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Vascular and nerve biomarkers in
thigh skin biopsies differentiate
painful from painless diabetic
peripheral neuropathy

Gordon Sloan"*, Philippe Donatien®, Rosario Privitera®,
Pallai Shillo®, Sharon Caunt®, Dinesh Selvarajah?,
Praveen Anand’* and Solomon Tesfaye®

!Division of Clinical Medicine, University of Sheffield, Sheffield, United Kingdom, ?Diabetes Research
Unit, Sheffield Teaching Hospitals NHS Foundation Trust, Sheffield, United Kingdom, *Peripheral
Neuropathy Unit, Imperial College London, Hammersmith Hospital, London, United Kingdom

Background: Identifying distinct mechanisms and biomarkers for painful
diabetic peripheral neuropathy (DPN) is required for advancing the treatment
of this major global unmet clinical need. We previously provided evidence in
calf skin biopsies that disproportion between reduced sensory small nerve
fibers and increased blood vessels may distinguish painful from non-painful
DPN. We proposed that overexposure of the reduced nerve fibers in DPN to
increased hypoxemia-induced vasculature and related algogenic factors,
e.g., nerve growth factor (NGF), leads to neuropathic pain. To further
investigate this proposed mechanism, we have now studied more proximal
thigh skin biopsies, to see if the same disproportion between increased
vasculature and decreased nerve fibers generally differentiates painful DPN
from painless DPN.

Methods: A total of 28 subjects with type 2 diabetes (T2DM) and 13 healthy
volunteers  (HV) underwent detailed clinical and neurophysiological
assessments, based on the neuropathy composite score of the lower limbs
[INIS(LL)] plus 7 tests. T2DM subjects were subsequently divided into three
groups: painful DPN (n =15), painless DPN (n=7), and no DPN (n=6). Al
subjects underwent skin punch biopsy from the upper lateral thigh 20 cm
below the anterior iliac spine.

Results: Skin biopsies showed decreased PGP 9.5-positive intraepidermal nerve
fiber (IENF) density in both painful DPN (p<0.0001) and painless DPN
(p =0.001). Vascular marker von Willebrand Factor (vWF) density was markedly
increased in painful DPN vs. other groups, including painless DPN (p = 0.01).
There was a resulting significant decrease in the ratio of intraepidermal nerve
fiber density to vasculature and PGP9.5 to vWF, in painful DPN vs. painless
DPN (p=0.05). These results were similar in pattern to those observed in
these HV and T2DM groups previously in distal calf biopsies; however, the
increase in VWF was much higher and nerve fiber density much lower in the
calf than thigh for painful DPN. Thigh skin vWF density was significantly
correlated with several metabolic (waist/hip ratio, HbAlc), clinical (e.g., pain
score), and neurophysiological measures.
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Conclusion: This study supports our proposal that increased dermal vasculature,
and its disproportionate ratio to reduced nociceptors, may help differentiate
painful DPN from painless DPN. This disproportion is greater in the distal calf
than the proximal thigh skin; hence, neuropathic pain in DPN is length-
dependent and first localized to the distal lower limbs, mainly feet.
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Introduction

Diabetic peripheral neuropathy (DPN) is the most common
chronic complication of diabetes (1). Up to half of people with
DPN develop neuropathic pain (painful DPN), which causes a
variety of unpleasant symptoms in the legs and feet, including
constant burning pain, paroxysmal “electric-shock”-like pain, and
hypersensitivity to the touch of normally benign stimuli
(allodynia) (2, 3). These symptoms are often more intense at

night and thus can induce sleep impairment (4, 5).
Unsurprisingly, these symptoms can lead to mood impairment
and a reduction in quality of life (5, 6). In addition to the
profound impact of painful DPN on patients, this condition is
also associated with greater healthcare costs than with people
who have diabetes or DPN alone (7).

Our understanding of DPN remains incomplete and treatment
is limited (I, 8). Recent publication reports of topical high-dose
capsaicin treatments show pain relief and disease modification
(9-15), although there

therapies for DPN (16). The current recommended treatments all

are no licensed disease-modifying
aim to improve neuropathic pain symptoms; however, they have
limited efficacy, which is offset by dose-related adverse events
(17). Thus, there is a sound rationale for investigating the
underlying mechanisms of painful DPN and identifying new
targets for therapeutic interventions.

Recent studies have included immunohistochemical analysis of
skin biopsy samples as a method to investigate the pathophysiology
of painful DPN (18-24). Intraepidermal nerve fibers (IENF) are
now readily identified on skin biopsy samples using the pan-
neuronal marker protein gene product 9.5 (PGP 9.5) (25). Skin
biopsy with PGP 9.5 analysis is a recommended investigative
technique for the diagnosis of small fiber neuropathy, including
in diabetes (26, 27). In DPN, there is a reduction in IENF
density (28), but IENF and other measures of neurological
function, e.g., quantitative sensory testing (QST), are unhelpful in
distinguishing between painful and painless DPN (20, 22, 29-31).
However, we and other groups have demonstrated additional
markers in skin biopsies that may differentiate between painful
and painless DPN (31) such as markers of nerve degeneration
(axonal swellings) and nerve regeneration (GAP-43) (20, 21, 32).

