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Objective: We investigated the association between inflammation, microvascular reactivity, and
the development of peripheral diabetic neuropathy.

Research Design and Methods: We studied three groups: 55 healthy control subjects, 80 nonneu-
ropathic patients, and 77 neuropathic diabetic patients. We also subdivided the neuropathic pa-
tients into a subgroup of 31 subjects with painless neuropathy and 46 with painful neuropathy. We
measured the foot skin endothelium-dependent and -independent vasodilation, the nerve axon
reflex-related vasodilation (NARV), and inflammatory cytokines and biochemical markers of en-
dothelial function.

Results: The endothelium-dependent and -independent vasodilation and NARV were lower in the
neuropathic group (P � 0.05). NARV was further reduced in the subgroup of painless neuropathy
when compared to painful neuropathy (P � 0.05). Compared to the other two groups, the neu-
ropathic group also had higher serum levels of PDGF AA/BB (P � 0.05), RANTES (P � 0.01), leptin
(P � 0.0001), osteoprotegerin (P � 0.01), G-CSF (P � 0.05), sE-Selectin (P � 0.01), sICAM (P � 0.0001),
sVCAM (P � 0.001), CRP (P � 0.0001), TNF� (P � 0.05), and fibrinogen (P � 0.05). Patients with
painful neuropathy had higher sICAM-1 (P � 0.05) and CRP levels (P � 0.01) when compared to
painless neuropathy. No major changes in the above results were observed in 78 diabetic patients
who were seen for a second visit 21 months after the first visit.

Conclusions: Peripheral diabetic neuropathy is associated with increased biochemical markers of
inflammation and endothelial dysfunction. Painful neuropathy is associated with further increase
in inflammation and markers of endothelial dysfunction and preservation of the nerve axon reflex.
(J Clin Endocrinol Metab 94: 2157–2163, 2009)

Inflammation, which is currently considered to be a major fac-
tor in the development of type 2 diabetes, has also been pro-

posed as a major factor in the development of diabetic neurop-
athy in animal models (1, 2). In addition, numerous growth
factors, such as vascular endothelial growth factor (VEGF), nerve
growth factor, and TGF�, have also been implicated in the patho-
genesis of diabetic neuropathy and have been targeted as possible
new therapeutic approaches (3, 4). However, an additional prob-
lem is that all the above information is based on animal studies and
very little information is available regarding human diabetes.

Furthermore, serious limitations exist in our current knowledge
regarding the causes of neuropathic pain in diabetes. Previous stud-
ies in human diabetes have shown that there are no significant dif-
ferences in peripheral small and large nerve fiber function and neu-
rophysiological andpathologicalparametersbetweenpatientswith
painful and painless diabetic peripheral neuropathy (5–7). In addi-
tion, therearenodatashowingwhetherproinflammatorycytokines
are associated with pain in human diabetic neuropathy.

The main aim of the present study was to assess possible
associations between peripheral diabetic neuropathy and serum
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inflammatory cytokines and growth factors in human diabetes.
An additional aim was to identify possible differences between
painful and painless neuropathy. Finally, we opted to examine
whether the observed cytokine and growth factor levels remain
stable over a relatively long period of time. Our primary hypoth-
esis was that inflammatory cytokines are associated with the
development of peripheral neuropathy and neuropathic pain.

Subjects and Methods

Study subjects
We included 212 subjects, ages 21–80 yr, and divided them into three

groups: 55 healthy, nondiabetic control subjects, 80 nonneuropathic
diabetic patients, and 77 neuropathic diabetic patients. The neuropathic
group was subsequently subdivided into patients with and without neu-
ropathic pain according to the criteria described below. Patients with
type 1 or 2 diabetes, according to American Diabetes Association crite-
ria, were included (8). Exclusion criteria were: symptomatic peripheral
arterial disease (ankle brachial index � 0.65 and/or symptoms of clau-
dication), congestive heart failure, cardiac arrhythmias, stroke or tran-
sient ischemic attack, end stage renal failure, uncontrolled hypertension,
severe dyslipidemia, chronic liver disease, or any other severe chronic
medical condition requiring active treatment. The study was approved by
the institutional review board of the Beth Israel Deaconess Medical Cen-
ter. All participants gave informed consent for the original trials.

