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Epidermal Transient Receptor Potential Vanilloid 1
innervation is increased in patients with painful
diabetic polyneuropathy experiencing ongoing
burning pain

Eleonora Galosi, Pietro Falco, Giuseppe Di Pietro, Nicoletta Esposito, Gianfranco De Stefano, Enrico Evangelisti,
Caterina Leone, Daniel Litewczuk, Lorenzo Tramontana, Giulia Di Stefano, Andrea Truini*

Abstract \
Preclinical studies suggested that Transient Receptor Potential Vanilloid 1 (TRPV1) channels contribute to neuropathic pain in animal
models of diabetic polyneuropathy. Patients with painful diabetic polyneuropathy commonly experience ongoing burning pain. This
study aimed at evaluating the association between this specific type of pain and TRPV1 intraepidermal nerve fibers in patients with
painful diabetic polyneuropathy. We consecutively enrolled 70 patients with diabetic polyneuropathy. Each patient completed the
Neuropathic Pain Symptom Inventory (NPSI) to identify the various types of neuropathic pain. All patients underwent a distal leg skin
biopsy, with immunostaining of skin nerve fibers using antibodies for the pan-axonal marker Protein Gene Product 9.5 (PGP9.5),
TRPV1, Calcitonin Gene-Related Peptide (CGRP), and Substance P. We found that 57% of patients (n = 40) had neuropathic pain
symptoms, with ongoing burning pain being the most frequently reported type of pain at the NPSI (70% of patients with pain, n = 28).
Patients with ongoing burning pain had higher TRPV1 intraepidermal nerve fiber density and TRPV1/PGP9.5 ratio compared with
those with painless polyneuropathy (P = 0.014, P = 0.013) and painful polyneuropathy with other types of pain (P < 0.0001, P =
0.024); they also had increased CGRP dermal nerve fiber density compared with patients with painless polyneuropathy (P = 0.005).
Our study showed that ongoing burning pain is associated with an increased expression of intraepidermal TRPV1 fibers, as well as
an increased dermal representation of CGRP fibers. These findings suggest that TRPV1 contributes to ongoing burning pain,
possibly in conjunction with elevated CGRP expression, highlighting its significance as a therapeutic target for patients with painful

diabetic polyneuropathy.
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1. Introduction

Painful polyneuropathy, a highly prevalent and debilitating
complication of diabetes,??*° manifests with various combina-
tions of symptoms and signs, with ongoing burning pain being the
most common and representative type of pain.” Although painful
diabetic polyneuropathy has been associated with small fiber
damage, 2% studies using Protein Gene Product 9.5 (PGP9.5)
skin biopsies have yielded inconsistent findings regarding differ-
ences in small fiber density between patients with painful and
painless diabetic polyneuropathy,'”?! suggesting that neuro-
pathic pain might arise from functional changes in nociceptive
neuron signaling pathways, rather than axonal loss.%®
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Genetic studies indicate that Transient Receptor Potentials
(TRPs) are involved in neuropathic pain and pain resilience.®?
Among these, TRP vanilloid 1 (TRPV1) channels are expressed on
heat-activated nociceptors.?® Preclinical studies suggest that
TRPV1 contributes to peripheral sensitization, ' with increased
expression observed in animal models of painful diabetic
polyneuropathy.?® Although earlier human studies showed
conflicting results about TRPV1 role in painful diabetic polyneur-
opathy,'®'® recent research in patients with this condition
demonstrates an increase in the expression of peptidergic dermal
nerve fibers marked by antibodies for Calcitonin Gene-Related
Peptide (CGRP) and Substance P (SP),®?? both modulated by
TRPV1 activation.'®'® These findings, therefore, suggest a pivotal
role for TRPV1 channels in painful diabetic polyneuropathy.25~27

Because TRPV1 mediates noxious heat perception,?® and given
the burning sensation elicited by its agonist, capsaicin,'>%° we
hypothesized that the ongoing burning pain commonly experi-
enced by patients with painful diabetic polyneuropathy might be
associated with  TRPV1 epidermal expression. An improved
knowledge of the relationship between ongoing burning pain and
TRPV1 epidermal fibers may help to identify potential pathophys-
iological contributors and highlight therapeutic targets for this
prevalent and debilitating type of pain in patients with diabetes.

In this cross-sectional study, we aimed to investigate how
ongoing burning pain is associated with TRPV1 intragpidermal
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nerve fibers in painful diabetic polyneuropathy. To do so, we
consecutively enrolled patients with type 2 diabetes—related
painful and painless polyneuropathy. Neuropathic pain was
categorized into different types using the Neuropathic Pain
Symptom Inventory (NPSI),® a questionnaire designed to
differentiate neuropathic pain symptoms. Then, we compared
the density of TRPV1 and PGP9.5 intraepidermal nerve fibers, the
TRPV1/PGP9.5 ratio, as well as the density of peptidergic CGRP
and SP dermal nerve fibers—2 well-recognized downstream
mediators of TRPV1—between patients with painful polyneurop-
athy experiencing ongoing burning pain and patients with
painless polyneuropathy.

2. Methods
2.1. Study design and patient cohort

From September 2018 to September 2022, we consecutively
screened 180 patients with type 2 diabetes addressed to the
Peripheral Neuropathy and Neuropathic Pain Unit of the De-
partment of Human Neuroscience at Sapienza University, Rome.