Abbreviations

An increase in PGP 9.5 positive nerve fibers towards normal
density correlated positively with pain relief in patients treated
with high-dose capsaicin patches (10, 11).

We recently demonstrated that subjects with painful DPN had
a significantly higher blood vessel density, measured using von
Willebrand factor (VWF), DPN
(p<0.001), whereas there was no group difference in other
neuronal markers (e.g., IENF density or GAP-43) (24). This
novel finding suggests that hypoxemia-induced increase in blood

compared with painless

vessels may be responsible for an excessive exposure of depleted
small nerve fiber terminals to key algogenic substances related to
or derived from increased blood vessels, e.g., NGF, in painful
DPN. The calf skin biopsies in our previous study were collected
10 cm above the ankle [as per the European Federation of
Neurological Societies/Peripheral Nerve Society Guidelines (33)]
in subjects with advanced diabetes, in whom IENF was markedly
reduced. Therefore, we have now performed skin biopsies at the
proximal thigh, where IENF would be less reduced, to investigate
the density of vascular and neural biomarkers in HV, painful-
DPN, painless-DPN, and no-DPN subgroups and a general
relationship to neuropathic pain.

Materials and methods
Study design and participants

Forty-one participants were recruited to the study, including 13
healthy volunteers (HV) and 28 with type 2 diabetes mellitus
T2DM (15 painful DPN, 7 painless DPN, and 6 T2DM without
DPN (no DPN)]. Patients were recruited from Sheffield Teaching
Hospitals NHS Foundation Trust Diabetes Databases and
outpatient clinics, and healthy volunteers were recruited by self-
referral from promotional materials. All participants with T2DM
were diagnosed according to the World Health Organization
criteria for at least 6 months prior to their inclusion into the
study. The exclusion criteria included as follows: current or past
history of excessive alcohol usage (>14 units/week), non-diabetic
neuropathies, other neurological disorders that may confound
clinical assessments, pregnancy, major lower limb amputation,

T2DM, type 2 diabetes; DPN, diabetic peripheral neuropathy; DM, diabetes mellitus; HV, healthy volunteers; NIS-LL + 7, neuropathy impairment score of the lower
limb plus 7 tests of nerve function; DN4, Douleur neuropathique-4 painful neuropathy score; NRPS, numeric pain rating scale; IENF, intraepidermal nerve fiber;
SENF, subepidermal nerve fiber; CDT, cooling detection threshold; WDT, warm detection threshold; TSL, thermal sensory limen; ESC, electrochemical skin
conductance; BMI, body mass index; ACR, albumin-creatinine ratio; GFR, glomerular filtration rate; PGP9.5, protein gene product 9.5; GAP43, growth-associated

protein 43; vWF, von Willebrand factor.
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eGFR <45 ml/min/1.73 m>, absence of peripheral pulses, use of
anticoagulation medications, known bleeding disorder, and
moderate-to-severe pain from causes other than DPN. All
participants gave written, informed consent before participation
in the study, which had prior ethics approval by the Nottingham
Research Ethics Committee (reference no. 17/EM/0430).
Participants underwent detailed clinical and neurophysiological
(1) Toronto Clinical
Neuropathy Score (TCNS) to assess neuropathy symptoms and

assessments, including the following:
signs (34); (2) Neuropathy Impairment Score Lower Limb [NIS
) (3)
Douleur Neuropathique en 4 (DN4) questionnaire to assess
); (4) Neuropathic Pain
Symptom Inventory (NPSI) to evaluate different symptoms of
); (5) nerve conduction studies (NCS)
performed at a stable skin temperature of 31°C and a room

(LL)] to assess clinical peripheral neurological status (
neuropathic pain symptoms and signs (
neuropathic pain (

temperature of 24°C, using an electrophysiological system
[Medelec; Synergy Oxford Instruments, Oxford, UK. The
following peripheral nerve attributes were measured: (a) sural
sensory nerve action potential; (b) common peroneal motor
nerve distal latency, compound muscle action potential, and
conduction velocity; and (c) tibial motor nerve distal latency]; (6)
sudomotor assessment with measurement of foot electrochemical
skin conductance (ESC) using SUDOSCAN (Impeto Medical,
Paris, France), as a marker of peripheral autonomic small fiber
neuropathy (38); (7) vibration detection thresholds acquired from
the dorsal aspect of the right foot using the Computer-Assisted
Sensory Evaluation IV (WR Electronics, Stillwater, MN, USA)
using the four-, two-, and one-step algorithm with null stimuli,
based on comparative data from computer simulation and patient
responses (39); (8) cardiac autonomic function tests performed
using a computer-assisted technique (40); and (9) German
Research Network of Neuropathic Pain (DFNS) quantitative
sensory testing (41).