Clinical measurements
All clinical examinations and evaluations were conducted under fast-

ing conditions. The cytokines and growth factors were measured using
a Luminex 200 apparatus (Luminex Corporation, Austin, TX) and Mil-
lipore multiplex immunoassay panels (Millipore Corporation, Chicago,
IL). Because there are very limited data available regarding the association
of diabetic neuropathy to cytokines and growth factors, we opted to test a
large array of these molecules. This approach was deemed the most suitable
because it could provide us with a better view of possible associations and
could lead to additional, specific, hypothesis-driven research.

Evaluation of peripheral diabetic neuropathy
Peripheral neuropathy was evaluated according to the guidelines of

the San Antonio Consensus Statement and the American Diabetes As-
sociation statement on diabetic neuropathy (9–11). The neuropathic
symptoms were evaluated by using a Neuropathy Symptom Score (NSS)
and the clinical signs by using a Neuropathy Disability Score (NDS) as
described elsewhere (5, 11, 12). More specifically, for the evaluation of
the NSS, the participants were asked about the following symptoms in
their feet or legs: 1) pins and needles; 2) abnormal cold or hot sensations;
3) lancinating pain; 4) deep aching pain; 5) burning pain (causalgia); and
6) irritation of the feet or legs by the bedclothes at night (hyperesthesia).
Each symptom was scored with one point if it was present and two points
if nocturnal exacerbation was also present. A score of four or more points
was considered to be abnormal (4, 11). For the evaluation of the clinical
signs of peripheral diabetic neuropathy, the sensations of pain, touch,
cold, and vibration were tested in both legs of all patients. A NDS more
than five was considered to be abnormal (4, 11).

Quantitative sensory testing measurements included the assessment
of vibration perception threshold (VPT) and cutaneous perception
threshold. The vibration perception threshold was measured at the great
toe on the dominant side of each patient using a Biothesiometer (Bio-
medical Instruments, Newbury, OH). A VPT greater than 25 volts was
considered to be abnormal (12). A set of six Semmes-Weinstein mono-
filaments was employed to evaluate the cutaneous perception threshold.
Each nylon monofilament was applied to the plantar surface of the great toe
of both feet, and the smallest monofilament that was felt by the patient with

his or her eyes closed was recorded. Inability to feel the pressure applied by
a 5.07 monofilament was considered to be abnormal (12).

The patient characterization was based on the clinical examination
that was performed at the baseline visit. The diagnosis of peripheral
neuropathy was made when at least two of the three tests (NSS, NDS, and
quantitative sensory testing) were abnormal (9). The diagnosis of painful
neuropathy was made when the NSS was at least four points.

Vascular reactivity measurements
Vascular reactivity measurements were performed according to pre-

viously described techniques (12). The blood flow response to the ion-
tophoresis of 1% acetylcholine chloride solution and of 1% sodium
nitroprusside was assessed at the dorsum of the foot. Acetylcholine in-
duces endothelium-dependent vasodilation. It also stimulates c-nocicep-
tive fibers, resulting in vasodilation in skin areas adjacent to the site of
its administration, and this response, called the nerve axon reflex-related
vasodilation (NARV), has been used to evaluate the c-nociceptive fiber
action (13–15). The sodium nitroprusside induces endothelium-inde-
pendent vasodilation and does not elicit a NARV response (15).

The skin blood flow before and after iontophoresis was evaluated by
employing a Laser Doppler Perfusion Imager (LDPI Lisca 2.0; Lisca
Development AB, Linkoping, Sweden), as previously described (12, 16,
17). The NARV was measured by employing a single point laser probe
and a DRT4 Laser Doppler Blood Flow Monitor (Moor Instruments,
Millwey, Devon, UK) (13, 14). Previous studies in our unit have reported
a satisfactory reproducibility for the above techniques, 13.1% for the
endothelium-dependent vasodilation, 11.4% for the non-endothelium-
dependent vasodilation, and 32.6% for the NARV (12).

Second visit
All diabetic patients were asked to return for a follow-up visit ap-

proximately 18–24 months after the first visit. The main reason for
including this visit was to assess whether there were any major changes
in the observed levels of cytokines and growth factors during the initial
visit. The same tests that were performed during the baseline were also
performed for the exit visit.

