients 
with a predominant ly  motor  neuropathy. Endoneu-  
rial capillary closure has also been shown in patients 
with diabetic neuropathy [31] and related to neuro- 
pathic severity. Fur thermore,  a recent morphometr ic  
study has demonst ra ted  endothelial  cell hyper t rophy 
and hyperplasia resulting in a reduction in luminal 
size of transperineurial capillaries [32]. These chan- 
ges, in addit ion to haemorheological  abnormalities 
[33] may well lead to endoneurial  hypoxia [34]. 

The symmetrical  nature of distal, primarily sen- 
sory diabetic neuropathy has been used as evidence 
against the microvascular hypothesis of nerve dam- 
age, However,  in an autopsy study of 16 diabetic neu- 
ropathic subjects, Johnson et al. [35] found focal fasci- 
cular lesions characterised by reduced density of 
myel inated axons within fascicles in the posterior ti- 
bial nerve and the lumbosacral  trunk. These lesions 
were found to be identical to those found in biopsies 
of nerves of non-diabetic subjects with vasculitis. 
More recently, Beggs et al. [36] f rom the same unit 
have demonst ra ted  that  diabetic patients have a se- 
lective early loss of autonomic innervation in the 
transperineurial  "sleeves" and exaggerated loss of in- 
nervation to the larger arterioles in the epineurium. 
They concluded that  autonomic neuropathy of the 
vasa nervorum leading to impairment  of circulatory 
autoregulat ion may cause nerve ischaemia. From 
pos t -mor tem studies, Dyck et al. [37] also demon-  
strated that  proximal multifocal lesions summate  to 
produce diffuse fibre loss distally in diabetic patients 
with diStal symmetric neuropathy. In another  mor- 
phometr ic  and teased fibre study of sural nerve biop- 
sies, Dyck et al. [38] showed that  fibre loss is multi- 
focal in diabetic neuropathy, strongly implicating 
ischaemia as the primary cause. 

Perhaps the most  compelling evidence for the im- 
portance of vascular factors in the aetiology of dia- 
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Fig. 2. Electronmicrograph of an endoneurial capillary from a 
patient with established neuropathy demonstrating gross 
thickening of basement membrane (bl), pericyte degeneration 
and pericyte debris (Pd) with endothelial cell hypertrophy 
and hyperplasia. (bar = 1 ~m) 

Fig.3. Lightmicrograph of a semithin transverse section of a 
fascicle from a sural nerve of a diabetic patient with estab- 
lished neuropathy demonstrating loss of myelinated fibres 
(mr), the presence of regenerative clusters (rc) and microan- 
giopathy in the form of basement membrane thickening and 
luminal occlusion in endoneurial capillaries (cap). Magnifica- 
tion x 400 

betic neuropathy comes from focal neuropathies of 
acute onset such as third cranial nerve palsy [39] and 
mononeuritis multiplex [40] of diabetes. These stu- 
dies have attributed the nerve lesions to ischaemia 
on the basis of their focal nature, their association 
with severe disease of small vessels, and the clinical 
patterns of onset and recovery. Despite these, how- 
ever, there are few studies on the state of epineurial 
nutrient arteries in distal symmetric neuropathy. A 
study by Korthals et al. [41] showed that epineurial 
vessel intimal area and numbers of intimal nuclei 
were significantly greater in diabetic subjects, most 
of whom had neuropathy compared to healthy con- 
trol subjects. They postulated that these lesions 
could result in nerve ischaemia although no direct re- 
lationship was found between the increase in intima 
and severity of nerve fibre degeneration. 