The DFNS QST was performed as per the protocol (41), briefly
described as follows (42). Cold (CDT) and warm detection
thresholds (CDT), as well as cold (CPT) and heat pain
thresholds (CPT) and thermal sensory limens (TSL) and
paradoxical heat sensations (PHS), were established using a
MEDOC TSA-II Neurosensory Analyzer (Ramat Yishai, Israel).
The thermode probe area contacting the skin was 30 mm x
30 mm, and the range of stimulus intensity ranged from 0°C to
50°C. We also tested mechanical detection (MDT), pain
thresholds (MPT), mechanical pain sensitivity (MPS), dynamic
mechanical allodynia (DMA), pressure pain thresholds (PPTs),
wind-up ratio (WUR), and vibration detection thresholds (VDT).
The mechanical detection threshold was assessed with a set of
standardized von Frey filaments (0.25, 0.5, 1, 2, 4, 8, 16, 32, 64,
128, and 256 mN; Nervtest, Marstock, Germany) using a
modified method of limits. The mechanical pain threshold was
assessed with a set of seven metal probes of standardized
stimulus intensities (8, 16, 32, 64, 128, 256, and 512 mN; MRC
Systems, Medizintechnische Systeme, Heidelberg, Germany),
using a uniform skin contact area of 0.25 mm and a modified
method of limits. The mechanical pain sensitivity of the skin and
dynamic mechanical allodynia were determined using the same
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set of seven metal probes with standardized stimulus intensities
and, in addition, a set of three light intensity stimuli: a cotton
wool ball with a force of 3 mN; a Q-tip (fixed to a plastic stick)
with a force of 100 mN; and a paintbrush with an applied force
of 200-400 mN. These stimuli were applied 50 times with a
~10 s interstimulus interval (five runs of 10 stimuli per test site
in different pseudorandomized sequences), and the participants
were asked to rate the intensity of each stimulus on a 0-100
numeric rating scale (0, no pain; 100, most severe pain). The
WUR, as a measure of enhanced temporal summation, was
examined by a pinprick stimulus of standardized intensity
(256 mN). The stimulus was first applied singularly and then in
a series of 10 stimuli with a frequency of 1 Hz within an area of
1 cm®. Participants were asked to rate the intensity of the first
stimulus and the mean of ten stimuli on a scale of 0-100. The
ratio between the two measures was calculated as WUR; a WUR
of >1 indicates enhanced temporal summation. The vibration
detection threshold was examined using a tuning fork (64 Hz,
8/8 scale) at the (lateral or medial) malleolus area. The muscular
pressure pain threshold was examined by applying mechanical
pressure at a rate of 0.5 kg/s (Algometer, Somedic, Sweden) at
the abductor hallucis muscle. As per the DENS protocol, all
modalities were tested using the same technique at the dorsum
of the foot, except for vibration detection thresholds in which the
tuning fork is placed on the medial malleolus and pressure pain
threshold where the pressure algometer is placed on the abductor
hallucis muscle. The QST data were entered into the data
analysis system eQUISTA provided by the DENS (43). eQUISTA
transformed the raw QST data into z-scores, thus normalizing
for age, sex, and the body location of testing. Positive z-scores
denote the gain of function, whereas negative z-scores denote the
loss of function. Formal training for the protocol was obtained at
Bochum Hospital, Germany.

Sensory tests (clinical/neurophysiological/QST) were performed
in the feet and lower legs rather than the thigh, because the tests
were validated based on this region.

Furthermore, the reason for doing the thigh biopsy was to
determine potential early length-dependent skin neuronal/
vascular changes, in relation to advanced neuropathic processes
observed distally with more severe nerve fiber loss.

A neuropathy composite score known as the NIS(LL) +7
was calculated which combines the NIS-LL with seven
[cardiac autonomic function, NCS
thresholds (VDT)] to
determine an overall measure of neuropathy severity (44). The
). The
NIS(LL) + 7 is a validated, continuous measure of neuropathy

neurophysiological tests
measures, and vibration detection
full details of this procedure are detailed elsewhere (35,

severity that has been widely used in DPN research studies as a
clinical endpoint.

Based on these assessments, the participants with diabetes were
divided into three groups (26):

(1) Confirmed painless DPN, consisting of participants with
painless DPN, with abnormal clinical findings (TCNS > 5),
and at least two abnormalities on nerve conduction studies
one of which had to be an attribute of the sural nerve.
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(2) Confirmed painful DPN, with abnormal clinical findings
(TCNS > 5)
conduction studies one of which had to be an attribute of

and at least two abnormalities on nerve
the sural nerve, DN4 score >4, and chronic neuropathic
pain for at least 6 months (45).

