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Micro- and Macrovascular Disease 
in Diabetic Neuropathy

Lihong Chen and Aristidis Veves

1	� Introduction

Diabetes is often defined a “vascular disease” 
because of the early and extensive involvement 
of the vascular tree observed in diabetic 
patients and, even, in those at risk of develop-
ing diabetes. Both the micro- and macrocircu-
lation are affected, though the pathophysiology, 
histology, clinical history, and clinical sequelae 
at the two vascular levels appear to be quite 
different.

Historically, there have been two competing 
hypotheses regarding the origins of diabetic neu-
ropathy. According to the first one, diabetic neu-
ropathy is secondary to the impairment of nerve 
and Schwann cells, while the second one stated 
that diabetic neuropathy is mostly ascribed to 
microvascular disease. However, it is currently 
realized that nerve and microvascular injury are 
both among the factors that contribute to nerve 
dysfunction.

Chronic diabetic complications are the result 
of small vessel disease. Diabetic microangiopa-
thy has been considered the main anatomic alter-
ation leading to the development of retinopathy, 
nephropathy, and neuropathy. Nevertheless, mac-
roangiopathy, i.e., atherosclerosis of peripheral 
arteries, is also a prominent feature of long-
lasting diabetes and is characterized as involving 
predominantly distal arteries. The possible links 
between diabetic micro- and macrovascular alter-
ations and nerve damage will be the focus of this 
chapter.

2	� Microvascular Disease: 
Overview and Anatomic 
Changes

Lesions specific for diabetes have been observed 
in the arterioles and capillaries of the foot and 
other organs that are the typical targets of dia-
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betic chronic complications. A nowadays-
historical retrospective histological study 
demonstrated the presence of PAS-positive mate-
rial in the arterioles of amputated limb specimens 
from diabetic patients [1]. Though it was believed 
for several years that the anatomic changes 
described were occlusive in nature, in 1984 
LoGerfo and Coffmann recognized that, in dia-
betic patients, there is no evidence of an occlu-
sive microvascular disease [2]. Subsequent 
prospective anatomic staining and arterial casting 
studies have demonstrated the absence of an arte-
riolar occlusive lesion, thus dispelling the hope-
less notion of diabetic “occlusive small vessel 
disease” [3, 4].

While there is no occlusive lesion in the dia-
betic microcirculation, other structural changes 
do exist. Arteriolar hyalinization, corresponding 
to the thickening of walls of arterioles, was 
observed in patients with diabetes, regardless of 
hypertension [5]. These abnormalities are char-
acterized by hypertrophic remodeling and are 
associated with impaired endothelium-depen-
dent vasodilation in  vitro. Furthermore, endo-
neurial capillary density was also found to be 
increased in patients with diabetes, suggesting 
that capillary density may respond to diabetes-
induced nerve ischemia [6]. The thickening of 
the capillary basement membrane, which is 
accompanied by pericyte degeneration and 
endothelial cell hyperplasia, is the dominant 
structural change in diabetic neuropathy. The 
composition of basement membrane in diabetes 
suggested that accumulation of glycosylated 
and cross-linked proteins contributed to the 
expanded membrane structure and impaired 
function. This can affect endothelial cell and 
extracellular matrix interactions and represents 
a response to the metabolic changes related to 
diabetes and hyperglycemia [7–9]. Furthermore, 
the thickness of basement membrane of skin 
and nerve correlates with the extent of neuropa-
thy in diabetes [10]. However, this alteration 
does not lead to occlusion of the capillary 
lumen, and arteriolar blood flow may be normal 
or even increased despite these changes [11]. 
On the contrary, it might act as a barrier to the 
exchange of nutrients and/or increase the rigid-

ity of the vessels further limiting their ability to 
dilate in response to different stimuli [12].

In the kidney, nonenzymatic glycosylation 
reduces the charge on the basement membrane, 
which may account for transudation of albumin, 
an expanded mesangium, and albuminuria [13]. 
Similar increases in vascular permeability occur 
in the eye and probably contribute to macular 
exudate formation and retinopathy [14]. In sim-
plest terms, microvascular structural alterations 
in diabetes result in an increased vascular perme-
ability and impaired autoregulation of blood flow 
and vascular tone.