Experimental nerve ischaemia 

Peripheral nerve is supplied by a large network of 
longitudinal capillaries within the endoneurium and 
epineurial nutrient arterioles. Because of numerous 

collateral anastomoses between these two vascular 
systems, ligation of a single nutrient artery or nutri- 
ent arteries of a small segment results in only a par- 
tial or patchy ischaemia [42]. This observation has 
been confirmed by other animal studies [43, 44]. Nu- 
kada and Dyck [44] injected microspheres into arte- 
ries supplying the sciatic nerve in order to selectively 
occlude endoneurial vessels, and observed that many 
microvessels had to be occluded before fibre degen- 
eration resulted. Recently, the acute morphological 
effect of experimental ischaemia on the ultrastructur- 
al features of endoneurial microvessels has been stu- 
died in rats [45]. In ischaemic nerves there was an in- 
crease in basement  membrane,  and in the number  of 
pericytes and endothelial cells that appeared swol- 
len. Such studies offer indirect evidence for the im- 
portance of microvascular disease in the genesis of 
nerve damage in diabetes. 

Nerve blood flow and oxygen tension: 
studies in diabetic animals 

in recent years there have been a number of animal 
studies that further strengthen the case for microvas- 
cular/hypoxic mechanisms in the pathogenesis of dia- 
betic neuropathy. 

Hydrogen clearance method. Using a hydrogen clear- 
ance method, Tuck et al. [46] demonstrated that rats 
with experimental diabetic neuropathy have reduced 
nerve blood flow and oxygen tension. Cameron et al. 
[47] made the observation that a reduction in nerve 
blood flow of about  50 % occurs as early as one 
week after the induction of diabetes and demonstrat- 
ed that neuropathy could be prevented or corrected 
by vasodilator treatment [48, 49] that improves 
nerve blood flow. Oxygen supplementation [50] or 
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hyperbaric oxygen rearing [51] has also been found to 
improve deterioration in nerve conduction velocity. 
Furthermore, in a hypoxic environment, normal rats 
develop electrophysiological [52] and morphological 
[53] abnormalities similar to those seen in experimen- 
tal diabetes in the absence of hyperglycaemia. Cen- 
tral hypoxaemia also provokes neurological deficits 
similar to those seen in experimental diabetes [54]. 

Laser Dopplerflowmetry. Laser Doppler velocimetry 
has been employed to measure nerve blood flow [55, 
56]. In a recent study, sciatic nerve laser Doppler 
flux in rats with experimental diabetes was found to 
be 80 % of that of controls after 4 days of induction 
of diabetes and steadily fell and formed a plateau at 
40 % of control values after 4 weeks [57]. Similar re- 
sults were obtained in a previous study [56]. Treat- 
ment  of diabetic rats with insulin prevented the re- 
duction in nerve blood flow [57]. Nerve Doppler flux 
in BB rats with genetic diabetes of 6 weeks duration 
was also significantly reduced compared to non-dia- 
betic BB rats [57]. 

Injection of radiolabelled microspheres. Recent stu- 
dies using an alternative method of measuring nerve 
blood flow by injection of radiolabelled micro- 
spheres, have shown an apparently contrary result of 
increased endoneurial and perineurial sciatic blood 
flow early after the onset of experimental diabetes 
[58]. Williamson et al. [59] formulated an hypothesis 
in which increased oxidation of sorbitol to fructose 
in vascular cells results in an increase in the cytosolic 
ratio of NADH/NAD +. This increase in NADH/  
NAD + constitutes "pseudohypoxia" without a de- 
crease in tissue pO 2, the vascular response to which 
is vasodilatation and increased blood flow. This pro- 
cess is then postulated to eventually result in vascu- 
lar sclerosis and impaired blood flow [59]. 

14C butanol~tourniquet method. Monafo et al. [60] 
found that sciatic nerve blood flow was reduced in 
diabetic rats by using yet another method which in- 
volves intravenous injection of 14C butanol. 

As the animal models studied by the various 
groups are similar, the observed differences in nerve 
blood flow may only reflect methodological varia- 
tions. 