(3) No DPN, consisting of participants with no evidence of DPN
on clinical scoring or nerve conduction studies, with no
evidence of chronic neuropathic pain.

Thigh skin biopsy and
immunohistochemistry

Skin biopsy samples were obtained from all participants in line
with the guidelines published by the European Federation of
Neurological Societies (EFNS) on the use of skin biopsy in the
(33). The
anesthetized by local infiltration of 2% lidocaine before a 3 mm

diagnosis of peripheral neuropathies skin  was
punch biopsy was obtained from the upper lateral aspect of the
thigh 20 cm below the anterior iliac spine.

The skin biopsy specimen was fixed for 12-18 h in Zamboni
fixative and cryprotected overnight (15% sucrose in 0.1 M
phosphate buffer) at 4°C and then snap frozen in liquid nitrogen
in optimum cutting tissue embedding medium (Tissue-Tek OCT,
RA Lamb Ltd., Eastbourne, UK). Frozen sections of 15 pm
thickness for vWF antibody (rabbit, 1:10,000; Novocastra
Laboratories, Milton Keynes, UK) were collected onto poly-L-
lysine (Sigma, Poole, UK)-coated glass slides and post-fixed in
freshly prepared, 4% w/v paraformaldehyde in 0.15 M phosphate-
buffered saline (PBS) for 30 min. Endogenous peroxidase was
blocked by incubation in methanol containing 0.3% w/v
hydrogen peroxide for 30 min. After rehydration, appropriately
processed sections were incubated overnight with primary
antibodies. For PGP9.5 (rabbit, RA95/06, 1:40,000; Ultraclone,
Isle of Wight, UK), 50 um sections were floated onto 4% w/v
paraformaldehyde in 0.15M phosphate PBS for 1 h 30 min in
12-well plates, washed with PBS, and incubated with PGP 9.5
antibodies overnight. They were then washed and incubated with
a second antibody for 1h 30 min and washed again. In all
sections, adherent or free floating, sites of primary antibody
attachment were revealed using nickel-enhanced, avidin-biotin
peroxidase (Vector Laboratories, Peterborough, UK) (46, 47). In
PGP 9.5-stained 50 pm sections, the IENF quantification method
used followed the EFNS guidelines (33).

Intraepidermal nerve fibers were counted along the length of
four non-consecutive sections. The length of epithelium in each
counted section was measured using computerized microscopy
software (Olympus ANALYSIS 5 Soft, Olympus UK, Southend,
Essex, UK), and the results were expressed as fibers/mm length
of the section.
threshold was
quantitation of immunostaining for the vascular marker vWF

The gray-shade detection applied for
and was set at a constant level to allow the detection
The of highlighted

immunoreactivity was obtained as a percentage (% area) of the

of positive immunostaining. area

field scanned. Three random sections of good architectural
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tissue preservation (as objectivated by neutral red
counterstain), sufficient length (around 3 mm), and good
overall staining including no excess background were selected.
Images were captured (x40 objective magnification) along the
entire length of the sections, and the mean values were used
for statistical analysis. Quantification was performed by two
independent blinded observers, and there was no significant

difference between observers.

Statistical analysis

The statistical package SPSS version 28 (SPSS, IBM Corp., NY,
USA) was data.
characteristics were described as mean and standard deviation

used for baseline Baseline participant
(+) for normally distributed variables, median and interquartile
range for variables with a non-parametric distribution, and
percentages for categorical variables. We used Spearman’s rank
correlation for non-parametric variables. One-way ANOVA was
used to compare characteristics for parametric data and the
Kruskal-Wallis test for non-parametric data. The y* test was
used for the analysis of categorical data.

Immunocytochemistry data were analyzed using GraphPad
Prism version 5.0 for Windows (GraphPad Prism Software, San
Diego, CA, USA). The statistical tests used were paired two-tailed
Mann-Whitney test, Student’s t-test, and two-way ANOVA
analysis. For all statistical tests, p-values of <0.05 were

considered significant.

demonstrates the demographic, clinical, and
biochemical results from the participants who underwent the
study. There was a greater proportion of participants with
retinopathy in the no-DPN (¢ test, p=0.019) and painful-DPN
groups (p<0.001) compared with the painless-DPN group.
Moreover, there was a greater proportion of patients with
nephropathy in the painless-DPN group compared with the no-
DPN group (p=0.027), and the urinary ACR was greater in all
diabetes groups compared with the HV group, as expected. The
waist/hip ratio and HbAlc were also statistically higher in all
the diabetes groups compared with the HV group (all; LSD,
p <0.05). Finally, the cholesterol level was statistically lower in
the painless-DPN  (p=0.001)
(p=0.007) compared with the HV group.

demonstrates

and painful-DPN  groups
the neurological assessments of
participants undergoing the study, including the PGP 9.5
immunoreactivity results. As expected, measures of neuropathic
pain, i.e., NPSI and DN4, were higher in the painful-DPN group.
The TCNS was also statistically higher in the painful-DPN vs.
painless-DPN  groups. Measures of neuropathy were all
statistically higher in the DPN groups compared with non-DPN
groups, with no difference between painful- and painless-DPN
groups. demonstrates the PGP 9.5 immunoreactivity in

the thigh skin from all four study groups. There was a reduction
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TABLE 1 Clinical details of participants.