Exclusion criteria included individuals younger than 18 years
and those with central nervous system diseases, cognitive
disturbances, and/or psychiatric disorders, as determined by
clinical history and examination. In addition, patients with clinical
conditions potentially associated with polyneuropathies other
than diabetes were excluded through comprehensive clinical and
laboratory assessments.

www. painjournalonline.com 825

Of the 180 patients screened with type 2 diabetes, 82 were
excluded because they did not present any symptom or clinical
sign compatible with diabetic polyneuropathy (Fig. 1). Eighteen
patients were excluded because of concomitant conditions
potentially associated with peripheral nervous system diseases
(6 patients had vitamin B12 deficiency, 2 had monoclonal
gammopathy, 4 had Hepatitis C Virus infection, and 6 had
previously undergone chemotherapy for cancer). Furthermore, 5
patients refused to undergo skin biopsy, whereas 5 patients were
excluded because they had normal diagnostic test findings. We
therefore enrolled 70 patients with definite diabetic polyneurop-
athy, including mixed fiber, pure large, and small fiber polyneur-
opathy (63.7 = 11.8 years, 29 women) (Table 1).

All patients underwent clinical examination, NPSI, nerve
conduction study, quantitative sensory testing (QST), and skin
biopsy at the distal leg with the evaluation of PGP9.5 and TRPV1
immunoreactive fibers. In a subset of patients with residual skin
sections, we also analyzed CGRP (n = 40) and SP (n = 30)
peptidergic nerve fibers. All data were collected in a structured
form using standardized protocols by staff members (clinical
examination and questionnaires: A.T., G.D.S, and D.L.; nerve
conduction study and QST: G.D.P., G.D.S., C.L., N.E., and
E.E.; and skin biopsy collection and analysis: E.G., P.F.,
and L.T.).

In line with expert opinion recommendations, the diagnosis
of mixed fiber and pure large fiber diabetic polyneuropathy was
based on distally distributed sensory symptoms or signs
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Figure 1. Flowchart of screening and enrolment of patients with type 2 diabetes.
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Figure 2. Exemplificative images of skin biopsy samples from healthy control subjects, highlighting the differences between epidermal and dermal PGP9.5 and
TRPV1 innervation. (A, B, C, D) PGP9.5 immunostaining is represented in red and collagen IV in green. PGP9.5 is expressed in intraepidermal nerve fibers (A, B, C,
white arrows) and autonomic nerve fibers of piloerector muscles in the dermis (A and B, blue arrows) and sweat glands (D). (E, F, G, H) TRPV1 immunostaining is
represented in red and collagen IV in green. Transient receptor potential vanilloid 1 immunoreactive fibers were extensively distributed in the epidermis as
intraepidermal nerve fibers (E, G, H, white arrows) and were sparsely found in the dermis in the context of dermal nerve bundles or subepidermal plexus (E, G,
yellow arrows). Notably, we did not detect any specific TRPV1 immunostaining in autonomic dermal structures such as piloerector muscles (E, G, blue arrows) and
sweat glands (F), thus suggesting that TRPV1 may serve as a selective biomarker for sensory fibers. PGP9.5, Protein Gene Product 9.5; TRPV1, Transient
Receptor Potential Vanilloid 1.

(decreased or absent ankle reflexes and/or decreased distal
sensation and/or distal muscle weakness or atrophy) and
nerve conduction study abnormalities (symmetrically de-
creased or absent sensory action potentials).®® The diagnosis
of pure small fiber polyneuropathy was based on spared nerve
conduction study parameters and the combination of at least 2
out of 3 of the following criteria: (1) distally distributed sensory
signs (decreased thermal pain sensation and/or hyperalgesia
and/or allodynia) as assessed with bedside clinical

examination; (2) abnormal cold detection threshold (CDT)
and/or warm detection threshold (WDT) as assessed by QST;
and (3) intraepidermal nerve fiber density reduction at skin
biopsy from the distal calf, as assessed with the pan-axonal
marker PGP9.5."°

Neuropathic pain diagnosis was based on the widely
recognized grading system for neuropathic pain diagnosis.'® In
all patients with neuropathic pain, we used the NPSI to identify the
different types of pain.
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Figure 3. Exemplificative images of TRPV1 and collagen IV immunostaining with indirect immunofluorescence in patients with ongoing burning pain and patients
with painless polyneuropathy. Transient receptor potential vanilloid 1 immunostaining is represented in red and collagen IV in green. The figure shows that TRPV1
intraepidermal nerve fibers (white arrows) were more extensively represented in patients with painful diabetic polyneuropathy with ongoing burning pain compared
with patients with painless polyneuropathy (P = 0.014). The TRPV1/PGP9.5 ratio was higher in patients with painful diabetic polyneuropathy experiencing ongoing
burning pain compared with those with painless polyneuropathy (P = 0.013). TRPV1, Transient Receptor Potential Vanilloid 1.
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Figure 4. Exemplificative images of CGRP and SP innervation double immuno-stained with collagen IV with indirect immunofluorescence, in patients with ongoing
burning pain and patients with painless polyneuropathy. Calcitonin gene-related peptide and SP immunostaining is represented in red and collagen IV in green.
The figure shows that both CGRP and SP fibers were sparsely found in the epidermis (white arrows) and more extensively represented in the dermis in the form of
nerve bundles (yellow marks). A grid was used to quantify dermal nerve fibers, as described in Methods. Patients with painful diabetic polyneuropathy with ongoing
burning pain had a higher density of CGRP dermal nerve fibers compared with patients with painless polyneuropathy (P = 0.005). Substance P dermal innervation
did not significantly differ between patients with ongoing burning pain and those with painless polyneuropathy. CGRP, Calcitonin Gene-Related Peptide; SP,

Substance P.

To assess the physiological distribution and density of TRPV1
immunoreactive nerve fibers, distal skin biopsies from 30 healthy
individuals (58.9 * 11.6 years, 11 women) with normal PGP9.5
intraepidermal nerve fiber density, analyzed in previous studies
and stored in our laboratory, were also immunostained for
TRPV1. This control group included individuals without any
medical condition and with normal clinical examination.

In our cohort of patients with type 2 diabetes—related painful
and painless polyneuropathy, we selected as primary outcome
measures the intragpidermal nerve fiber density of TRPV1 and
PGP9.5 fibers and the TRPV1/PGP9.5 ratio (ie, the density ratio of
TRPV1- to PGP9.5-immunostained intraepidermal nerve fibers).