Previous studies have shown a correlation 
between the development of diabetic chronic 
complication and metabolic control with perhaps 
the strongest evidence coming from the Diabetes 
Control and Complications Trial (DCCT), which 
enrolled type 1 diabetic patients, and the United 
Kingdom Prospective Diabetes Study (UKPDS), 
which enrolled type 2 diabetic patients [15, 16]. 
The results from both clinical trials clearly 
showed a delay in the development and progres-
sion of retinopathy, nephropathy, and neuropathy 
with intensive glycemic control, thus supporting 
the direct causal relationship between hypergly-
cemia and microcirculation impairment. In con-
trast, there was less evident for macrovascular 
disease, which was assessed only in the UKPDS.

It should be emphasized hyperglycemia alone 
is not sufficient to trigger generalized diabetic 
microvascular pathologies. The Joslin Diabetes 
Center 50-year Medalist Study has shown that 
30–35% patients with type 1 diabetes did not have 
significant microvascular complications [17]. 
This suggests that there may be unidentified 
genetic or other endogenous protective factors 
that diminish the adverse microvascular effects of 
hyperglycemia. It has been shown that multiple 
mechanisms are involved in the adverse effects of 
hyperglycemia with vascular complications, 
including nonenzymatic glycation and the forma-
tion of advanced glycation end products (AGEs); 
enhanced reactive oxygen production and actions; 
endoplasmic reticulum (ER) stress; and the acti-
vation of the polyol pathway, the diacylglycerol 
(DAG)–protein kinase C (PKC) pathway [5], Src 
homology-2 domain-containing phosphatase-1 
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Fig. 1  Schema of hyperglycemia’s induced pathways to microvascular complications. MAP, mitogen-activated 
protein

(SHP-1), and the reninangiotensin system (RAS) 
and kallikrein-bradykinin (BK) systems (Fig. 1).

Although the structural alterations observed in 
diabetic capillaries do not affect the basal blood 
flow, some functional abnormalities of the micro-
vascular circulation, which may eventually result 
in a relative ischemia, have been extensively doc-
umented. This aspect will be deeply discussed in 
the next section.

3	� Pathophysiology 
of Microvascular Disease 
and Endothelial Dysfunction 
in Diabetes

3.1	� Functional Changes

Diabetes mellitus, even in the absence of com-
plications, impairs the vascular reactivity, that 

is the endothelium dependent and independent 
vasodilation, in the skin microcirculation [18]. 
Many glucose-related metabolic pathways can 
determine endothelium dysfunction: increased 
aldose reductase activity leading to the imbal-
ance in nicotinamide adenine dinucleotide 
phosphate (NADP)/nicotinamide adenine dinu-
cleotide phosphate, reduced form (NADPH); 
auto-oxidation of glucose leading to the forma-
tion of reactive oxygen species (ROS); 
“advanced glycation end-products” (AGEs) 
produced by nonenzymatic glycation of pro-
teins; abnormal n6-fatty acid metabolism and 
inappropriate activation of protein kinase C. All 
these different pathways lead to an increase of 
oxidative stress which is responsible for a 
reduced availability of nitric oxide and, in turn, 
for a functional tissue hypoxia and the develop-
ment of diabetic chronic complications [19] 
(Fig. 2).
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Fig. 2  New concepts in the pathogenesis of diabetic neuropathy

3.2	� Microvascular Dysfunction 
and Diabetic Neuropathy

Microvascular reactivity is further reduced at the 
foot level in the presence of peripheral diabetic 
neuropathy. Endothelial nitric oxide synthase 
(eNOS) is a key regulator of vascular nitric oxide 
production. Immunostaining of foot skin biopsies 
in our unit, with antiserum to human eNOS, glu-
cose transporter I (GLUT I), which is a functional 
marker of the endothelium and von Willebrand 
factor, an anatomical marker, showed no differ-
ence among diabetic patients with or without 
peripheral neuropathy in the staining of GLUT I 
and von Willebrand factor, while the staining for 
the eNOS was reduced in neuropathic patients 
(Fig.  3) [20]. Another study documented 
increased levels of iNOS and reduced eNOS lev-

els in skin from the foot of diabetic patients with 
severe neuropathy and foot ulceration [21].