Statistical analysis
Statistical analysis was performed in collaboration with a biostatis-

tician (C.G.). The analysis was undertaken by univariate techniques and
modeling the data through multiple linear regression using the Minitab
v.15 statistical package (Minitab, State College, PA). For normally dis-
tributed data, the ANOVA was used, followed by the Fisher’s multiple
comparison test to identify differences between groups. For nonpara-
metrically distributed data, the Kruskal-Wallis test was used. We also
employed multiple linear regression analysis to assess the differences in
cytokines and growth factors among the study groups after adjusting for
age, gender, and medications. The analysis of correlation between nor-
mally distributed variables was done through Pearson correlation coef-
ficient. For nonparametric data, the Spearman correlation coefficient
was used. The comparison between baseline and exit visit measurements
was performed by employing the paired t test for parametrically distrib-
uted data and the Wilcoxon matched pair signed rank test for nonpara-
metrically distributed data. The contribution of cytokines and growth
factors in the variation of neuropathy measurements was assessed by
univariate and multivariate stepwise regression analysis.

Results

The comparisons of the demographics among the three groups
are shown in Table 1. All groups were matched for age and
gender. The two diabetic groups were also matched for the type
of diabetes. The known diabetes duration was longer in the neu-
ropathic group (P � 0.01). Body mass index was lower in the
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control group but similar in the two diabetic groups, whereas
the systolic blood pressure and serum creatinine levels were
higher in the neuropathic group (P � 0.01). As expected, all
measurements of neuropathy were higher in the neuropathic
group compared with the other two groups. In comparisons
between the painless and painful neuropathic subgroups, the
only observed differences were the known duration of diabe-
tes, which was higher in the painless subgroup (P � 0.01), and
the NSS, which was higher in the painful neuropathic group,
as was expected from the selection criteria (P � 0.0001). In-
sulin treatment was more common in the neuropathic group
(P � 0.0001), whereas metformin treatment was more com-
mon in the subgroup with painful neuropathy when compared
with the group with painless neuropathy (P � 0.01).

The results from the vascular reactivity measurements are
shown in Table 2. The resting blood flow was higher in the
neuropathic group when compared with the other two groups

(P � 0.0001). The response to the iontophoresis of acetylcholine
(endothelium dependent) and sodium nitroprusside (endothe-
lium independent) were lower in both diabetic groups when com-
pared with the controls (P � 0.01), but no differences were found
between the two diabetic groups. In contrast, the NARV that
depends on the c-nociceptive fiber function was reduced in the
neuropathic group when compared with the other two groups
(P � 0.01). There were no differences in the response to ace-
tylcholine and sodium nitroprusside between the painless and
painful neuropathic subgroups. However, the NARV was
higher in the painful subgroup when compared with the pain-
less group (P � 0.05).

The results from growth factors and cytokine measurements
are shown in Table 3. Platelet-derived growth factor (PDGF) AA
was marginally lower in both diabetic groups when compared
with the controls (P � 0.057) but PDGF AB/BB was higher (P �

0.05) and epidermal growth factor (EGF) (P � 0.01) was lower

TABLE 1. Clinical characteristics of studied subjects

Controls (C)
DM–no neuropathy

(No-PDN)
DM–neuropathy

(PDN)
Painless neuropathy

(Painless)
Painful neuropathy

(Painful)

n 55 80 77 31 46
Age (yr) 55 � 13 56 � 14 58 � 9 58 � 11 58 � 9
Males 30 (56) 44 (55) 51 (66) 22 (71) 29 (63)
Diabetes type (1/2) 22/58 30/47 13/18 17/29
Diabetes duration (yr)a 14 � 11 20 � 13 23 � 16 17 � 11
Body mass index (kg � m�2)b 27.2 (22.6–30.1) 31.0 (26.0–36.3) 32.3 (27.0–37.68) 31.9 (25.7–33.9) 32.7 (28.1–40.1)
Systolic blood pressure

(mm Hg)c
122 � 16 126 � 16 146 � 19 146 � 18 145 � 19

Diastolic blood pressure
(mm Hg)