As a preliminary analysis, we compared the TRPV1 and
PGP9.5 intraepidermal nerve fiber density, and the TRPV1/

PGP9.5 ratio between patients with diabetic polyneuropathy and
healthy controls, as well as between patients with painful (all types
of pain) and painless diabetic polyneuropathy. As a main outcome
analysis, to investigate how TRPV1 nerve fibers are associated
with ongoing burning pain, we compared TRPV1 and PGP9.5
intraepidermal nerve fiber density, and the TRPV1/PGP9.5 ratio,
between patients with painful polyneuropathy with ongoing
burning pain and patients with painless diabetic polyneuropathy.
In a confirmatory analysis, to verify the specific association
between ongoing burning pain and TRPV1 expression, we also
compared the TRPV1 intragpidermal nerve fiber density and the
TRPV1/PGP9.5 ratio between patients with painful polyneurop-
athy with ongoing burning pain and those with painful polyneur-
opathy without ongoing burning pain.
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Figure 5. Skin biopsy variables in patients with painful polyneuropathy with ongoing burning pain and painless polyneuropathy. Bars indicate medians. P
values <0.05 were considered significant. CGRP, Calcitonin Gene-Related Peptide; CGRP and SP DNFD, dermal nerve fiber density of CGRP and SP peptidergic
nerve fibers; SP, Substance P; TRPV1, Transient Receptor Potential Vanilloid 1; TRPV1 and PGP9.5 IENFD, intraepidermal nerve fiber density as evaluated with
TRPV1 and PGP9.5 immunostaining; TRPV1/PGP9.5 ratio, ratio between TRPV1 IENFD and PGP9.5 IENFD.
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Demographic, clinical, diagnostic test, and skin biopsy variables in patients with diabetic polyneuropathy and healthy controls.

Healthy controls

Diabetic polyneuropathy

Painful diabetic polyneuropathy Painless diabetic polyneuropathy

(n = 30) (n = 70) (n = 40) (n = 30)

Age (y) 58.9 (11.6) 63.7 (11.8) 64.1 (11.5) 63.2 (12.0)
Women (%) 11 (37%) 29 (41%) 19 (48%) 10 (33%)

Diabetes duration (y) — 16.3 (12.0) 16.9 (10.8) 15.7 (13.5)
BMI — 28.9 (5.1) 29.2 (5.5) 28.5 (4.6)
Glycosylated haemoglobin (%) — 75(1.8) 2.1) 7.1(1.0)

PGP 9.5 IENFD (fibers/mm) 15.1 (4.3) 4.9 (3.4) 833 5.1 (3.6)

TRPV1 IENFD (fibers/mm) 7.5 (3.4) 3.0 (2.6) 3.3(2.9) 2.7 2.1)

TRPV1/PGP9.5 ratio 05 (0.2) 0.6 (0.5) 0.6) 05 (0.3)

WDT (C) 43.0 (4.5) 4.7 (4.1) 43.4 (5.0)
CDT (C) — 19.18.8) 19509.2) 18.3 (8.8)
HPT (C) — 47.4 (6.4) 46.4 (8.3) 485 (2.7)
CPT (C) — 53(7.9) 6.5 (8.7) 3.9(6.9)

Sural SNAP amplitude (V) = 5.1 (5.0) 6.1 (5.9) 3732

Continuous variables are expressed as mean (SD); categorical variables are expressed as number of patients presenting the selected variable and relative percentages (%).

BMI, body mass index; CDT, cold detection threshold; CGRP, calcitonin gene-related peptide; CPT, cold pain threshold; HPT, heat pain threshold; CGRP DNFD, dermal nerve fiber density of CGRP immunoreactive fibers; PGP9.5
IENFD, intraepidermal nerve fibre density of PGP9.5 immunoreactive fibers; TRPV1 IENFD, intraepidermal nerve fibre density of TRPV1 immunoreactive fibers; TRPV1/PGP9.5 ratio, ratio between TRPV1 IENFD and PGP9.5
IENFD; SP, Substance P; SP DNFD, dermal nerve fiber density of SP immunoreactive fibers; Sural SNAP, sural sensory nerve action potential; WDT, warm detection threshold; TRPV1, transient receptor potential vanilloid 1.

We then considered the dermal nerve fiber density of CGRP
and SP immunoreactive fibers as secondary outcome measures
and compared these variables between patients with ongoing
burning pain and those with painless diabetic polyneuropathy.

The study was approved by the local institutional review board
(4789, n 16/18). Written informed consent to participate was
obtained from participants.

Neuropathic pain symptoms and sensory signs in patients
with painful diabetic polyneuropathy according to the
Neuropathic Pain Symptom Inventory and neurological
examination.

Painful diabetic

polyneuropathy
(n = 40)
NRS
Neuropathic pain symptoms according to the
NPSI
Burning pain 28 (70%) 72 (1.3
Squeezing pain 4 (35%) 41 (1.9
Pressure pain 3 (32%) 4.2 (2.0
Electric shocks 27 (67%) 6.1 (2.2
Stabbing pain 8 (20%) 4.0 (2.0)
Pain provoked or increased by brushing 9 (22%) 49 (2.3
Pain provoked or increased by pressure 5 (12%) 46 (2.7)
Pain provoked or increased by contact with 1 (2%) 4.0 (0.0)
something cold
Pins and needles 27 (67%) 57(1.9
Tingling 29 (73%) 5.3(1.8)
Sensory signs at the neurological examination
Tactile hypoesthesia 26 (65%)
Pain hypoesthesia 25 (62%)
Vibration hypoesthesia 28 (70%)

Continuous variables are presented as mean and SD. Categorical variables are presented as number of
patients with the selected variable and relative percentages (%).

NPSI, Neuropathic Pain Symptoms Inventory score; NRS, numeric rating scale for each NPSI item. Mean NRS
for each NPSI type was calculated between individuals complaining of that type of pain, thus excluding
patients with NRS = 0.