HV (n =13)

No DPN (n=7)

10.3389/fpain.2024.1485420

Painless DPN (n=6) | Painful DPN (n = 15)

Age (years) 63.0+12.3 64.4+47 63.1+£59 65.0+10.2 0.944 A
Sex (% female) 53.8 40.0 25.0 47.1 0.620 )(2
Duration DM (years) 9.8+5.8 163+7.7 11.2+6.8 0.177 A
Retinopathy presence (% present) 80% 62.5% 76.5% <0.001 "
Retinopathy score (0 =No DR, 0=20% 0=37.5% 0=23.5% <0.001 x>*"
1 =Bck/Pre-P, 2 = Pro/Laser) 1=80% 1=37.5% 1=47.1%

2=0% 2=25.0% 2=29.4%
Nephropathy presence (% present) 20% 50% 47.1% <0.001 z**
ACR (mg/mmol) 0.0 (0.2) 1.5 (1.7) 0.9 (1.9) 1.4 (4.0) <0.001 KW
Number of hypoglycaemic episodes in 0+0 3775 47+128 0.791 A
the last 12 months
Smoked ever (% yes) 38.5% 40% 75% 76.5%" 0.110 ;{2
Pack-years smoking [Packs 142+9.7 15.3 £20.9 3124222 3214237 0.298 A
(1 pack =20 cigarettes) x Number of years]
Alcohol intake (units/week) 44+5.1 10.7 +3.1 63+438 6.5+5.6 0.337 A
Waist/hip ratio 0.86 +£0.07 0.95+0.07 1.00 £ 0.08 0.96 +0.07 <0.001 A
Body mass index (kg/mz) 27.1+6.1 30.8+4.1 30.1+3.2 30.6 6.6 0.362 A
Systolic blood pressure (mmHg) 132.5+21.0 1242+10.3 137.4+19.7 136.0 +14.2 0.538 A
Creatinine (umol/L) 71.8+8.1 77.4+8.6 72.8+11.2 77.6 £22.3 0.746 A
Total Cholesterol (mmol/L) 51+1.0 41+12 35+0.7 4.1+09 0.004 A
HbAIc (mmol/mol) 374+44 56.6 +10.6 63.1+16.8 67.4+18.9 0.001 A

Boldface denotes p < 0.05.
*p <0.05, no DPN vs. painless DPN.
p <0.05, painful DPN vs. painless DPN.

TABLE 2 Neurological assessments of study participants undergoing skin biopsy.

VAGENK) No DPN (n=7) Painless DPN (n = 6) Painful DPN (n = 15)
NPSI (total score) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 20.8 (18.6) <0.001 KW
DN4 0.0 (0.0) 0.0 (0.0) 2.0 (1.5) 6.0 (3.5) <0.001 KW
TCNS 0.0 (0.0) 2.0 (1.0) 8.0 (10.0) 15.0 (4.0) <0.001 KW
NIS-LL 0.0 (0.0) 0.0 (3.0) 9.0 (19.3) 16.5 (10.0) <0.001 KW
NIS-LL + 7 0.0 (1.0) 0.0 (1.5) 17.0 (23.7) 25.2 (13.0) <0.001 KW
Peroneal CMAP (mV) 51+17 54+27 28+32 21+17 0.002 A
Peroneal MNCV (m/s) 473+33 46.7 £2.9 374+97 389467 <0.001 A
Peroneal MNDL (msec) 49 (0.8) 45 (0.9) 6.6 (2.6) 6.1 (4.7) 0.005 KW
Tibial MNDL (msec) 44 (12) 4.7 (0.5) 74 (2.9) 6.8 (2.6) <0.001 KW
Sural SNAP (mV) 160 +6.4 11.1+£39 56+49 29+57 <0.001 A
Foot ESC (uS) 75.1+10.9 742+135 541+19.8 434+189 <0.001 A
PGP 9.5 IENF fibres/mm 174432 17.7+3.6 79+42 54+52 <0.001 A

Boldface denotes p < 0.05.

in PGP immunoreactivity in the DPN groups compared with non-
neuropathy groups (all; LSD, p <0.001). However, there was no
significant difference between the painless- and painful-DPN
groups (p =0.208).

Table 3 demonstrates the DENS QST parameters of all study
participants. As expected, there was evidence of loss of sensory
function in the DPN groups compared with the non-neuropathy
groups, although MDT was not significantly different from the
painless-DPN and other groups. Also, there were no differences
in the painless- and painful-DPN groups.

