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Nurcan ÜçeylerID
2

1 King’s College London, Institute of Psychiatry, Psychology and Neuroscience, Wolfson Centre for Age-

Related Diseases, London, United Kingdom, 2 Department of Neurology, University of Würzburg, Würzburg,

Germany

* xhoana.lama@kcl.ac.uk

Abstract

Background

Pain is a common non-motor symptom of Parkinson‘s disease (PD), however, its pathome-

chanism remains elusive.

Objective

We aimed to investigate the local gene expression of selected proinflammatory mediators in

patients with PD and correlated our data with patients‘pain phenotype.

Methods

We recruited 30 patients with PD and 30 healthy controls. Pain intensity of patients was

assessed using the Numeric Rating Scale (NRS) and patients were stratified into PD pain

(NRS�4) and PD No Pain (NRS<4) subgroups. Skin punch biopsies were immunoassayed for

protein-gene product 9.5 as a pan-neuronal marker and intraepidermal nerve fiber density

(IEFND). Quantitative real-time polymerase chain reaction (qRT-PCR) analysis was performed

to assess the gene expression of inflammatory mediators in the skin compared to controls.

Results

Patients with PD had lower distal IENFD compared to healthy controls. In skin samples, IL-2

(p<0.001) and TNF-α (p<0.01) were expressed higher in PD patients compared to controls.

IL-1β (p<0.05) was expressed higher in the PD pain group compared to healthy controls. PD

patients with pain receiving analgesics had a lower expression of TNF-α (p<0.05) in the skin

compared to those not receiving treatment.

Conclusions

Our data suggest the occurrence of a local, peripheral inflammatory response in the skin in

PD, but do not support this being a relevant factor contributing to pain in PD.
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Proinflammatory profile in the skin of Parkinson’s

disease patients with and without pain. PLoS ONE

17(10): e0276564. https://doi.org/10.1371/journal.

pone.0276564

Editor: Ming Tatt Lee, UCSI: UCSI University,

MALAYSIA

Received: August 12, 2022

Accepted: October 8, 2022

Published: October 27, 2022

Copyright: © 2022 Lama et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting information

files.

Funding: J.L. and S.D. were supported by the

European Union’s Horizon 2020 research and

innovation programme under the Marie

Skłodowska-Curie grant agreement No 764860. N.
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Introduction

The prevalence of Parkinson’s disease (PD) is increasing together with the associated personal,

societal, and economic costs [1]. Key hallmarks of PD are the degeneration of dopaminergic

neurons in the substantia nigra pars compacta in the midbrain and the accumulation of abnor-

mal cerebral α-synuclein aggregates in Lewy bodies [2]. Clinically, PD manifests as bradykine-

sia, rigidity, and tremor as well as a variety of non-motor symptoms (NMS) involving

depression, constipation, anxiety, sleep disorders, and pain [3]. Pain is one of the most debili-

tating NMS in PD substantially impairing health-related quality of life. The prevalence of pain

in PD reaches 40–85% [4], however, specific analgesic treatment options are limited [5–7]. A

better understanding of the underlying mechanisms of pain in PD will assist establishing novel

and more effective therapeutics.

Several studies have reported that PD patients experience different types of pain in various

parts of the body, however, a consensus on the classification of pain in PD is missing [8–13].

Ford’s classification of pain is currently the most commonly used one and subcategorizes the

different types of pain in PD into musculoskeletal, dystonic, central, and radicular, the latter

two subclassified as neuropathic [14]. Of the two forms of neuropathic pain, central pain in

PD is assumed to be a direct consequence of the disease itself, and not an effect of the motor

symptoms [14]. Central pain prevalence varies from 4–10% [13]. Radicular pain pathophysiol-

ogy involves irritation or inflammation of the nerve roots [15] and the prevalence of this type

of pain in PD varies from 14–35% [13]. Development and persistence of neuropathic pain has

been associated with inflammation, as thoroughly reviewed elsewhere [16]. However, whether

this applies to neuropathic pain in PD remains to be elucidated.