2.2. Clinical examination and questionnaires

We collected clinical information on age, disease duration,
body mass index (BMI), the most recent glycosylated
hemoglobin, history of macrovascular (cerebrovascular, car-
diovascular, and peripheral vascular disease) and microvas-
cular complications (ie, retinopathy and nephropathy), and
analgesic therapy. Nonproliferative or proliferative retinopathy
was identified by ophthalmoscopy. Nephropathy was di-
agnosed by microalbuminuria and macroalbuminuria, consid-
ered present with a 24-hour albumin excretion of 30 to 299 mg
or =300 mg, respectively.

We performed a detailed neurological examination, particularly
focused on the assessment of sensory signs, using bedside tools.
We examined touch with a piece of cotton wool, vibration with
a tuning fork (128 Hz), and pinprick sensation with a wooden
cocktail stick, as recommended.'® Patients were examined for
negative (tactile, vibration, pinprick, and thermal hypoesthesia)
and positive symptoms and signs (spontaneous pain, allodynia,
and pinprick hyperalgesia). Muscle strength was assessed by
Medical Research Council score.

During the clinical examination, patients were asked to report
pain symptoms and their onset. In patients with pain, we
diagnosed painful diabetic polyneuropathy according to the
grading system for the diagnosis of neuropathic pain.'® Patients
with polyneuropathy were, therefore, distinguished from patients
with painful and painless polyneuropathy.

We used the NPSI® to identify and rate the different neuropathic
pain symptoms including ongoing burning pain, ongoing deep
pain, paroxysmal pain, provoked pain, and non painful symptoms
on a 0 to 10 numeric rating scale (NRS).

2.3. Nerve conduction study

Patients underwent nerve conduction study through surface
recording electrodes with standard placement. Nerve conduction
study included sensory nerve action potential and conduction
velocity recorded from sural, ulnar, and superficial radial nerves,

Copyright © 2025 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.
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Skin biopsy variables in patients with painful diabetic polyneuropathy with ongoing burning pain and painless diabetic

polyneuropathy.
Painful diabetic polyneuropathy with ongoing Painless diabetic polyneuropathy (n = 30) P
burning pain (n = 28)
PGP9.5 [ENFD (fibers/mm) 5.4 (3.6) 136 0.7
TRPV1 IENFD (fibers/mm) 4.3(2.6) 7 (2.7) 0.01
TRPV1/PGP9.5 ratio 0.8 (0.6) 5003 0.01
CGRP DNFD (intercepts/mm) 3.3(3.4) 2(2.1) 0.005
SP DNFD (intercepts/mm) 1.9 2.1) 1.4 2.4) 0.45

Continuous skin biopsy variables are expressed as mean (SD). The Mann—Whitney /test was used to compare variables between patients with painful diabetic polyneuropathy with ongoing burning pain and painless diabetic polyneuropathy.
CGRP, Calcitonin Gene-Related Peptide; PGP9.5, Protein Gene Product 9.5; PGP9.5 IENFD, intraepidermal nerve fibre density of PGP9.5 immunoreactive fibers; TRPV1 IENFD, intraepidermal nerve fiber density of TRPV1
immunoreactive fibers; TRPV1/PGP9.5 ratio: ratio between TRPV1 IENFD and PGP9.5 IENFD; SP, Substance P; SP and CGRP DNFD, dermal nerve fibre density of SP and CGRP immunoreactive fibers; TRPV1, transient receptor

potential vanilloid 1.

and compound motor action potential amplitude and conduction
velocity of peroneal, tibial, and ulnar nerves. Recording methods
adhered to the recommendations of the International Federation
of Clinical Neurophysiology.®® Skin temperature was maintained
between 34 and 36°C. Data were compared with age-adjusted
normative ranges.®*

The amplitude of sural nerve sensory action potential was
considered as the main large fiber-related variable in our study.

2.4. Quantitative sensory testing

Quantitative sensory testing was performed in all patients by
trained examiners following the standardized protocol of the
German Research Network on Neuropathic Pain.®' We examined
the dorsum of the right foot as a “test site” because the foot is the
most painful area in most patients with diabetes. In each patient,
we first performed a demonstration of the different QST
procedures in the radial nerve territory of the left hand as
a practice area.

Using log-transformed raw patient values for each measured
variable and a large, widely accepted data set of normative
values,®' a z-score was calculated for each QST variable
(z-score = value of the patient — mean value of control
subjects/SD of control subjects). Negative z-scores indicated
aloss of perception, whereas positive z-scores indicated a gain of
perception. Values exceeding O = 1.96 SDs were considered
abnormal.

Thermal pain thresholds as assessed with QST—ie, WDT and
CDT, heat pain threshold (HPT), and cold pain threshold (CPT)—
were considered as main small fiber—related functional variables
in our study.”

2.5. Skin biopsy

Patients underwent skin biopsy at the distal leg, 10 cm above the
lateral malleolus, using a 3-mm disposable circular punch after
local lidocaine anaesthesia, under sterile conditions and with no
suture requirement.®?

Using indirect immunofluorescence, intraepidermal innervation
was assessed with antibodies for the pan-neuronal marker
PGP9.5 and TRPV1 in all patients, double-stained with collagen
IV, which marks the basal membrane separating the epidermis
from the dermis. To assess the physiological distribution and
density of TRPV1 immunoreactive skin nerve fibers, distal skin
biopsies from 30 control participants with no symptoms and signs
of neuropathy and with normal PGP9.5 intraepidermal nerve fiber
density, analyzed for previous studies and stored in our
laboratory, were also immunostained for TRPV1.