Differences in the microcirculation between 
the foot and forearm levels have also been inves-
tigated, the main hypothesis being that increased 
hydrostatic pressure in distal microcirculatory 
beds, related to the orthostatic posture, affects the 
foot microcirculation more than at the forearm 
level. The endothelium-dependent and -indepen-
dent vasodilation is, in fact, lower at the foot level 
when compared to the forearm in healthy sub-
jects and both non-neuropathic and neuropathic 
diabetic patients [22]. This forearm–foot gradient 
exists despite a similar baseline blood flow at the 
foot and forearm level. Therefore, it is reasonable 
to believe that erect posture may be a contribut-
ing factor for the early development of the nerve 
damage at the foot, compared to the forearm.
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Fig. 3  Expression of 
eNOS in patients with 
diabetic neuropathy 
(black columns), 
patients with both 
diabetic neuropathy and 
peripheral vascular 
disease (hatched 
columns) and healthy 
subjects (white 
columns). The 
expression of eNOS was 
reduced in both the 
diabetic groups 
compared to the healthy 
subjects

Endoneurial microangiopathy was related to 
the severity of neuropathy, suggesting that there 
might be a causal relationship between impaired 
microvasculature and diabetic neuropathy [6, 
23]. In a large observational study, it was found 
that endothelial function was a strong indepen-
dent predictor of DPN [24]. Experimental data 
also showed that endothelium impairment could 
cause neuropathy through involvement of the 
Desert Hedgehog pathway [25].

3.2.1	� Endothelium Dysfunction
Previous studies have suggested that endothelium-
dependent vasodilation is impaired in diabetes, 
regardless of the presence of long-term compli-
cations [26–28]. It has also been shown that 
endothelium dysfunction precedes the develop-
ment of macro- and microvascular diabetic com-
plications, indicating that endothelial impairment 
could be a critical factor toward the development 
of diabetic vascular complications [29]. However, 
these changes mainly involve the ability of 
microcirculation under stress, such as foot injury 
while they do not affect the baseline blood flow 
[20]. This feature, combined with the arteriove-
nous shunt that is present at the foot level due to 
autonomic neuropathy, can account for observa-
tions in clinical practice, in which, diabetic neu-
ropathy with or without ulceration presents with 
a warm limb with distended veins and palpable 

pulses. The final result is that despite no reduc-
tion in the total lower extremity blood flow, there 
is functional ischemia that promoted injury and 
impairs wound healing.

3.3	� Autonomic Denervation

Autonomic nerve fibers take part in the modula-
tion of blood circulation. At rest, noradrenergic 
sympathetic nerves are tonically active in normo-
thermic environments and increase their activity 
during cold exposure, releasing both norepineph-
rine and co-transmitters to decrease skin blood 
flow [30]. Autonomic neuropathy can compro-
mise the diabetic microcirculation because of the 
development of arterio-venous shunting due to 
sympathetic denervation. The opening of these 
shunts leads to a maldistribution of blood between 
the nutritional capillaries and subpapillary ves-
sels, and consequent aggravation of microvascu-
lar ischemia. Studies employing sural nerve 
photography and fluorescein angiography as well 
as other elegant techniques seem to support this 
concept [31, 32]. In addition to the above, these 
changes also result in impaired thermoregulation 
[33].

A loss of sympathetic tone is also responsible 
for an increased capillary permeability in diabetic 
patients with neuropathy [34, 35]. This might 
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Fig. 5  The neurovascular response (expressed as percent-
age of blood flow increase over the baseline blood flow) is 
significantly reduced at the foot level of diabetic patients 
with peripheral somatic neuropathy (DN), autonomic neu-
ropathy (DA), and peripheral artery disease (DV) com-
pared to diabetic patients without complications (DC) and 
healthy controls (C) *p < 0.001

cause endoneurial edema, as demonstrated by 
employing magnetic resonance spectroscopy, 
which can in turn represent another mechanism 
leading to a reduction of endoneurial perfusion 
and a worsening of the nerve damage [35]. The 
increased lower extremity capillary pressure upon 
assuming the erect posture, due to early loss of 
postural vasoconstriction (mediated by the sympa-
thetic fibers), might amplify this edematous effect.