A number of studies have reported denervation in skin punch biopsies of PD patients com-

pared to healthy controls [17–21]. One study reported elevated tactile and thermal thresholds

and showed a reduction of epidermal nerve fibers and Meissner corpuscles [21]. In other stud-

ies, α-synuclein deposits were found in peripheral nerves as potential mediator of cutaneous

denervation [22, 23].

In several studies, elevated systemic levels of proinflammatory cytokines were reported in

PD patients [24]. Given that proinflammatory cytokines also have algesic effects [25–27], the

question arises whether a local proinflammatory profile may have an impact on the develop-

ment and/or persistence of pain in PD. Li et al. observed elevated systemic interleukin-1β (IL-

1β) levels in a PD cohort experiencing pain compared to a healthy control group which may

provide evidence for an inflammatory component in the pathophysiology of pain in PD [28].

In the present study, we explored the cutaneous gene expression of selected proinflamma-

tory mediators in patients with PD and correlated our data with patients‘pain phenotype. We

hypothesized that PD patients reporting pain have a local proinflammatory profile compared

to PD patients without pain.

Materials and methods

Patients and controls

PD patients and healthy controls were recruited at the Department of Neurology, University

of Würzburg, Germany between December 2020 and August 2021. Thirty patients diagnosed

with idiopathic PD fulfilling the clinical criteria according to the Movement Disorder Society

with a median duration of 10.4 years (range 0–22) of PD were included in the study [29]. The

median age of the patients was 67.8 years (range 54–81). The ratio of female to male was 3:10.

Two individual control groups of healthy volunteers were used in our study: the first for RNA

analysis (Control I), the second for skin innervation (Control II). Demographic data of the
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patients and controls are summarized in Table 1. Patients and controls provided oral and writ-

ten informed consent to participate. All experiments were approved by the Medical School

Ethics Committee of the University of Würzburg (#289/20).

Clinical examination and pain assessment

All patients underwent complete neurological examination and were interviewed about PD-

associated pain and prescription of analgesics. The German version of the King’s PD Pain

Scale (KPPS) [30], which is the first PD pain-specific scale [31], was used to characterize pain

in PD patients and the sum score was calculated as previously published [31, 32]. For pain

intensity, the Numeric Rating Scale (NRS) with a range from 0 to 10 (0 = “no pain”, 10 =

“worst pain”) was used. Patients were stratified into two subgroups according to previous liter-

ature for the NRS [33, 34]: PD Pain and PD No Pain. Per our definition, the PD Pain subgroup

included individuals who scored� 4 NRS at the mean pain intensity; the PD No Pain sub-

group included those PD patients scoring <4 NRS.

Skin punch biopsies

Single 5-mm skin punch biopsies (disposable biopsy punch, Kai Medical, Seki, Japan) were

obtained from the lateral lower leg of individuals approximately 10 cm above the ankle. Prior

to biopsy, the skin was disinfected and then locally anesthetized by subcutaneous injection of

1–2 ml of 10 mg/ml Mecain (PUREN Pharma GmbH & Co., Munich, Germany). Then, skin

samples were hemisected: one piece was stored in RNAlater (Invitrogen, Carlsbad, CA, USA)

for 24 hours at 4˚C and then at -80˚C until further processing for gene expression analyses.

The second piece was processed for immunohistochemical analysis to determine intraepider-

mal nerve fiber density (IENFD), as detailed below.

PGP 9.5 immunofluorescence for IENFD

The hemisected 5-mm skin biopsies were fixed in 4% paraformaldehyde (pH 7.4) for two

hours at 4˚C, then washed with 0.1 M phosphate-buffered saline (PBS) and stored in 10%

Table 1. Demographic data of study cohort.