Immunostaining for the pan-neuronal marker (PGP 9.5) in
skin biopsies from the HV and no-DPN groups is shown in
Figure 1. These were significantly reduced in DPN groups with
pain or without pain (p<0.0001 and p=0.001, respectively).
There was no statistical difference between HV vs. no-DPN
groups and painful-DPN vs. painless DPN groups.

Frontiers in Pain Research

Immunostaining for the vascular marker vWF showed a
significant increase in the subepidermal staining area in the
painful-DPN group (p <0.0001) vs. the HV group (Figure 2). In
contrast, there was no significant difference between the HV
group and the painless-DPN group (p =0.27), nor was this group
different from the no-DPN group (p=1.00). Importantly, the
painful-DPN group was also significantly different from both
the painless-DPN group and no-DPN group (p=0.006 and
p =0.002, respectively).

The ratio of PGP9.5 IENF to vWF showed a significant
difference  between
(p=0.05) (Figure 3).

Ten participants who had PGP 9.5 immunohistochemistry did

painful- and painless-DPN  groups

not have vWF immunohistochemistry (HV: age 57.3 + 12.2, female
57%, BMI 26.7 + 6.3 kg/m’, and HbAlc 37.3 + 5.1 mmol/mol; and
painful-DSPN: age 67.7 + 6.1, female 66.6%, BMI 28.9 + 2.9 kg/m”,
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p=0.72

**p=0.001

**%0< 0.0001

20+

15-
p=0.16

PGP9.5 IENF fibers/mm
>

> > >
& & )
<O
S

¢ &

FIGURE 1
(a) PGP9.5 immunoreactivity in thigh skin biopsies from the healthy volunteers and the HV, (b) painful-DPN, (c) painless-DPN, and (d) no-DPN groups.

Magnification, x40. (e) Mean + SEM of the PGP9.5 intraepidermal nerve fibers (fibers/mm).
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TABLE 3 German pain research network QST results in study participants.
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HV (n =13) No DPN (n=7) Painless DPN (n = 6) Painful DPN (n = 15) p-value
CDT z-score —0.82+1.12 —0.78 £0.43 —221+1.18 —213+1.26 0.006 A
(—3.54, 0.61) (~1.33, —0.26) (—3.94, —1.02) (—3.34, 1.40)
CDT% abnormal 7.7% 0.0% 50% 76.5% 0.001 Chi?
WDT z-score ~1.13£0.87 —0.54£0.77 -1.68+1.12 —2.03+0.49 0.002 A
(-=2.31, 0.26) (—1.41, 0.58) (=2.75, 0.44) (=2.75, =1.17)
WDT% abnormal 23.1% 0% 50% 58.8% 0.051 Chi®
TSL z-score —1.48 £1.09 —~1.09 £0.27 —225+1.30 —2.23+0.59 0.027 A
(—3.72, 0.45) (—1.34, —0.69) (—3.94, —0.53) (—3.18, —1.16)

TSL% abnormal 30.8% 0% 37.5% 64.7% 0.047 Chi?
CPT z-score —0.89 (1.03) —0.98 (0.64) —0.87 (1.03) —0.98 (0.71) 0.990 KW
(—1.47, 0.20) (~1.04, 0.18) (-1.19, 0.28) (-1.19, 0.58)

CPT% abnormal 0% 0% 0% 0% N/A

HPT z-score —-0.73 £1.01 —0.79 £0.98 —0.62+1.62 ~1.34+0.52 0.253 A
(—2.02, 1.50) (~1.92, 0.44) (—2.03, 2.10) (—2.03, —0.48)

HPT% abnormal 7.7% 0% 37.5% 23.5% 0.229 Chi®

PPT z-score 0.77+£0.93 131+2.19 0.55+1.89 119+ 1.81 0.751 A
(—0.55, 2.20) (—2.09, 3.86) (-1.92, 3.12) (—2.08, 4.41)

PPT% abnormal 7.7% 60% 25.0% 64.7% 0.009 Chi?

MPT z-score 1.24+1.54 1.23+1.57 —1.60 £2.11 —1.91+2.02 0.001 A
(—0.75, 4.41) (—0.54, 2.44) (—3.14, 1.46) (—3.24, 2.88)

MPT% abnormal 23.1% 60% 62.5% 82.4% 0.013 Chi?
MPS z-score —0.08 (1.53) 0.14 (2.53) ~1.72 (1.56) —1.43 (1.31) 0.014 KW
(—=2.12, 2.48) (~1.10, 2.08) (=2.12, 0.90) (—2.12, 3.16)

MPS% abnormal 38.5% 20.0% 75.0% 76.5% 0.040 Chi?
WUR z-score —0.22+1.03 —0.21 +1.49 —0.08 +0.86 —0.64 +0.95 0919 A