3.4	� Nerve Axon Reflex

Diabetic somatic neuropathy can further affect 
the skin microcirculation by the impairment of 
the axon reflex-related vasodilatation (Lewis’ 
flare). Under normal conditions, the stimulus of 
the c-nociceptive nerve fibers not only travels in 
the normal direction, centrally toward the spinal 
cord, but also peripherally (“antidromic conduc-
tion”) to local cutaneous blood vessels, causing a 
vasodilatation by the release of vasoactive sub-
stances, such as calcitonin gene-related peptide 
(CGRP), Neuropeptide Y, substance P, and bra-
dykinin by the c fibers initiate neurogenic inflam-
mation (Fig. 4). This short circuit, or nerve axon 
reflex, is responsible for the Lewis’ triple flare 
response to injury and plays an important role in 
increasing local blood flow when it is mostly 
needed, i.e., in condition of stress.

This neurovascular (N-V) response is signifi-
cantly reduced at the foot level in diabetic patients 
with peripheral somatic neuropathy, autonomic 
neuropathy, and peripheral artery disease com-
pared to diabetic patients without complications 
and healthy control subjects (Fig.  5) [22, 36]. 
Moreover, local anesthesia significantly reduces 
the nerve axon reflex-related vasodilation at the 
foot of patients without peripheral neuropathy, 
while it has no effect on the amount of the pre-
anesthesia N-V vasodilation—which is already 
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very low—at the foot of neuropathic patients 
[37]. This suggests that the main determinant of 
the presence of the neurovascular vasodilation is 
c-fiber function and that its measurement could 
be used as a surrogate measure of the function of 
these fibers.

Neurovascular response is associated with 
measures of peripheral nerve function [37, 38]. 
Studies in our units have shown that an N-V 
response lower than 50% is highly sensitive 
(90%) and adequately specific (74%), in identify-
ing diabetic patients with peripheral neuropathy 
[38]. Besides, the finding that this response is sig-
nificantly reduced even in the early stages of 
peripheral neuropathy supports the hypothesis 
that small fiber damage is a precocious event in 
the clinical history of diabetic neuropathy—even 
preceding large fibers’ impairment (Fig. 6). This 
leads to impaired vasodilation under conditions 
of stress, such as injury or inflammation. 
Therefore, it is possible to speculate that small 
fiber neuropathy might further contribute to nerve 
hypoxic damage by the impairment of this hyper-
emic response, determining a vicious cycle of 
injury.

The previous conclusions are supported by 
recent studies in experimental diabetes which 
have demonstrated that epineurial arterioles of 
the sciatic nerve are innervated by sensory nerves 
that contain CGRP and mediate a hyperemic 
response at this level [39]. Furthermore, it has 
been shown that in long-term diabetic rats the 
amount of CGRP present in epineurial arterioles 
is diminished, which could be due to a denerva-
tion process [40]. Exogenous CGRP-mediated 
vasodilation of these arterioles is also impaired in 
experimental diabetes, indicating a reduced 
CGRP bioactivity [40]. All these findings further 
support a role of small sensory nerve fibers’ 
impairment in the development and progression 
of diabetic neuropathy.

The impairment of the nerve axon reflex-
related vasodilation is not affected by successful 
bypass surgery in patients with peripheral arterial 
disease. In addition, the endothelium-dependent 
and -independent vasodilation, which is not 
related to the nerve axon reflex, remains impaired 
after successful revascularization. Therefore, 
despite correction in obstructive lesions and res-
toration of normal blood flow in the large vessels, 

0

20

40

60

80

100

120

140

160

180

C D DN mild DN moderate DN severe

%
 b

lo
od

 fl
ow

 in
cr

ea
se

 o
ve

r b
as

el
in

e

*
*

Fig. 6  The nerve axon reflex-related vasodilation at the 
foot level in a diabetic population stratified on the basis of 
the degree of peripheral somatic neuropathy in patients 
without neuropathy (D), with mild neuropathy (DN mild), 
with moderate neuropathy (DN moderate), and with 
severe neuropathy (DN severe) compared to healthy con-

trols (C). Median (25–75 percentile). The nerve axon 
reflex-related vasodilation is already significantly reduced 
in the early stages of neuropathy (subclinical neuropathy), 
supporting the belief that small fiber dysfunction might 
precede large fiber impairment in the natural history of 
diabetic nerve damage
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the changes in microcirculation continue to be 
present and cause tissue hypoxia under condi-
tions of stress [41].