Characteristics PD PD Pain PD No Pain Control (I)� Control (II)��

RNA IENFD

Median age (range) 67.8 64.7 70.9 32.1 60.6

[years] (54–81) (54–79) (58–81) (22–61) (51–69)

Number of females/males 7/23 4/11 3/12 14/3 8/7

Median disease duration (range) [years] 11.1 12.3 9.9 N/A N/A

(0–22) (0–22) (0–22)

Patients treated with analgesics median age (range) [years] 66 66 N/A N/A N/A

(54–79) (54–79)

Number of females/males 2/8 2/8

Patients not treated with analgesics median age (range) 63.4 63.4 N/A N/A N/A

(54–74) (54–74)

Number of females/males 2/3 2/3

KPPS score (mean± standard deviation) 9.8±8 13.8±8.5 5.4±7.4 N/A N/A

Abbreviations: IENFD = intraepidermal nerve fiber density, KPPS = King’s Parkinson’s Disease Pain Scale, NA/A = not applicable, NRS = Numeric Rating Scale,

PD = Parkinson´s disease.

�, ��: Control groups used for comparing RNA� and IENFD�� data of patients and controls.

https://doi.org/10.1371/journal.pone.0276564.t001
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sucrose overnight. Thereafter, the samples were embedded in Tissue Tek, frozen in 2-methyl-

butane cooled in liquid nitrogen and cryo-sectioned into 40μm sections. Sections were then

incubated with the pan-neuronal marker protein gene product (PGP) 9.5 antibody (Zytomed,

Berlin, Germany) at 1:200 dilution in 0.3% TritonX, 1% Bovine serum albumin in PBS over-

night at room temperature.

After washing, Cy3-coupled secondary antibody (109-165-043; 1:50, Dianova, Hamburg

Germany) was added and incubated for 2h. After further washing, slides were covered with

aqueous media containing DAPI staining, coverslips were added, and they were bordered with

nail polish to avoid drying. The IENFD was determined following published guidelines:

Briefly, the intraepidermal nerve fibers were manually counted under the microscope (Axio-

phot 2, Zeiss, Jena, Germany) with a Axiocam camera (Zeiss, Oberkochen, Germany) at 40x

magnification.

The epidermal length of each section was measured using Spot 5.2 Advanced Software

(SPOT Imaging Solutions, Michigan, IN, USA) [35]. All image analyses were performed with

the experimenter blinded to group allocations.

RNA extraction from skin samples

For processing, RNAlater was removed, skin biopsies were transferred into TRIzol reagent1

(Invitrogen, Karlsruhe, Germany), and homogenized using an Ultraturrax homogenizer (Poly-

tron PT 1600E1, Kinematica, Luzern, Switzerland). RNA was then isolated using a miRNeasy

kit (QIAGEN,Hilden, Germany) following the instructions of the manufacturer. The purity

and concentration of RNA was measured using a Nanodrop1 spectrophotometer (Peqlab,

Erlangen, Germany). Samples were then stored at -80˚C.

cDNA synthesis

For cDNA synthesis, 250 ng of RNA and TaqMan Reverse Transcription Reagents1 (Life

Technologies, Carlsbad, CA, USA) were used in a final volume of 100 μl. For each reaction, the

following were applied: 5 μl of random hexamers, 2 μl oligo-DT, 10 μl 10× buffer, 25 mM

MgCl2, 20 μl dNTP, 2 μl RNAse inhibitor, 6.2 μl MultiScribe Reverse Transcriptase (50 U/μl).

The reaction was then run in an Advanced Primus 96-PCR cycler (Peqlab Biotechnology,

Erlangen, Germany). Samples were then stored at -20˚C.

Quantitative real time polymerase chain reaction

The quantitative real time polymerase chain reaction (qRT-PCR) was performed using target-

specific TaqMan assays. For each reaction 3.5 μl cDNA, 0.5 μl DNAse free distilled water, 5 μl

of TaqMan Fast Advanced Master Mix and 0.5 μl of the specific primer and 0.5 μl of the endog-

enous control RPL13A (Life Technologies, Carlsbad, CA, USA) were used, giving a total reac-

tion volume of 10 μl per reaction. Samples for each target were run in triplicate, alongside

negative controls. The reaction was run using a QuanStudio3 RT-PCR System (Thermo Fisher

Scientific, Waltham, MA, USA) under the following conditions: 2 min at 50˚C, 2 min at 95˚C,

3 sec at 95˚C and then 40x cycles of 30 sec at 60˚C. The comparative44Ct method was used

to evaluate the acquired data. For each target, a calibrator sample was determined that had a

Ct next to the group mean Ct value. The gene-specific Ct value of a sample was normalized to

the Ct value of endogenous control, RPL13A and correlated with the above-mentioned calibra-

tor. The correlation is illustrated as 2−44Ct. The Assay-IDs of the primers used are listed in

Table 2.