(-1.33, 1.92) (—=2.25, 1.08) (—1.14, 1.00) (-1.72, 0.06)

WURY% abnormal 0% 20.0% 0% 0% 0.244 Chi®
MDT z-score 0.64 (1.97) 0.26 (1.72) —1.31 (5.46) —1.74 (3.39) 0.002 KW
(—2.05, 2.68) (—1.03, 2.05) (—4.86, 2.19) (—5.48, 0.64)

MDT% abnormal 38.5% 20.0% 50.0% 47.1% 0.492 Chi®
VDT z-score 0.11 (1.53) —0.04 (2.16) —2.20 (3.83) —2.80 (1.94) 0.009 KW
(—2.87, 1.01) (=2.96, 1.12) (=5.53, 0.78) (=5.53, 0.99)

VDT% abnormal 15.4% 20.0% 62.5% 64.7% 0.023 Chi?

DMA% abnormal 0% 0% 0% 17.6% 0.177
PHS% abnormal 7.7% 60.0% 25.0% 47.1% 0.065 Chi®

The z-scores are provided as mean + SD or median (IQR) and the range (minimum, maximum) for each group.

Boldface denotes p < 0.05.

and HbAlc 67.0 + 7.3 mmol/mol). There was an increase in vVWF
immunoreactivity in painful-DSPN [4.7 (0.9)% area] compared
with all three other study groups vs. the HV [2.4 (1.0), Mann-
Whitney U-test, p <0.001], no-DSPN [(2.7 (1.1), p=0.005], and
painless-DSPN  [3.1 (1.8), p=0.001)] groups, as shown in
Figure 2. Moreover, there was a significant group difference in
the PGP9.5 IENF:vWF ratio as shown in Figure 3.

Table 4 demonstrates the correlation analysis between VWEF
immunoreactivity at the thigh and clinical, demographic, and
neurological  variables. vWF immunoreactivity —positively
correlated with clinical variables, including the waist/hip ratio
and HbAlc. Additionally, vVWF immunoreactivity also positively
correlated with neuropathy measures including the clinical
scoring systems (TCNS and NIS-LL), objective measures (nerve
conduction studies and QST measures), and the composite score
NIS-LL+7 (Spearman’s correlation, r=0.641, p<0.001). vWF
also correlated with measures of neuropathic pain, including all
the subscores of the NPSI and the total NPSI (r=0.642,
p<0.001), DN4 (r=0.659, p<0.001), and VAS (r=0.585,
p=0.004) scores. Finally, vVWF also correlated with PGP 9.5
immunoreactivity (r=—0.571, p=0.001).

Frontiers in Pain Research

Discussion

In this study, we report a significant increase in the vascular
marker vVWF in skin biopsies taken at the thigh in patients with
painful DPN compared with all other study groups. Importantly,
the increase in VWF was significantly greater in the painful-
compared with the painless-DPN group, despite both groups
having a similar severity of neuropathy. There was also a
significant reduction in the PGP IENF:vWF ratio in the painful-
DPN group compared with all other groups.

The findings of this study are comparable to those in our
previous publication (24), although now confirmed at a different
biopsy site and in a cohort with more detailed phenotyping. In
this previous study, we performed immunohistochemical analysis
of skin biopsies at the distal calf and found that IENF density
was severely depleted in neuropathy groups but that vWE-
positive blood vessels were significantly increased in the painful-
DPN group. Thus, we performed skin biopsy at a more proximal
site where IENF was less depleted. It is also notable that the
VWF% area was numerically lower in thigh skin biopsies in
painful DPN than at the calf, but the IENF density was higher in
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FIGURE 2
(@) VWF immunoreactivity in thigh skin from the healthy volunteers and the HV, (b) painful-DPN, (c) painless-DPN, and (d) no-DPN groups.

Magnification x40. (e) Image analysis of VWF subepidermal vessel immunostaining (% immunoreactivity).
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FIGURE 3
Bar charts showing image analyses (mean + SEM) of PGP9.5 IENF:
VWF ratios in thigh skin from the healthy volunteers and the HV,
painful-DPN, painless-DPN, and no-DPN groups.

the thigh. This is expected in a length-dependent neuropathy, i.e.,
less advanced DPN at the thigh compared with the distal calf, and
may also explain why pain symptoms present first in the feet and
distal calf. We also demonstrated a correlation between clinical
and neurophysiological measures and vVWF immunoreactivity.
Most notably, there were significant correlations with neuropathy
severity but also measures of neuropathic pain, including NPSI
total and subscores, VAS pain, and DN4. This therefore
highlights the relationship between VWF and pain in DPN.