Biopsies were fixed for 24 hours at 4°C in Zamboni's fixative
and then cryoprotected overnight. Cut was performed at —23°C
with a cryostat (MEV, SLEE medical, Nieder-Olm, Germany) to
obtain 50-mm-thick sections. Three nonconsecutive free-floating
sections were randomly selected for PGP 9.5 immunostaining
from each sample and blocked with 5% normal donkey serum for
1 hour. Sections were then incubated overnight with a rabbit anti-
human PGP9.5 monoclonal antibody (1:500 diluted, Abcam,
Cambridge, United Kingdom) and a mouse anti-human collagen
IV monoclonal antibody (1:1600, Merck Millipore, Burlington,
MA). The following day, sections were incubated with anti-rabbit-
Cy3 (1:800, Jakson ImmunoResearch, Philadelphia, PA) and
anti-mouse-488  (1:400, Jakson) secondary antibodies
overnight.'”

Three distinct sections, each cut immediately after the sections
stained for PGP9.5 from the same skin sample, were incubated
overnight with a rabbit monoclonal anti-TRPV1 antibody (1:1000,
Abcam) and a mouse anti-human collagen IV monoclonal
antibody (1:1600, Merck Millipore). The next day, after washing,
sections were incubated with a byotinilated anti-rabbit secondary
antibody (1:700, Jakson) and an anti-mouse-488 secondary
antibody (1:400, Jakson) for 2 hours and then rinsed in methanol/
0.1% H>Oo/phosphate buffer for 1 hour. After washing, they were
placed in streptavidin-HRP conjugated (1:5000, Jakson) for
30 minutes to obtain signal amplification. After washing, they
rinsed for 10 minutes in Tyramide-Cy3 (1:500, Perkin Elmer,
Shelton, CT) to disclose fluorescence.®®

Information on preliminary experiments to optimize the staining
protocol for TRPV1 and verify its specificity is reported in
Supplementary Material 1 and Supplementary Figure 1 (http://
links.lww.com/PAIN/C223).

Calcitonin gene-related peptide and SP immunostaining were
performed in a subset of patients having consecutive residual
sections available after TRPV1 staining. Calcitonin gene-related
peptide staining was analyzed in 40 patients (24 with and 16
without neuropathic pain) and SP staining in 30 patients (16 with
and 14 without neuropathic pain). Three sections for each patient
were incubated overnight with a rabbit polyclonal anti-CGRP (1:
1000, Peninsula Laboratories, San Carlos, CA) and 3 with a rabbit
polyclonal anti-SP antibody (1:1000, Immunostar, Hudson, WI),
in both cases with a mouse anti-human collagen IV monoclonal
antibody (1:1600, Merck Millipore). The following day, sections
were incubated with anti-rabbit-Cy3 (1:800, Jakson) and anti-
mouse-488 (1:400, Jakson) secondary antibodies overnight.

A fluorescence microscope (Nikon Eclipse, Nikon, Tokyo,
Japan) with appropriate wavelength filters (tetramethilrhodamine
irothiocyanate-TRITC and fluorescein isothiocyanate-FITC) was
used to visualize nerve fibers. Intraepidermal nerve fibers counts

Copyright © 2025 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.
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were performed under a 40x objective by blind operators. Linear
intraepidermal nerve fiber density for PGP9.5, TRPV1, CGRP,
and SP immunoreactive fibers was calculated according to the
guidelines of the European Federation of the Neurological
Societies and Peripheral Nerve Society.?® Epidermal length was
measured by Nikon NIS-Elements Advanced Research (AR)
software to obtain a linear density (number of fibers/mm).
Transient receptor potential vanilloid1/PGP9.5 ratio, ie, the ratio
between intragpidermal nerve fiber density as evaluated by
TRPV1 and PGP9.5, was calculated for each biopsy, as
a measurement of normalized TRPV1 fibers density compared
with the total intraegpidermal nerve fibers as assessed by PGP9.5.

Calcitonin gene-related peptide and SP dermal nerve fibers
were evaluated by superimposing a grid over each section using
the Grid function of the NIS-Elements AR software. The grid was
composed of squares with sides of 100 wm, and intersections
between the fibers and the grid were counted under a 20x
objective. The number of CGRP and SP immunoreactive fibers
intersections with the grid was divided by the entire dermal area
1 mm down from the basal membrane. The dermal nerve fiber
density of CGRP and SP immunostained fibers was then
expressed as the number of intercepts per square millimeter of
dermis (intercepts/mm?).

To verify the repeatability of the method, 2 distinct blind
operators (E.G. and L.T.) performed the same counting on 25
slides.

2.6. Statistical analysis

A univariate analysis was performed to describe the main
demographic, clinical characteristics, and diagnostic test varia-
bles in patients with diabetic polyneuropathy with and without
neuropathic pain and healthy controls. The results were reported
as mean *= SD and frequency for continuous and categorical
variables (Table 1). We used the D’Agostino-Pearson omnibus
normality test to assess data distribution. Because a normal
distribution was rejected for all the considered continuous
variables, we adopted non parametric tests. The Mann-Whitney
U test was used to evaluate differences in continuous variables
between participants’ subgroups, whereas the Fisher exact test
was used to compare categorical variables.

We compared demographic variables (age and sex) between
healthy controls and patients with diabetic polyneuropathy as well
as demographic (age and sex) and clinical variables (duration of
diabetes, BMI, and glycosylated haemoglobin) between patients
with painful diabetic polyneuropathy and those with painless
diabetic polyneuropathy.

As a preliminary analysis, we compared the PGP9.5, TRPV1
intraepidermal nerve fiber density, and the TRPV1/PGP9.5 ratio,
between patients with diabetic polyneuropathy and healthy
controls as well as between patients with painful and painless
diabetic polyneuropathy (Table 1). We have also used the Welch
F-test to verify whether the variance of TRPV1/PGP9.5 ratio
differed between patients with diabetic polyneuropathy and
healthy controls.