PLOS ONE Proinflammatory profile in the skin of Parkinson’s disease patients with and without pain

PLOS ONE | https://doi.org/10.1371/journal.pone.0276564 October 27, 2022 4 / 17

https://doi.org/10.1371/journal.pone.0276564


Data handling and statistical analysis

Samples with ambiguous and below the level of detection Ct values were excluded from the

analysis. All data were expressed as median and range and analysed using nonparametric

Mann-Whitney test or Kruskal–Wallis followed by Dunn’s multiple comparisons, as appropri-

ate. Supplementary data were analyzed using the Pearson’s test or Two-way ANOVA followed

by Sidak’s multiple comparisons, as appropriate. Significance was set at the 5% confidence

level for all analyses and performed using SPSS software 27 version (IBM, Chicago, IL, USA).

Graphs were drawn with GraphPad Prism 9.00 (GraphPad, San Diego, CA, USA) for Windows

10.

Results

IENFD in the skin is lower in PD compared to healthy controls

Firstly, we assessed whether IENFD is different between PD and healthy controls. We observed

lower counts in the PD group (n = 19) compared to healthy controls (n = 14) (p<0.01) (Fig

1a–1c). However, when comparing the two PD subgroups, no difference was found between

PD Pain patients and PD No Pain patients (Fig 1d). Consistent with this, no correlation was

observed for IENFD and pain intensity in the PD group (Fig 1e). Men with PD had lower

IENFD compared to women with PD (p<0.05) (Fig 1f).

In skin biopsies of PD patients, IL-2 and TNF-α gene expression is higher

compared to healthy controls

We found higher expression of the proinflammatory cytokines IL-2 (p<0.001) and TNF-α
(p<0.01) in skin samples of patients with PD compared to healthy controls (Fig 2a and 2b).

The expression of these two cytokines did not correlate with age in both groups (S1 and S2

Figs) and no differences were observed between men and women in both groups (S4 Fig).

All other cytokines investigated did not differ between groups (Fig 2c–2g). The investiga-

tion of TNF receptor superfamily member 1A/B (TNFRSF1A/B), IL2 receptor (IL2R), nuclear

factor kappa B (NFKΒ), and synuclein alpha (SNCA) in skin samples of PD patients and

healthy controls did not show intergroup differences (Fig 3).

Table 2. List of primers used for qRT-PCR analysis.

Target gene Assay ID

TNF-α Hs00174128_m1

L-1β Hs00174097_m1

L-2 Hs00174114_m1

IL-6 Hs00174122_m1

IL-8 Hs00174131_m1

IL-10 Hs00174103_m1

CCL5 (RANTES) Hs00174086_m1

NF-κB Hs00765730_m1

SNCA Hs00240906_m1

Abbreviations: CCL5 = C-C chemokine ligand 5, IL = interleukin, NF-κB = nuclear factor kappa B,

RANTES = regulated on activation, normal T cell expressed and secreted, qRT-PCR = quantitative real-time

polymerase chain reaction, SNCA = synuclein alpha, TNF-α = tumor necrosis factor alpha.

https://doi.org/10.1371/journal.pone.0276564.t002
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In skin biopsies of PD patients with pain, IL-1β gene expression is higher

compared to healthy controls

We next compared the gene expression of inflammatory mediators between the PD subgroups

and the healthy controls. Consistent with the above findings for the PD group as a whole, IL-2

and TNF-α gene expression was higher in both PD pain and PD No Pain subgroups compared

to healthy controls. However, there was no difference between the PD Pain and PD No Pain

subgroups (Fig 4a and 4b). In addition, we observed a higher expression of IL-1β in the skin of

patients in the PD Pain group compared to healthy controls (p<0.05) (Fig 4c). IL-1β gene

expression did not correlate with an increase in age the PD and healthy control groups (S3

Fig). Moreover, the expression did not differ between men and women (S4 Fig).