The mechanisms underlying the maintenance and generation
of neuropathic pain in DPN remain unclear. This study and our
previous publication indicate that skin vascular factors may be
involved in the pathophysiology of the condition (24). It has
previously been suggested that more severe neuropathy appears
to be associated with painful DPN (22, 29, 30, 48); thus,
individuals with painful DPN may undergo a more advanced
hypoxia-induced increase in skin blood vessels, which then
expose local small nociceptive fibers to a relative excess of
algogens such as nerve growth factor (24, 49, 50). These
surviving nociceptors will then be “over-trophed” and promote
pain and sensitivity, as seen in NGF-induced inflammation in
normal skin (49). Another study has also demonstrated evidence
of hypoxia and abnormal angiogenesis in patients with painful
DPN (51), who found hypoxia-inducible factor 1 o (HIF-1a), a
measure of tissue hypoxia, immunostaining correlated with
measures of pain in individuals with DPN. Moreover, in painful
non-freezing cold injury (trench foot), a similar finding of
increased vVWF staining was also demonstrated (46).

In support of vascular factors being an important contributory
factor to the generation and maintenance of neuropathic pain in
DPN, various other studies have found alterations suggestive of
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TABLE 4 Spearman’s correlation between vVWF immunoreactivity in thigh
skin and clinical, demographic, and neurological variables in study
participants.

 pae

Age —0.154 0.392
Duration of DM —0.120 0.552
ACR 0.318 0.071
Pack-years smoking 0.308 0.082
Waist/hip ratio 0.352 0.044
Body mass index —0.032 0.859
Systolic blood pressure 0.212 0.245
Creatinine 0.115 0.526
Total cholesterol —-0.179 0.319
HbAlc 0.531 0.001
Burning spontaneous pain NPSI subscore 0.545 0.001
Pressing spontaneous pain NPSI subscore 0.536 0.001
Paroxysmal pain NPSI subscore 0.661 <0.001
Evoked pain NPSI subscore 0.590 <0.001
Paraesthesia/dysaesthesia NPSI subscore 0.482 0.004
NPSI 0.642 <0.001
DN4 0.659 <0.001
TCNS 0.752 <0.001
NIS-LL 0.713 <0.001
NIS-LL +7 0.641 <0.001
Peroneal CMAP —0.352 0.052
Peroneal MNCV —0.154 0.444
Peroneal MNDL 0.182 0.344
Tibial MNDL 0.472 0.007
Sural SNAP —0.576 0.001

Foot ESC 0.605 <0.001
VAS pain score 0.585 0.004
CDT z-score -0.373 0.033
WDT z-score —0.499 0.003
TSL z-score —0.414 0.017
CPT z-score —0.078 0.666
HPT z-score —0.437 0.011
PPT z-score 0.148 0.410
MPT z-score —0.488 0.004
MPS z-score —0.221 0.217
WUR z-score 0.227 0.502
MDT z-score —0.531 0.001
VDT z-score —0.548 0.001
DMA z-score N/A N/A

PHS z-score N/A N/A

PGP 9.5 IENF —0.571 0.001

Boldface denotes p < 0.05.

vascular dysfunction in painful DPN (22). Several studies have
shown peripheral blood flow regulation has been found to be
altered in painful DPN compared with painless DPN (22, 52-55).

For example, we found elevated sural nerve epineural oxygen
saturation and faster blood flow in patients with painful DPN
compared to painless DPN, perhaps secondary to arteriovenous
shunting (55). Moreover, studies
(vascular endothelial growth factor, VEGF) and endothelial
dysfunction (soluble intercellular adhesion molecule 1, SICAM-1)
have found them to be elevated in painful DPN (56, 57). Not
only are peripheral vascular mechanisms thought to be involved

measuring angiogenesis

in painful DPN but also central mechanisms. Thalamic and
anterior cingulate cortical hypervascularity have been shown to
be present in painful DPN (58, 59).
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This study opens new lines of investigation. Firstly, although
vWF has been used as a vascular marker in normal human tissues
(60), vWEF has also been found to be raised in conditions causing
endothelial damage (61) and is also upregulated in angiogenesis
(62, 63). Therefore, further study is necessary to determine the
mechanistic link between VWF elevation and painful DPN and
whether increased vWF staining is a result of a greater number of
blood vessels, as it appears to be, or due to vascular alterations
such as increased endothelial damage or greater angiogenesis.
Secondly, this study does present a possible mechanistic link
explaining the efficacy of topical vasodilatory agents in treating
painful DPN (64, 65). In previous studies, we have demonstrated
that clinical phenotyping using DENS QST and neuroimaging
markers can predict the treatment efficacy of intravenous lidocaine
(42). Therefore, future studies could use skin vWF as a biomarker
of painful DPN to determine whether it predicts the efficacy of
topical vasodilatory treatment as a mechanistic treatment agent.

This study confirms that vascular density is increased in the
skin in painful DPN and that dermal vasculature related to IENF
density may lead to neuropathic pain, in accordance with our
proposed mechanism. Future studies should investigate the
molecular links between vascular density and painful DPN,
thereby providing new targets for treatments of painful DPN.
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