73 � 9 73 � 9 75 � 9 74 � 8 76 � 9

Heart rate (beats/min)d 66 � 8 71 � 11 73 � 11 73 � 11 77 � 11
HbA1c (%)e 5.6 � 0.3 7.3 � 1.3 8.1 � 1.8 8.2 � 1.9 8.0 � 1.8
Creatinine (mg/dl)f 0.9 � 0.2 1.0 � 0.3 1.1 � 0.5 1.1 � 0.5 1.1 � 0.6
Total cholesterol (mg/dl)g 200 � 28 167 � 46 175 � 37 168 � 28 180 � 43
HDL cholesterolh 61 � 20 58 � 19 50 � 13 53 � 14 48 � 11
NSSi 0 � 0 1 � 1 5 � 4 1 � 1 7 � 3
NDSj 0 � 1 2 � 3 12 � 7 13 � 6 12 � 7
VPT (volts)k 9 � 5 14 � 10 37 � 14 38 � 16 36 � 13
Semmes-Weinstein

monofilamentsl
3.86 � 0.48 3.97 � 0.56 5.90 � 0.92 6.00 � 0.80 5.82 � 0.99

Ankle brachial index 1.1 � 0.1 1.1 � 0.2 1.1 � 0.2 1.1 � 0.2 1.1 � 0.2
Insulinm 32 (40) 54 (70) 22 (71) 32 (70)
Metforminn 32 (40) 23 (30) 4 (13) 19 (41)
Sulfonylureas 24 (30) 16 (21) 5 (16) 11 (30)
Thiazolidinediones 17 (21) 8 (10) 3 (10) 5 (11)
Statins 11 (20) 39 (49) 41 (53) 18 (58) 23 (50)
Angiotensin-converting

enzyme inhibitors and
angiotensin II receptor
blockers

6 (11) 43 (54) 46 (60) 20 (65) 26 (57)

Aspirin 6 (11) 26 (33) 26 (34) 13 (42) 13 (28)
Antidepressantso 5 (10) 17 (23) 25 (32) 6 (20) 19 (42)
Antiepileptics 2 (4) 5 (7) 1 (1) 1 (3) 0 ()

Data are expressed as mean� SD or number (percentage). PDN, Peripheral diabetic neuropathy; HbA1c, glycosylated hemoglobin; HDL, high-density lipoprotein.
a No-PDN vs. PDN, P � 0.01, Painless vs. Painful,P � 0.01.
b C vs. No-PDN, PDN, P � 0.01.
c C, No-PDN vs. PDN, P � 0.0001.
d C, No-PDN vs. PDN, P � 0.0001.
e C vs. No-PDN vs. PDN, P � 0.0001.

f C, No-PDN vs. PDN, P � 0.01.
g C vs. No-PDN, PDN, P � 0.0001.
h C, No-PDN vs. PDN, P � 0.001.
i C vs. No-PDN vs. PDN, P � 0.0001, Painless vs. Painful,P � 0.0001.
j C vs. No-PDN vs. PDN, P � 0.0001.

k C vs. No-PDN vs. PDN, P � 0.0001.
l C, No-PDN vs. PDN, P � 0.0001.
m No-PDN vs. PDN, P � 0.0001.
n Painless vs. Painful, P � 0.01.
o Painless vs. Painful, P � 0.05.
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in the neuropathic group when compared with the other two
groups. Apart from chemokine (C-X-C motif) ligand 10 (IP-10),
no other differences were observed in the remaining measure-
ments between the control and the nonneuropathic group. How-
ever, significant differences were found between these two
groups and the neuropathic group. More specifically, the neu-
ropathic group had higher levels of PDGF AA/BB (P � 0.05),
regulated upon activation normal T cell expressed and secreted
(RANTES) (P�0.01), leptin(P�0.0001),osteoprotegerin(OPG)
(P � 0.01), granulocyte colony-stimulating factor (G-CSF) (P �

0.05), sE-Selectin (P � 0.01), soluble intercellular adhesion mole-
cule (sICAM)(P�0.0001), solublevascular cell adhesionmolecule
(sVCAM) (P � 0.001), C-reactive protein (CRP) (P � 0.0001),
TNF� (P � 0.05), and fibrinogen (P � 0.05). Patients with pain-

ful neuropathy had higher sICAM-1 (P � 0.05) (Fig. 1) and CRP
levels (P � 0.01) (Fig. 2) when compared with the patients with
painless neuropathy. Similar results were observed when anal-
ysis was adjusted for possible differences in the various treat-
ments for diabetes, hypertension, and dyslipidemia that are pre-
sented in Table 1 (data not shown).