We did not detect a difference when comparing the PD No Pain group to either the healthy

controls, or to the PD Pain group. All other cytokines and inflammatory markers investigated

did not differ between groups (Figs 4d–4g and 5).

In the skin of PD patients with pain, TNF-α gene expression is lower in

those treated with analgesics compared to those without

In order to understand whether the expression of inflammatory markers is different in patients

with PD Pain prescribed with analgesics compared to those not, we further divided the PD

Pain group into Analgesic and No Analgesic subgroups. Four of the patients experiencing pain

received one or a combination of the following drugs as analgesics: ibuprofen, oxycodone/nal-

oxone, pregabalin, paracetamol, metamizol, and diclofenac daily. We found a lower gene

expression of TNF-α (p<0.05) (Fig 6b) and a higher expression of C-C chemokine ligand 5

Fig 1. Quantification of intraepidermal nerve fiber density in skin punch biopsies obtained from the lateral lower leg. Representative images of

immunohistochemical staining using PGP9.5 (red) antibody as a pan-neuronal marker in 40-μm sections from the skin biopsy of a healthy control

showing multiple intraepidermal nerve fibers (arrows). A representative biopsy from a healthy control (a) and a patient with PD (b); scale bars = 50 μm.

Quantification shows lower IENFD in PD compared to healthy control skin biopsies (c). No intergroup differences for the IENFD between PD Pain

and PD No Pain patients (d). No correlation of IENFD and patients‘pain intensity (e). Lower IENFD in women with PD compared to men with PD (f).

Data are expressed as median and range. Abbreviations: IENFD = intraepidermal nerve fiber density, PD = Parkinson’s disease, PGP9.5 = protein gene

product 9.5. �P<0.05, ��P<0.01. Mann-Whitney-U test.

https://doi.org/10.1371/journal.pone.0276564.g001
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(CCL5) (p<0.05) (Fig 7a) in the Analgesic group compared to the No Analgesic group. The

investigation of all other markers did not show intergroup differences (Figs 6 and 7).

Discussion

In this study, we investigated whether changes in skin innervation and cutaneous expression

of inflammatory markers are present in PD patients and whether such changes could explain

the pain experienced by some. We found evidence for reduced IENFD and higher gene expres-

sion of IL-2 and TNF-α in the skin of patients with PD, irrespective of their pain status, while

IL-1β expression was higher only in the skin of PD patients suffering from pain than in healthy

controls.

The lower IENFD in skin punch biopsies of PD patients compared to healthy controls is in

accordance with previous reports [17, 18, 21, 22, 36], supporting the validity of our data. Con-

sistent with findings in the general population [37, 38], we also found lower IEFND in male

PD patients versus females. We extended these previous findings to investigate whether the

reduction in IENFD had a potential link to pain in PD. However, we found no correlation

between IENFD and pain in PD, indicating that the denervation underpinning reduced

IEFND may not be associated with the development and maintenance of pain in PD. Though

still a matter of debate [33, 39–42], our findings are in line with what was reported in studies of

non-PD related peripheral neuropathies, where the loss of intraepidermal nerve fibers did not

correlate with pain. However, it is important to note that by monitoring IENFD via PGP9.5

Fig 2. Gene expression of selected proinflammatory cytokines in skin punch biopsy samples obtained from the lateral lower leg of PD patients

and healthy controls. Higher gene expression of IL-2 (a) and TNF-α (b) in PD skin biopsies compared to healthy controls. No intergroup differences

were found for the investigated markers IL-1β (c), IL-6 (d), IL-10 (e), IL-8 (f), and IL-1α (g). Data are expressed as median and range. Abbreviations:

IL = interleukin, PD = Parkinson’s disease, TNF-α = tumor necrosis factor-alpha. ��P<0.01, ���P<0.001. Mann-Whitney-U test.

https://doi.org/10.1371/journal.pone.0276564.g002
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immunofluorescence, which picks all fiber types, we cannot exclude potential correlations of

pain with changes in distinct fiber subtypes. Future quantitative studies investigating the dif-

ferent subtypes of nerve fibers in combination with tests assessing fiber function and conduc-

tion such as quantitative sensory testing and laser evoked potentials will contribute to the

delineation of correlations between PD pain and the dysfunction or loss of specific fibers.