Nerve oxygen tension and blood flow 
in human diabetic neuropathy 
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of nerve blood flow in man. By using novel in vivo 
techniques of sural nerve photography and fluores- 
cein angiography, recent work has demonstrated the 
impairment of nerve blood flow and the presence of 
active epineurial arterio-venous shunts in human dia- 
betic neuropathy [62], There was wide-spread epi- 
neurial vessel abnormality with severe arteriolar at- 
tenuation and venous tortuosity and distension. It is 
not clear whether epineurial arterio-venous shunting 
[62] is a contributory factor or the result of nerve 
damage. However, the presence of epineuriaI ar- 
terio-venous shunts as well as a fine network of 
blood vessels resembling the "new vessels" of the re- 
tina in subjects with "insulin neuritis" [5], a transient 
neuropathy that follows rapid improvement in gly- 
caemic control [63], supports the view that microvas- 
cular disease and arterio-venous shunting are causal 
rather than epiphenomenal factors in the genesis of 
diabetic neuropathy. An  acute onset neuropathy 
6 weeks after lowering of blood glucose levels might 
be expected to be due to metabolic derangement 
and yet at such an early stage we see such dramatic 
acute vascular changes [5]. It is well recognised that 
arterio-venous shunting is a feature of the diabetic 
neuropathic leg [61, 64, 65] and it seems likely that 
the same mechanism takes place at the level of the 
nerve leading to nerve hypoxia. This would be consis- 
tent with the observation that nerve fibre degenera- 
tion is multifocal in diabetic neuropathy [35, 37, 38]. 
Loss of sympathetic fibres could result in arterio- 
venous shunting [36]. Following the demonstration of 
such shunting in the diabetic limb, similar Doppler 
sonogram abnormalities and venous oxygenation 
were found in the limbs of non-diabetic subjects with 
quadriplegia - total sympathetic denervation [66]. 

Recently, exercise-induced conduction velocity in- 
crement has been demonstrated to be markedly re- 
duced in diabetic neuropathy [67]. This contrasts 
with the observation that nerve conduction increases 
by comparable amounts in both non-neuropathic dia- 
betic and neuropathic diabetic subjects, on direct 
warming of a limb [67]. The impairment of exercise- 
induced conduction velocity increment in diabetic 
neuropathy is not surprising as the epineurial vessels 
supplying the neuropathic nerve are severely dis- 
eased [62] and consequently nerve blood flow is un- 
likely to increase after exercise. Exercise-induced 
conduction velocity increment may therefore be re- 
garded as a non-invasive measure of nerve blood 
flow. 

In human diabetic neuropathy there is a reduction in 
sural nerve oxygen tension [34] but elevation of PO 2 
in foot veins due to arterio-venous shunting [61]. Al- 
though histological studies have shown that there 
are severe microvascular changes at the stage of clin- 
ical neuropathy, there have been no in vivo studies 

Haemorheological abnormalities 

Evidence for the presence of a hypercoagulable state 
in diabetes is strong. Several studies have suggested 
that haemorheological abnormalities may contribute 
to impaired blood flow brought about by microvascu- 
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lar disease [68]. Fibrin deposition [30] and platelet 
clumping [69] have been observed in endoneurial 
vessels in diabetic neuropathy. Diabetic erythrocytes 
have been found to be less deformable than normal 
[70] and would therefore be expected to travel at a 
slower velocity in capillaries. This is compounded by 
increased erythrocyte aggregability and adhesiveness 
[71], abnormalities of platelet function, and in- 
creased blood and plasma viscosity [72, 73]. Accord- 
ing to Poiseuille's Law the rate of flow is proportion- 
al to the fourth power of the radius of a vessel. Thus, 
vessels of low flow such as capillaries are particularly 
susceptible to episodes of sludging and stasis which if 
severe, could result in tissue ischaemia. However, 
the exact causal relationship between haemorheolo- 
gical factors and diabetic complications is not yet 
clearly understood. 