The associations between measurements of neuropathy,
growth factors, and other cytokines, considering all participat-
ing subjects as one group, are shown in Table 4. On stepwise
multivariate analysis, sICAM, leptin, sVCAM, RANTES,
PDGF-AA, and EGF contributed 12, 4, 2, 2, 2, and 1%, respec-
tively, to the variation of the NSS. The variation of the NDS
could be predicted by sICAM (13%), PDGF-AB-BB (2%),
EGF (2%), and leptin (1%). The variation of the VPT could be

TABLE 3. Cytokine and growth factor results

Controls (C)
DM–no neuropathy

(No-PDN)
DM–neuropathy

(PDN)

Painless
neuropathy
(Painless)

Painful
neuropathy

(Painful)

PDGF AA (ng/ml)a 23.2 (14.3–28.4) 15.0 (8.5–26.1) 14.8 (9.5–25.6) 14.8 (10.0–31.3) 15.7 (8.8–22.9)
PDGF AB/BB (ng/ml)b 37.4 (20.9–65.3) 36.4 (21.0–55.3) 45.5 (31.3–81.7) 51.0 (32.5–121.0) 43.8 (27.2–72.1)
EGF (pg/ml)c 61.4 (25.6–109.5) 64.3 (30.8–122.5) 40.7 (25.2–56.5) 40.8 (26.5–54.1) 39.7 (21.4–60.2)
Fibroblast growth factor

(pg/ml)
44.7 (32.3–66.0) 36.1 (21.2–63.5) 37.1 (25.3–50.5) 36.8 (25.7–50.6) 37.1 (24.7–50.7)

VEGF (pg/ml) 112 (34–259) 151 (43–459) 169 (71–332) 145 (63–260) 185 (85–427)
RANTES (ng/ml)d 46.8 (24.5–87.2) 58.0 (25.4–93.2) 71.3 (52.2–105.0) 76.7 (51.9–114.2) 69.9 (51.7–98.8)
Leptin(ng/ml)e 5.7 (1.2–9.8) 7.3 (2.2–23.0) 16.3 (6.4–26.8) 11.6 (4.4–26.8) 19.2 (6.7–28.3)
OPG (pg/ml)f 371 (219–496) 301 (190–535) 507 (306–625) 428 (281–634) 523 (326–634)
Receptor activator for

nuclear factor �B
ligand (pg/ml)

17 (9–42) 31 (13–71) 23 (6–53) 27 (7–60) 17 (4–53)

G-CSF (pg/ml)g 13 (7–22) 14 (7–24) 19 (12–26) 21 (14–26) 17 (12–27)
IP-10 (pg/ml)h 171 (113–214) 121 (81–156) 130 (93–200) 134 (101–223) 128 (91–198)
Myeloperoxidase (ng/ml)i 102 (43–229) 105 (52–181) 61 (33–147) 64 (32–103) 60 (33–166)
sE-Selectin (ng/ml)j 18.1 (13.5–28.8) 17.5 (14.5–23.6) 31.6 (17.3–49.1) 27.0 (17.2–38.2) 32.5 (17.6–51.3)
sICAM-1 (ng/ml)k 81 (59–112) 85 (59–112) 126 (92–176) 109 (81–148) 143 (95–192)
sVCAM-1 (ng/ml)l 803 (602–1063) 782 (560–1030) 1000 (747–1180) 890 (703–1165) 1020 (749–1185)
CRP (�g/ml)m 3.0 (1.8–6.7) 4.1 (1.0–15.3) 11.6 (4.4–46.7) 5.6 (3.0–24.8) 15.9 (5.7–52.0)
TNF� (pg/ml)n 4.7 (3.4–7.6) 5.3 (2.1–9.2) 7.1 (5.0–9.3) 7.0 (4.8–9.4) 7.1 (5.1–9.2)
Fibrinogen (ng/ml)o 360 (203–566) 489 (259–864) 750 (394–1180) 612 (456–1320) 759 (338–1170)

Data are expressed as median (first–third quartiles). PDN, Peripheral diabetic neuropathy.
a C vs. No-PDN and PDN, P � 0.057.
b No-PDN vs. PDN, P � 0.05.
c C, No-PDN vs. PDN, P � 0.01.
d C, No-PDN vs. PDN, P � 0.01.
e C, No-PDN vs. PDN, P � 0.0001.