Elevated expression of proinflammatory cytokines in the skin may lead to peripheral sensi-

tization and pain [25]. Higher expression of IL-1β in skin samples of the PD Pain group com-

pared to healthy controls may indicate an involvement of IL-1β in PD related pain. Li et al.

similarly observed elevated systemic IL-1 in a PD cohort experiencing pain compared to a

healthy control group pointing towards an involvement of IL-1 in PD pain [28]. In further

support of a role for IL-1β in pain itself, increased production of IL-1β was shown to lead to

hypersensitivity in an animal model of chronic pain [43]. Moreover, IL-1β stimulates the

expression of cyclooxygenase (COX)-2 [44] and inhibition of COX-2 underlies the analgesic

effects of non-steroidal anti-inflammatory drugs (NSAIDs) [45]. Amongst many analgesics,

NSAIDs were prescribed in our cohort, however, the expression of IL-1β was not different

between those people prescribed analgesics and those not.

The reason underlying the elevated expression of proinflammatory cytokines in the skin of

PD patients is not well understood. α-synuclein is known to trigger the expression of proin-

flammatory cytokines such as IL-1β in vitro [46] and α-synuclein deposits have been found in

the skin of PD patients [23], supporting these as a possible trigger for the elevated IL-1β levels

Fig 3. Gene expression of selected markers in skin punch biopsy samples obtained from the lateral lower leg of PD patients and healthy controls.

No intergroup differences were found for the investigated markers CCL5 (a), NFκB (b), SNCA (c), TNFRSF1A (d), TNFRSF1B (e), IL2RA (f), and

IL1RA (g) in PD skin biopsies compared to healthy controls. Data are expressed as median and range. Abbreviations: CCL5 = C-C chemokine ligand 5,

IL1RA = interleukin 1 receptor A, IL2RA = interleukin 2 receptor A, NFκB = nuclear factor kappa B, PD = Parkinson’s disease, SNCA = synuclein

alpha, TNFRSF1A = TNF receptor superfamily member 1A, TNFRSF1B = TNF receptor superfamily member 1B. Mann-Whitney-U test.

https://doi.org/10.1371/journal.pone.0276564.g003
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in skin of PD patients with pain, noted in our study. Although α-synuclein (SNCA) gene

expression was not increased in the skin of PD patients with pain, whether protein levels them-

selves are increased or whether post transcriptional modification of α-synuclein occurs (e.g.,

phosphorylation) remains to be investigated. As a result, α-synuclein cannot be excluded as a

potential driver of the elevated expression of the inflammatory mediator IL-1β in the skin of

PD patients with pain.

Though not correlated with pain seen in PD, IL-2 and TNF-α were elevated in the skin of

PD patients compared to healthy controls, indicating a potential involvement in PD peripheral

pathophysiology. The higher levels of IL-2 in the skin of PD compared to healthy controls,

were not accompanied by increased expression of IL2R which is the only known receptor of

IL-2, but if translated into increased IL-2 protein, would provide increased substrate to poten-

tially increase activation [47]. IL-2 is produced mainly by dendritic cells and T-cells and is

associated with an activated state of T-cells [48, 49]. Alterations in T-cells populations have

been previously described in PD patients [50, 51], as well as the presence of α-synuclein spe-

cific T-cells [52]. A possible explanation of the increased IL-2 in the skin of PD patients could

be the presence of activated T-cells, as α-synuclein inclusions are found in the skin of PD

patients [23, 36, 53]. TNF-α is one of the cytokines that were increased in the PD group

Fig 4. Gene expression of proinflammatory mediators in skin punch biopsy samples obtained from the lateral lower leg of PD Pain patients, PD

No Pain patients, and healthy controls. IL-1β gene expression was higher in skin samples of PD Pain patients compared to controls (a). IL-2 (b) and

TNF-α (c) expression was higher in skin samples of PD Pain and PD No Pain patients compared to controls without intergroup difference. No

intergroup differences were found for the investigated markers IL-6 (d), IL-10 (e), IL-8 (f), and IL-1α (g). Data are expressed as median ± range.