Then, we compared the primary outcome measures, ie,
PGP9.5, TRPV1 intraepidermal nerve fiber density, and TRPV1/
PGP9.5 ratio, and the secondary outcome measures, ie, CGRP
and SP, between patients with ongoing burning pain and patients
with painless polyneuropathy. To verify the specific association
between ongoing burning pain and TRPV1 expression, in
a confirmatory analysis, we also compared the TRPV1 intra-
epidermal nerve fiber density and the TRPV1/PGP9.5 ratio,
between patients with painful polyneuropathy with ongoing
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burning pain and those with painful polyneuropathy without
ongoing burning pain.

We used the Spearman test to analyse the bivariate relation-
ships between the main skin biopsy and QST variables (ie, WDT,
CDT, HPT, and CPT) and the intensity of ongoing burning pain as
expressed by NRS. Simple linear regression was used to assess
linear relations between selected correlated variables.

Prism 8.0 was used for statistical analysis, and a P-value <0.05
was considered statistically significant. No adjustment for
multiple comparison was adopted because our a priori intent
was to test each variable independently.

3. Results
3.1. Clinical and diagnostic test findings

We did not find significant differences in demographic and clinical
variables between healthy controls and patients with diabetic
polyneuropathy (Table 1) and between patients with painful and
painless diabetic polyneuropathy.

In all patients, clinical examination showed a predominantly
sensory polyneuropathy. Specifically, 50 patients (71%) had
combined clinical signs and diagnostic test results indicative of
mixed fiber polyneuropathy, involving both large and small fiber
damage, whereas 16 patients (23%) had small fiber polyneurop-
athy. In addition, 4 patients (6%) had isolated nerve conduction
study abnormalities, consistent with pure large fiber polyneurop-
athy. Notably, 66 patients (94%) showed evidence of small fiber
damage, either as part of mixed or small fiber polyneuropathy.

In the group of 50 patients with mixed fiber polyneuropathy,
small fiber damage was indicated by skin biopsy abnormalities
(n = 41), thermal pain hypoesthesia identified during a clinical
examination (n = 31), and abnormal CDT and/or WDT assessed
through QST (n = 28), observed in various combinations. Among
the 16 patients with small fiber polyneuropathy, all had skin
biopsy abnormalities, which were associated with either thermal-
pain hypoesthesia (n = 10) or abnormal CDT and/or WDT (n = 6).
Of the 70 patients included in this study, 40 (57%) had
neuropathic pain according to the grading system.'® In these
40 patients with painful diabetic polyneuropathy, demographic
(age and sex) and clinical variables (duration of diabetes, BMI, and
glycosylated haemoglobin) did not differ from those in patients
with painless diabetic polyneuropathy. In patients with painful
polyneuropathy, the most frequently reported non painful
symptoms, as assessed with the NPSI, were tingling (n = 29,
73%) and pins-and-needles paresthesia (n = 27, 67%); ongoing
burning pain (n = 28, 70%) was the most frequent type of pain,
followed by electric shock (n = 27, 67%) and squeezing pain (n =
14, 35%) (Table 2). Many patients, nevertheless, suffered from
a combination of different types of non painful symptoms and
pain (Supplementary Figure 2, http://links.lww.com/PAIN/C223).
For example, of the 28 patients with ongoing burning pain, 24 also
experienced tingling and 22 pins and needles paresthesia.

Among the 70 patients included in this study, 10 were taking
analgesic medications but still experienced painful symptoms.
Specifically, 4 were treated with gabapentinoids, 5 with anti-
depressants, and 1 with opioids.

3.2. Skin biopsy findings

Transient receptor potential vanilloid 1 immunostaining qualita-
tively differed from PGP9.5 immunostaining. Transient receptor
potential vanilloid 1 immunoreactive nerve fibers were extensively
distributed in the epidermis as ascending intraepidermal nerve
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fibers. Accordingly, the TRPV1 intraepidermal nerve fiber density
was selected as the main TRPV1-related variable, in conjunction
with TRPV1/PGP9.5 ratio. Transient receptor potential vanilloid 1
immunopositive nerve fibers were less densely represented in the
dermis, within the subepidermal plexus or nerve bundles, similar
to PGP 9.5 immunoreactive fibers; however, no TRPV1 immu-
nostaining was found within piloerector muscles or sweat glands,
unlike from PGP9.5 immunostaining (Fig. 2).

Calcitonin gene-related peptide and SP peptidergic fibers were
sparsely observed within the epidermis. Conversely, they were
more prominently distributed in the dermis, appearing either as
clustered nerve bundles or in conjunction with autonomic
structures, such as piloerector muscles. Accordingly, the CGRP
and SP dermal nerve fiber density was selected as the outcome
variable for peptidergic nerve fiber evaluation.

The main skin biopsy variables, ie, TRPV1 and PGP9.5
intraepidermal nerve fiber density, TRPV1/PGP9.5 ratio, CGRP,
and SP dermal nerve fiber density, did not correlate with the main
QST small fiber-related variables, namely CDT, WDT, HPT,
and CPT.

Our preliminary analysis showed that TRPV1 and PGP9.5
intraepidermal nerve fiber density was lower in patients with
diabetic polyneuropathy compared with healthy controls (P <
0.0001). Although the TRPV1/PGP9.5 ratio was similar between
patients with diabetic polyneuropathy (with and without neuro-
pathic pain) and control participants (0.6 = 0.5 and 0.5 + 0.2,
respectively), it had a significantly higher variance in patients
compared with controls, as determined by the Welch F-test (P <
0.0001). In this preliminary analysis, we also found that in patients
with painful (all types of pain) and painless polyneuropathy, the
TRPV1 and PGP9.5 intragpidermal nerve fiber density and the
TRPV1/PGP9.5 ratio were similar.

Within our cohort of patients with diabetes, those with pure
small fiber polyneuropathy had higher total NPSI scores (P =
0.006) and higher NRS ratings for ongoing burning pain (P =
0.001) compared with those with mixed and large fiber
polyneuropathy. In addition, they also had higher TRPV1 intra-
epidermal nerve fiber density (P = 0.045) compared with patients
with mixed fiber polyneuropathy.