f C, No-PDN vs. PDN, P � 0.01.
g C, No-PDN vs. PDN, P � 0.05.
h C vs. No-PDN, P � 0.02.
i C, No-PDN vs. PDN, P � 0.05.
j C, No-PDN vs. PDN, P � 0.0001.

k C, No-PDN vs. PDN, P � 0.0001, Painless vs. Painful, P � 0.05.
l C, No-PDN vs. PDN, P � 0.001.
m C, No-PDN vs. PDN, P � 0.0001, Painless vs. Painful, P � 0.01.
n C, No-PDN vs. PDN, P � 0.05.
o C, No-PDN vs. PDN, P � 0.0001.

TABLE 2. Results of vascular reactivity

Controls (C)
DM–no neuropathy

(No-PDN)
DM–neuropathy

(PDN)

Painless
neuropathy
(Painless)

Painful
neuropathy

(Painful)

Resting skin blood flow (volts)a 1.02 � 0.37 1.04 � 0.38 1.27 � 0.41 1.23 � 0.39 1.29 � 0.43
Acetylcholine response (%)b 26 (12–41) 17 (9–30) 16 (8–24) 14 (7–23) 16 (8–25)
Sodium nitroprusside response (%)c 33 (20–60) 23 (12–33) 17 (6–35) 17 (6–33) 17 (5–36)
NARV (%)d 65 (19–149) 40 (8–120) 23 (6–51) 10 (0–42) 30 (13–55)

Data are expressed as mean � SD or median (first–third quartiles). PDN, Painful diabetic neuropathy.
a C, No-PDN vs. PDN, P � 0.01.
b C vs. No-PDN, PNN, P � 0.01.
c C vs. No-PDN, PDN, P � 0.01.
d C, No-PDN vs. PDN, P � 0.01, Painless vs. Painful, P � 0.05.
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predicted by sICAM (8%), EGF (2%), OPG (2%), and PDGF
AB/BB (1%).

Second visit
Thirty-five nonneuropathic diabetic patients and 43 neuro-

pathic patients (19 with painless and 24 with painful neuropa-
thy) returned for a second visit. The time period between first and
second visits was 21 � 5 months (mean � SD). There were no
major changes in the prescribed medications between the first
and second visits in all groups. In addition, there were no changes
between first and second visits in NSS, NDS, VPT, Semmes-
Weinstein monofilaments, and NARV. The response to acetyl-
choline improved in both the nonneuropathic �10%, �7:26 (me-
dian improvement, 25:75 percentile) (P � 0.05)� and neuropathic
groups �13%, �6:26 (P � 0.05)�, whereas the response to sodium
nitroprusside improved only in the neuropathic group �12, 9:34
(P � 0.05)�. No significant changes were observed between the first
and second visits in any of the measured growth factors and cyto-
kines, glycemic control, and lipid levels.

Discussion

The main findings of the present study were that diabetic patients
with peripheral neuropathy had increased serum levels of inflam-
matory cytokines and changes in the levels of various growth fac-
tors. Furthermore, patients with painful neuropathy had a further
increase in inflammation, as indicated by higher levels of CRP and
endothelial dysfunction, as indicated by the levels of sICAM. The
NARV, a measurement of the c-nociceptive fiber action, was more
impaired in patients with painless neuropathy than patients with
painful neuropathy despite the fact that all other measurements of
nerve function were similar in these two groups.

There are currently limited data regarding the association of
peripheral diabetic neuropathy with vascular disease and inflam-
mation. A large prospective study that followed patients with
type 1 diabetes reported that the development of peripheral neu-
ropathy was associated with known risk factors for the devel-
opment of cardiovascular disease, including total and low-den-
sity lipoprotein cholesterol and triglycerides, body mass index,
high levels of von Willebrand factor, hypertension, and smoking
(18). The results of the present study further expand the associ-
ation between vascular disease and neuropathy and reveal an
association between peripheral diabetic neuropathy and bio-
chemical markers of endothelial dysfunction, such as sE-Selectin,
sICAM, sVCAM, and fibrinogen that are well-established risk
factors for the development of cardiovascular disease (19–21).