Abbreviations: IL = interleukin, PD = Parkinson’s disease, TNF-α = tumor necrosis factor alpha. �P<0.05. Kruskal Wallis followed by Dunn’s multiple

comparisons.

https://doi.org/10.1371/journal.pone.0276564.g004
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alongside IL-2. Activated CD4+ T-cells produce and secrete IL-2 and can then be differentiated

in several subtypes such as Th1 and Th17 which are pro-inflammatory and Th2 and regulatory

T-cells which are anti-inflammatory [54]. Each subgroup produces a different mix of cyto-

kines. Of particular note, Th1 cells are producing TNF-α, IL-2, and IFN-γ. Given that IL-2 and

TNF-α were elevated in PD biosamples, a potential source of these cytokines in our samples

could be Th1 cells. This suggestion is in accordance with studies in the periphery showing a

higher percentage of Th1 cells in PD patients [55]. Future studies examining the type and pres-

ence of T-cells in the skin of PD patients are required to test this hypothesis. TNF-α acts via its

two receptors, TNF receptor 1 (TNFR1), and TNFR2 which are encoded by the TNFRSF1A

and TNFRSF1B genes, respectively. When TNF-α binds to its receptors, it activates the pro-

duction of NF-κB [56]. Despite seeing elevated TNF-α gene expression, we did not observe a

difference in the transcriptional expression of either TNFRSF1A or TNFRSF1B. In addition,

we did not observe any increase in NF-κΒ, indicating that this specific signalling pathway is

not activated in the skin in PD. However, an involvement of TNF-α in the manifestation of

pain in PD cannot be completely excluded, as patients treated with analgesics in our PD Pain

cohort had significantly lower expression of TNF-α in the skin compared to those not receiv-

ing treatment.

Fig 5. Gene expression of inflammatory mediators in PD Pain skin punch biopsies obtained from the lateral lower leg. No changes in in the

expression of CCL5 (a), NFκB (b), SNCA (c), TNFRSF1A (d), TNFRSF1B (e), IL2RA (f), and IL1RA (g) in PD with pain skin biopsies compared to

healthy controls. Data are expressed as median ± range. Abbreviations: CCL5 = C-C chemokine ligand 5, IL2RA = interleukin 2 receptor A,

NFκB = nuclear factor kappa B, PD = Parkinson’s disease, SNCA = synuclein alpha, TNFRSF1A = TNF receptor superfamily member 1A,

TNFRSF1B = TNF receptor superfamily member 1B. Kruskal Wallis followed by Dunn’s multiple comparisons.

https://doi.org/10.1371/journal.pone.0276564.g005
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There are some potential limitations to our study that require consideration. Firstly,

changes in gene expression do not always correspond to the same changes in protein levels,

while some cytokines are also produced as precursors and cleavage, or post-transcriptional

modification is required for activation. However, measuring the protein expression of cyto-

kines in the skin is challenging as cytokines are unstable with a short half-life and a high sus-

ceptibility to post-sampling handling. Nevertheless, gene expression does provide valuable

insight into the potential changes in cytokine expression. Secondly, the PD and control groups

also differed in age, with the PD group being older than the healthy control group. Aging has

been associated with alterations in the immune system with immunosenescence being evident

in the elderly [57]. While cytokine expression has been extensively studied in plasma and

serum of healthy individuals over a wide age range, the number of studies measuring the cuta-

neous expression of cytokines is limited [58–61]. The age of our healthy control group was

lower compared to our PD group. However, we found no correlation of age with cytokine

expression in the skin in both groups suggesting that the alterations we observed are unlikely a

result of diversity in age. Similar findings have been reported by other groups, where compari-

sons of TNF-α, IL-2, and IL-1β expression in the skin between different age groups did not

reveal any differences [62–64]. Another study measuring TNF-α mRNA expression in the skin

of healthy individuals from different age groups revealed no differences between young (18–35

Fig 6. Gene expression of inflammatory mediators in PD Pain treated with analgesics skin punch biopsies obtained from the lateral lower leg.