In summary, both the functional and structural 
changes observed in diabetic microcirculation 
contribute to the shift of blood flow away from 
the nutritive capillaries to low-resistance arterio-
venous shunts, leading to functional ischemia of 
tissues including peripheral nerves and, conse-
quently, to the development of diabetic periph-
eral neuropathy and other diabetic chronic 
complications.

4	� Lower Extremity Arterial 
Disease and Diabetes

Smoking, diabetes mellitus, and dyslipidemia are 
the most associated risk factors of lower extrem-
ity artery disease [42]. Diabetes mellitus is esti-
mated to be associated with two- to fourfold 
increase in the prevalence of peripheral arterial 
disease (PAD) [43]. The concomitant occurrence 
of atherosclerotic peripheral vascular disease and 
peripheral neuropathy in patients with diabetes is 
the main factor in the development of diabetic 
foot pathology. Furthermore, peripheral arterial 
disease (PAD) of the lower extremities is consid-
ered the major risk factor for lower-extremity 
amputation, and it is also accompanied by a high 
likelihood for cardiovascular and cerebrovascular 
diseases [44]. In a large, multinational 
meta-analysis, the presence of diabetes was asso-
ciated with nearly a twofold increased odds for 
PAD [45]. The risk of amputation in patients with 
diabetes is 0.2–2.0/1000, which is 10–15 times 
greater in diabetes than in the nondiabetic popu-
lation [46].

Although the underlying pathogenesis of ath-
erosclerotic disease in diabetics is similar to that 
noted in nondiabetics, there are still some sig-
nificant differences. Diabetic patients present 
with atherosclerotic disease at a significantly 
younger age than their nondiabetic counterparts, 
tend to present with more advanced disease and 
have a worse prognosis. The prevalence of con-
comitant of PAD and diabetes is high in patients 
with critical lower limb ischemia, with more 

than 50% patients with critical limb ischemia 
having diabetes [47]. In addition, diabetes is also 
associated with more severe below-the-knee 
PAD.  The anterior tibial, posterior tibial, and 
peroneal arteries are most commonly affected 
and tend to have more diffuse lesions [48–50]. 
Equally important is the observation that the 
arteries of the foot, specifically the dorsalis 
pedis, are often spared of occlusive disease. This 
provides an excellent option for a distal revascu-
larization target [51].

The clinical presentation and prognosis of 
PAD with diabetes is also implicated by the coex-
istence of peripheral neuropathy. Microvascular 
disease (i.e., retinopathy, nephropathy, neuropa-
thy) independently associated with limb amputa-
tion after controlling for traditional atherogenic 
risk factors. Concomitant presence of microvas-
cular disease and PAD synergistically amplifies 
the risk of amputation. Thus, it is imperative to 
take into consideration the importance of micro-
vascular disease in consideration of limb salvage 
strategies [52]. In addition, diabetic patients are 
less likely to present with typical claudication 
symptoms than patients without diabetes. As a 
consequence, the development of tissue loss (foot 
ulceration or gangrene) may represent the first 
sign of lower limb ischemia and because of its 
limb-threatening potential, it is termed as critical 
limb ischemia. Therefore, diabetic patients with a 
foot ulcer should always be evaluated for isch-
emia, irrespective of their symptoms, particularly 
for the increased risk of limb-threatening infec-
tion and faulty healing related to PVD [53].

The observations that distal vessels (i.e., distal 
peroneal, dorsal pedal, and plantar arteries) are 
often spared from arterial occlusive disease had a 
crucial impact on the manner in which peripheral 
vascular disease is approached in the diabetic 
population. In the past, based upon the false pre-
sumption of small vessel disease, diabetics were 
not treated as aggressively with revascularization 
as is now standard. A more aggressive attempt to 
correct the vascular deficit in diabetic ischemic 
limbs in addition to more aggressive measures to 
control local infection has radically altered the 
prognosis of peripheral vascular disease in the 
diabetic extremity.
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5	� Conclusions

Changes in the micro- and macrocirculation, both 
anatomical and functional, contribute to the 
development of diabetic neuropathy. On the other 
hand, the development of diabetic neuropathy 
also affects the vasodilatory capacity of the 
microcirculation and can interfere with the clini-
cal presentation of peripheral obstructive arterial 
disease. Thus, the interaction between changes in 
the vasculature and peripheral nerves is bidirec-
tional and results in changes in both blood flow 
and neuronal function.
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