Inflammation is a well-known risk factor for the development
of macrovascular disease (22). Studies in our unit have shown
that the vascular reactivity of the skin microcirculation (which
includes both endothelium-dependent and -independent vasodi-
lation) is impaired in patients with type 2 diabetes and in subjects
at risk of developing type 2 diabetes, and this impairment is asso-
ciatedwith inflammatorycytokines (23,24).Thepresent studyalso
indicates an association between a variety of inflammation markers
and the development of peripheral diabetic neuropathy. To the best
of our knowledge, there are no previous studies in human diabetes
that demonstrated an association between diabetic neuropathy and
systemic inflammation in human diabetes.

It should be emphasized that the above observed measure-
ments are correlative and do not necessarily indicate causality. It
can also be claimed that the observed measurements are second-
ary to diabetes and the inflammation that is associated with
diabetes. Although the design of the current study, as is the case
with the majority of human studies, does not allow definite con-
clusions about possible causality, we believe that there are some
indications that the observed results may be related to the de-
velopment of peripheral neuropathy. Thus, the lack of major
differences between the control and nonneuropathic groups, al-
though significant changes were observed between the nonneu-
ropathic and the neuropathic diabetic patients, indicates that the
observed changes are mostly associated to the presence of neu-
ropathy rather than diabetes itself. Further support to this is also
provided by the fact that the observed results were independent
of the medications that were prescribed to treat hyperglycemia,
hypertension, and dyslipidemia.

It is of interest that in addition to classic inflammatory cyto-
kines that are known to be related to the diabetic state, such as
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FIG. 2. The CRP serum levels were increased in patients with painful neuropathy
when compared with the healthy controls, the nonneuropathic group �diabetes
mellitus–no peripheral diabetic neuropathy (DM-No PDN)�, and the patients with
painless neuropathy. Furthermore, CRP was increased in the patients with
painless neuropathy when compared with the healthy controls.
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FIG. 1. The sICAM serum levels were increased in patients with both painful and
painless neuropathy when compared with the healthy controls and the
nonneuropathic group �diabetes mellitus–no peripheral diabetic neuropathy (DM-
No PDN)�. Furthermore, sICAM was increased in the patients with painful
neuropathy when compared with patients with painless neuropathy.
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TNF� and CRP, peripheral neuropathy was also associated with
additional inflammatory cytokines that are products of a variety
of cells that have not hitherto been involved in the development
of this condition. Thus, RANTES is a cytokine produced by the
platelets, the circulating lymphocytes, and the tissue cell mono-
cytes and is involved in the initial stages of the development of
atherosclerosis (25). Leptin is now considered to be a pleiotropic
hormone with proinflammatory effects, and G-CSF is produced
by monocytes, fibroblasts, and endothelial cells; is involved in
the mobilization of granulocytes and progenitor cells from the
bone marrow; and has been employed for the treatment of dia-
betic foot ulcers and acute myocardial infarction (26–28). It is
also of interest that OPG was elevated in the neuropathic group,
whereas no differences where observed in the receptor activator
for nuclear factor �B ligand levels. These findings raise doubts
regarding the hypothesized role of these two cytokines in the
development of diabetic neuropathic osteoarthropathy (Charcot
foot) (29). Surprisingly, the levels of myeloperoxidase were
lower in the neuropathic group despite previous evidence re-
garding its role in increasing oxidative stress and contributing to
cardiovascular disease (30). Finally, the levels of IP-10, a cyto-
kine that has also been involved in the development of athero-
matosis, were lower in the nonneuropathic group when com-
pared with the controls, but no differences were observed
between the two diabetic groups (31).

We have also examined possible differences in the levels of
various growth factors among the three groups. Our results
showed no differences in fibroblast growth factor and VEGF, a
marginal decrease in PDGF AA in both diabetic groups, an in-
crease in the combined PDGF AB/BB levels in the neuropathic
group, and a reduction in the EGF levels in the neuropathic
group. Given the fact that the above growth factors have been
mainly implicated in wound healing, their association with the
development of peripheral neuropathy is intriguing, and further
studies will be required to clarify their role in the development of
peripheralneuropathy (32).However, it shouldalsobe emphasized
that, as best seen by the results of the stepwise regression analysis,
the contribution of the studied cytokines and growth factors to the
observed nerve function measurement variation is rather limited,
and other contributing factors should also be sought.