3.3. Association between ongoing burning pain and skin
biopsy findings

In the main outcome analysis, we found that the TRPV1
intraepidermal nerve fiber density and the TRPV1/PGP9.5 ratio
were higher in patients with painful diabetic polyneuropathy
experiencing ongoing burning pain compared with those with
painless diabetic polyneuropathy (P = 0.014 and P = 0.013,
respectively) (Table 3 and Fig. 3); by contrast, PGP9.5 intra-
epidermal nerve fiber density did not significantly differ (Table 3).
The confirmatory analysis, within the group of patients with painful
diabetic polyneuropathy, showed that TRPV1 intragpidermal
nerve fiber density and TRPV1/PGP9.5 ratio were higher in those
with ongoing burning pain (n = 28) compared with those with
other types of pain (n = 12) (P < 0.0001 and P = 0.024,
respectively). The intensity of ongoing burning pain, as measured
by the NRS, had a significant correlation with TRPV1 intra-
epidermal nerve fiber density (P = 0.015, r = 0.294), with a simple
linear regression model showing a significant linear relation (P =
0.017, " = 0.085).

Notably, we found that CGRP dermal nerve fiber density was
significantly higher in patients with painful diabetic polyneurop-
athy experiencing ongoing burning pain compared with those
with painless polyneuropathy (P = 0.005) (Table 3 and Figs. 4
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and 5). Calcitonin gene-related peptide dermal nerve fiber density
did not significantly differ between patients with ongoing burning
pain and those with other types of pain; however, the sample size
for this comparison was relatively small because of the limited
number of sections available for CGRP staining in patients with
the other types of pain (n = 8). The intensity of ongoing burning
pain, as measured by the NRS, positively correlated with CGRP
dermal nerve fiber density (P = 0.004, r = 0.446). In addition,
a simple linear regression model demonstrated a linear relation-
ship between these variables (P = 0.017, r# = 0.141).

Conversely, SP dermal nerve fiber density did not differ
between patients with ongoing burning pain and those with
painless polyneuropathy (Table 3 and Figs. 4 and 5). Accord-
ingly, we did not analyze the correlation between this skin biopsy
variable and the intensity of ongoing burning pain.

4. Discussion

In this cross-sectional study, we showed the previously un-
reported finding that patients with diabetic polyneuropathy
experiencing ongoing burning pain have an increased represen-
tation of intraepidermal TRPV1 and dermal CGRP immunoreac-
tive fibers. These findings suggest that in patients with diabetes,
TRPV1 contributes to this prevalent and debilitating type of pain,
potentially in conjunction with increased CGRP expression.

4.1. Clinical and diagnostic test findings

In our study cohort, 57% of patients (n = 40) experienced
neuropathic pain symptoms. Using the NPSI,® we found that
most patients experienced spontaneous pain. Specifically, 70%
of patients with painful polyneuropathy (n = 28) reported ongoing
burning pain, 67% (n = 27) reported electric shock sensations,
and 35% (n = 14) experienced squeezing pain. In addition, 73%
of patients with painful polyneuropathy complained of pins-and-
needles paresthesia (n = 29), and 67% reported tingling (n = 27).
By contrast, only a minority of patients reported provoked pain.®

We stratified patients with painful polyneuropathy into distinct
neuropathic pain symptoms and specifically focused on ongoing
burning pain, the most representative type of pain in this
population.” Increasing evidence supports the possibility of
differentiating clinical phenotypes of neuropathic pain, identifying
clusters of symptoms presumably arising through distinct
pathophysiological mechanisms.®3” Inadequate stratification of
neuropathic pain symptoms has likely hindered many well-
designed studies from yielding significant results, contributing to
the current gaps in understanding pain mechanisms. For
instance, a previous study failed to detect differences in TRPV1
innervation between painful and painless conditions in patients
with various neuropathic pain etiologies.?*

4.2. Skin biopsy findings

In our study, we found that TRPV1 immunoreactive fibers were
extensively distributed in the epidermis as intragpidermal nerve
fibers, in the subepidermal plexus, and in the dermis in the
context of dermal nerve bundles. We did not detect specific
TRPV1 immunostaining in autonomic dermal structures such as
piloerector muscles and sweat glands, suggesting that TRPV1
probably serves as a selective biomarker for sensory fibers. In
healthy participants, TRPV1 immunoreactive fibers accounted for
50% of the total intraepidermal nerve fibers stained by PGP9.5.

We found that patients with diabetic pure small fiber
polyneuropathy had increased burning pain intensity and TRPV1
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epidermal expression compared with patients with diabetic
mixed fiber polyneuropathy. This finding aligns with several
studies showing that neuropathic pain is a common and
particularly severe condition in patients with pure small fiber
polyneuropathy.

In our cohort of patients, we did not find significant correlations
between TRPV1 innervation and either the WDT or the HPT, as
assessed by QST. Consequently, we were unable to confirm the
association between increased TRPV1 expression and abnor-
malities in thermal thresholds. Nevertheless, the absence of
correlation between skin biopsy findings and QST measures has
been widely documented in the literature®’; several explanations
have been suggested, including that skin biopsies and QST are
commonly conducted at different anatomical sites—specifically,
the distal calf and the dorsum of the foot.