Resistance to ischaemia 

An interesting characteristic of the diabetic nerve is 
what is termed "resistance to ischaemic conduction 
failure" (RICF). When blood supply is occluded, the 
diabetic nerve is able to maintain its function as mea- 
sured by electrophysiological parameters for an ab- 
normally longer period than a normal nerve [74]. 
This feature has been shown in newly-diagnosed dia- 
betic patients and did not change with satisfactory 
glycaemic control [75]. When non-diabetic rats are 
reared in hypoxic conditions they develop RICF 
[76], and oxygen supplementation [50] or hyperbaric 
oxygenation [51] prevents the development of RICF 
in experimental diabetes. Although the cause re- 
mains controversial, a hypoxic mechanism has been 
forwarded, as RICF which was reversed with im- 
provement of oxygenation was demonstrated in hy- 
poxic subjects with chronic obstructive airways dis- 
ease [77]. Indeed, people with chronic obstructive air- 
ways disease develop a peripheral neuropathy, first 
described by Appenzeller et al. [78], in which similar 
microvascular changes occur as in diabetic neuropa- 
thy [79, 80]. 

Potential therapeutic approaches 

Recently, a number of pharmacological agents that 
increase nerve blood flow, such as the calcium an- 
tagonist nifedipine [81], the alpha adrenergic recep- 
tor blocker prazocin [48], the nicotinic acid deriva- 
tive niceritrol [82], the angiotensin converting en- 
zyme inhibitor lisinopril [49], and an angiotensin II 
receptor blocker [83] have been found to improve 
nerve function in experimental diabetes. Aminogua- 
nidine, which prevents the generation of advanced 
glycation end-products has been postulated to pre- 
vent nerve ischaemia and improve nerve conduction 
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in streptozotocin diabetes by an action in nerve mi- 
crovessels [84]. Recently, glutathione, a free radical 
scavenger, has been found to be partially effective in 
the prevention of diabetic neuropathy in experimen- 
tal diabetes [85] possibly acting by improving nerve 
hypoxia [86]. Another recent study has also shown 
that treatment with the anti-oxidant probucol pre- 
vented nerve conduction deficit, reductions in endo- 
neurial blood flow and oxygen tension in streptozoto- 
cin diabetic rats [87]. Gamma linolenic acid therapy 
has also been found to improve neuropathic symp- 
toms and measures of nerve function [88]. There is 
some evidence that these changes may be due to im- 
provement in nerve blood flow [55, 89]. 

In human diabetic neuropathy, a preliminary study 
by Reja et al. [90] has shown small but significant im- 
provements in electrophysiological and quantitative 
sensory tests following 12 weeks of treatment with 
lisinopril. However, this has yet to be confirmed in 
large, controlled and double-blind trials. Recent ob- 
servations of impaired nerve blood flow and the strik- 
ing abnormalities of epineurial nutrient vessels in hu- 
man diabetic neuropathy [62], would support that 
therapeutic measures must also be directed at im- 
proving nerve blood flow [91]. 

Conclusion 

Studies in animal models and in patients with diabetic 
neuropathy have greatly enhanced our knowledge of 
diabetic neuropathy. There is little doubt of the pre- 
sence of severe microvascular changes at the stage of 
clinical diabetic neuropathy but there is still a large 
gap in our knowledge of how these changes are initi- 
ated. A number of hypotheses including the forma- 
tion of advanced glycation end products [21], in- 
creased oxygen free radical activity [92] and reduced 
endothelial nitric oxide activity [93, 94] have been 
forwarded linking chronic hyperglycaemia to micro- 
vascular damage. The strong association seen be- 
tween retinopathy, nephropathy and neuropathy sug- 
gests a common pathogenetic mechanism in these 
complications. Multiple factors are likely to be impli- 
cated in the pathogenesis of diabetic polyneuropathy 
and although metabolic factors are likely to be the 
source of all diabetic complications, vascular/haemo- 
dynamic factors [95] that lead to impairment of func- 
tion in the retina and the kidney, must now be consid- 
ered to play an important role in the initiation or pro- 
motion of clinical diabetic neuropathy. 
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