As mentioned in the introduction, the pathogenesis of pain in
diabetic neuropathy is largely unknown. In the present study, we

have found that the NARV, sICAM, and CRP were increased in
patients with painful neuropathy when compared with patients
with painless neuropathy. These results provide proof of concept
for the first time that inflammation and endothelial dysfunction
play a role in the development of painful neuropathy, and further
studies will be required to explore these mechanisms.

A large number of nonneuropathic and neuropathic diabetic
patients were seen for a second visit after a 21-month period, on
average. In agreement with the majority of previous studies, no
progression of the severity of the diabetic neuropathy was ob-
served during this time period (33). The fact that there were also
no changes in the cytokine and growth factor levels supports the
hypothesis of an association between these parameters. How-
ever, longer studies that will allow the development of changes
in the nerve function and evaluation of the role of cytokines and
growth factors will be required to reach firm conclusions.

A mild improvement in the vascular reactivity of both the
neuropathic and nonneuropathic diabetic patients was also ob-
served, despite the lack of any changes in the severity of neurop-
athy, during the follow-up period. The reasons for this improve-
ment are not known and cannot be explained by changes in
factors that are known to influence vascular reactivity, such as
changes in the glycemic control and lipid levels. Of interest, there
were no changes in the NARV that evaluates the small fiber
function. Therefore, the most possible explanation is that the
observed improvement is nonspecific and is similar to nonspe-
cific improvements that are seen in subjects that participate in the
placebo arm of clinical trials.

The present study has its limitations. One limitation is that the
nonneuropathic and neuropathic groups were not matched for
the duration of diabetes and that the observed differences may be
related to this mismatch. However, it should be pointed out that
the duration of diabetes is rather long in both groups. Further-
more, inflammatory cytokines tended to be higher in the sub-
group of painful neuropathy despite the fact that the duration of
diabetes was shorter in this group when compared with the sub-
group with painless neuropathy.

One additional limitation is that painful symptoms were eval-
uated employing only one technique, the NSS, and not using
additional methods such as the visual analog scale. We chose the
NSS because it captures symptoms that are specific for painful
diabetic neuropathy, and we believe it is more appropriate in a

TABLE 4. Relationship between neuropathy and cytokines

NSS NDS VPT

Acetylcholine response (%) �0.14 (0.025) �0.17 (0.006) �0.18 (0.003)
Nerve axon reflex (%) �0.19 (0.003) �0.187 (0.002) �0.20 (0.001)
PDGF AB/BB (ng/ml) 0.15 (0.017)
RANTES (ng/ml) 0.14 (0.027) 0.18 (0.004) 0.12 (0.046)
Leptin(ng/ml) 0.28 (0.0001) 0.19 (0.003)
OPG (pg/ml) 0.20 (0.001) 0.18 (0.004) 0.15 (0.014)
sE-Selectin (ng/ml) 0.28 (0.0001) 0.29 (0.0001) 0.13 (0.31)
sICAM-1 (ng/ml) 0.34 (0.0001) 0.39 (0.0001) 0.29 (0.0001)
sVCAM-1 (ng/ml) 0.20 (0.001) 0.19 (0.002) 0.16 (0.011)
CRP (�g/ml) 0.19 (0.003) 0.12 (0.049)
Fibrinogen (ng/ml) 0.20 (0.001) 0.16 (0.010)

PDN, Peripheral diabetic neuropathy.
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study like this that is mainly interested in examining differences
between painful and painless neuropathy and does not focus on
possible therapeutic effects of new treatments where the use of a
visual analog score scale would be more justified. Finally, an-
other limitation could be the lack of electrophysiological and
autonomic function measurements for the diagnosis of diabetic
neuropathy. However, according to a recent statement by the
American Diabetes Association, an accurate diagnosis of dia-
betic neuropathy can be made without the use of the above tests
(10). Therefore, we believe that the employed methods are ad-
equate to satisfactorily characterize the study population and
that the addition of the above measurements would not add
anything to the study and would not have any effect on the
conclusions reached.

In conclusion, in the present study we have shown that human
peripheral diabetic neuropathy is associated with increased bio-
chemical markers of inflammation and endothelial dysfunction.
Furthermore,painfulneuropathy isassociatedwith further increase
in inflammation and markers of endothelial dysfunction and pres-
ervation of the nerve axon reflex. These results indicate that inflam-
mationandendothelial dysfunctionmaybe important contributors
in the development of peripheral neuropathy in diabetes.
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