4.3. Association between ongoing burning pain and skin
biopsy findings

In our patients with diabetic polyneuropathy, the TRPV1 intra-
epidermal nerve fiber density and TRPV1/PGP9.5 ratio were
selectively increased in patients with the most frequently reported
spontaneous ongoing burning pain, as assessed with the NPS;
consistently, the intensity of ongoing burning pain had a positive
linear correlation with TRPV1 intraepidermal nerve fiber density.
Given the well-established understanding from animal studies that
TRPV1 activation contributes to peripheral sensitization pro-
cesses,”'° the increased representation of TRPV1 immunoreac-
tive fibers in our patients with ongoing burning pain suggests
a potential association with abnormal spontaneous activity in
nociceptive fibers. In patients with painful diabetic polyneuropathy,
this abnormal spontaneous activity might be triggered by normal
body temperature, occurring when the thermal activation threshold
of sensitized TRPV1 is lowered to below 38°C.° The hypothesis that
increased TRPV1 intraepidermal innervation in patients with painful
diabetic polyneuropathy may subtend abnormal spontaneous
activity of nociceptive fibers indirectly aligns with recent findings,
indicating sporadic identification of TRPV1 variants of uncertain
significance in patients with painful diabetic polyneuropathy.”
Specific ion channel mutations can increase nociceptive fiber
excitability'® and may induce abnormal spontaneous activity, thus
emphasizing the significance of TRPV1 expression and the
potential occurrence of gain-of-function phenomena in patients
with painful diabetic polyneuropathy.

The increased TRPV1 intragpidermal innervation in patients
with painful diabetic polyneuropathy we found is in line with
animal studies, documenting an initial increase and a late
reduction of TRPV1 in experimental models of painful diabetic
polyneuropathy.?® Despite acknowledging the limitations of
translating results from animal models to humans, we recognize
that our findings should be interpreted cautiously, considering
that TRPV1 density may fluctuate over the course of diabetic
polyneuropathy.™

We additionally conducted analyses of CGRP and SP
immunostaining in the skin samples of 40 and 30 of the total 70
patients diagnosed with diabetic polyneuropathy. In patients
experiencing spontaneous ongoing burning pain, we found an
increased representation of CGRP dermal nerve fibers. This
finding is consistent with previous studies demonstrating an
increased density of dermal peptidergic CGRP and SP fibers in
patients with painful diabetic polyneuropathy.'®2? We did not
observe a significant increase in SP immunoreactive fibers,
possibly because of the limited sample size. We were only able to
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perform SP immunostaining in 30 patients because of the
restricted availability of residual skin sections.

The simultaneous increase in epidermal TRPV1 and dermal
CGRP immunoreactive fibers in patients experiencing ongoing
burning pain, as observed in our study, indirectly supports the
well-established notion that CGRP is a downstream mediator of
the TRPV1 signaling activation pathway.?®?” These findings align
with the common knowledge that TRPV1 activation facilitates
CGRP release and suggest a potential pathogenic involvement of
the TRPV1-peptidergic axis in painful diabetic polyneuropathy in
humans.?2 However, our study did not include double staining for
TRPV1 and CGRP nerve fibers, so we could not directly assess
their colocalization or potential synergy. It is important to note that
CGRP release can be triggered by the activation of sensory
neurons in response to various stimuli, including mechanical,
thermal, and chemical factors beyond TRPV1 activation.™*

Our study, focused on diabetic polyneuropathy, suggests that
TRPV1 probably contributes to the pathogenesis of ongoing
burning pain in peripheral nerve conditions. Further research is
needed to explore whether changes in TRPV1 expression
underlie pain in peripheral neuropathies of different etiologies,
thereby establishing a broader validity of our findings.

Our results may have potentially important therapeutical
implications. Topical formulations of capsaicin, a potent TRPV1
agonist, are already approved for the symptomatic treatment of
painful diabetic polyneuropathy and are commonly used in
clinical practice in the form of creams or patches.'* Nevertheless,
studies have shown conflicting results regarding the effectiveness
of topical capsaicin in painful diabetic polyneuropathy, with
variable proportions of individuals experiencing significant pain
relief.’® This variability in efficacy might be attributed to the lack of
sensory subtype stratification among patients in clinical trials.
Notably, our findings, which highlight the potential involvement of
TRPV1 in the specific pathogenesis of ongoing burning pain,
suggest that capsaicin-based treatments may be particularly
effective for this subgroup. These results support the targeted use
of capsaicin in patients experiencing ongoing burning pain and
may serve as a basis for stratifying sensory subtypes in future
clinical trials.

Overall, our study underscores the importance of more
accurately characterizing the different types of pain in clinical
settings. Such stratification may facilitate the implementation of
mechanism-based therapeutic strategies, thereby optimizing
treatment outcomes.®

4.4. Limitations

In our study, we have identified some limitations. The cross-
sectional design poses a potential limitation to our study.
Longitudinal studies could offer better insight into how TRPV1
expression evolves over the course of diabetic polyneuropathy
and its correlation with painful symptoms. In addition, the
relatively small sample size of our cohort precludes the
investigation of mechanisms underlying less common types of
pain, such as evoked pain, compared with ongoing burning pain.

Virtually, all our patients with ongoing burming pain also
suffered from additional neuropathic pain symptoms. Conse-
quently, we cannot entirely exclude the possibility that the
concomitant presence of different painful and nonpainful
symptoms might influence the association we observed between
ongoing burning pain and TRPV1 expression. Nonetheless,
TRPV1-related variables were selectively elevated in patients with
ongoing burning pain compared with those with painful
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polyneuropathy who experienced other types of pain without
burning pain.

Admittedly, the lack of double staining for intraepidermal nerve
fibers with different nerve antigens such as TRPV1 and PGP9.5,
because of the technical constraints detailed in Supplementary
Material 1 (http://links.lww.com/PAIN/C223), may represent
a potential weakness in our morphometric analysis. However,
we believe that the potential bias from separately detecting these
sensory markers is mitigated by the consecutive nature of the
analyzed skin sections.

5. Conclusions

In this cross-sectional study, we found that in patients with painful
diabetic polyneuropathy, an increased epidermal representation
of TRPV1 immunoreactive fibers, as well as dermal CGRP fibers,
is associated with ongoing burning pain. Our results suggest that
TRPV1 may play a role in the pathogenesis of ongoing burning
pain in humans, potentially in conjunction with an increased
CGRP expression, underscoring their potential as therapeutic
targets in painful diabetic polyneuropathy.
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