Lower gene expression of TNF-α in PD with pain treated with analgesics compare to those not treated (b). No intergroup differences were found for the

investigated markers IL-2 (a), IL-1β (c), IL-6 (d), IL-10 (e), IL-8 (f), and IL-1α (g). Data are expressed as median ± range. Abbreviations:

IL = interleukin, PD = Parkinson’s disease, TNF-α = tumour necrosis factor alpha. �P<0.05. Mann-Whitney-U test.

https://doi.org/10.1371/journal.pone.0276564.g006

PLOS ONE Proinflammatory profile in the skin of Parkinson’s disease patients with and without pain

PLOS ONE | https://doi.org/10.1371/journal.pone.0276564 October 27, 2022 11 / 17

https://doi.org/10.1371/journal.pone.0276564.g006
https://doi.org/10.1371/journal.pone.0276564


years old) versus old (76–88 years old) [65]. In a further study, the authors showed that levels

of T-cell-derived IL-2 in the skin did not differ between young (<40 years old) and old (>60

years old) subjects [63]. Finally, examinations of TNF-α and IL-2 in three different age groups

(21–27, 52–64, 70–77 years old) also revealed similar levels of expression in each [64]. Hence,

we are confident that the age gap between our study cohorts has minor impact on the pre-

sented data, if any. Thirdly, the sex composition was different in the control (more women)

and PD group (more men), however, this does not seem to have contributed to the changes we

observed, as the levels of cytokines were similar between men and women in our control and

PD cohorts. Studies comparing inflammatory responses between men and women have shown

that expression of inflammatory cytokines is increased in women with age [66]. Given that the

cytokines (TNF-α and IL-2) were higher in the PD group, which consisted mainly of men, sex

is unlikely to have been a determining factor of this result. Fourthly, another limitation of our

study is the use of two different groups of healthy controls for IEFND count and RNA analysis,

which may have added variability to our data. However, the inclusion criteria were the same

for both control groups. Healthy controls underwent clinical examination and only individuals

without an ongoing inflammation and symptoms of a neuropathy were included. Finally,

given our PD cohort was on antiparkinsonian medication during the study, we cannot exclude

Fig 7. Effect of analgesic treatment in gene expression of inflammatory markers in PD Pain skin punch biopsies obtained from the lateral lower

leg. Higher gene expression of CCL5 in PD with pain treated with analgesics compare to those not treated. No intergroup differences were found for the

NFκB (b), SNCA (c), TNFRSF1A (d), TNFRSF1B (e), IL2RA (f), and IL1RA (g). Data are expressed as median ± range. Abbreviations: CCL5 = C-C

chemokine ligand 5, IL2RA = interleukin 2 receptor A, NFκB = nuclear factor kappa B, PD = Parkinson’s disease, SNCA = synuclein alpha,

TNFRSF1A = TNF receptor superfamily member 1A, TNFRSF1B = TNF receptor superfamily member 1B. �P<0.05. Mann-Whitney-U test.

https://doi.org/10.1371/journal.pone.0276564.g007
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the possibility that our results were impacted by treatment as well as PD itself. More specifi-

cally, dopaminergic treatment is known to alter the immune response of PD patients, as dopa-

minergic receptors are expressed on immune cells in the periphery [67–69]. Treatment, with

L-DOPA has been partially associated with increased levels of cytokines, such as CCL5 in the

serum of PD patients [70]. Interestingly, a study of 21 no previously treated PD patients

showed increased levels of IL-2 in the serum which was reversed post-L-DOPA administration

[71]. However, whether similar alterations are reflected in the skin, remains to be elucidated in

future studies by including untreated patients.

Conclusion

In conclusion, our data demonstrate a higher expression of cutaneous IL-2 and TNFα in

patients with PD compared to healthy controls independent of skin innervation and pain phe-

notype. Our data indicate the occurrence of a local, peripheral inflammatory response in the

skin in PD, but do not support this being a contributing factor to the expression of pain in PD.

Supporting information

S1 Fig. TNF-α expression and age in skin punch biopsies of healthy controls and PD

patients. Age is not correlated with altered TNF-α gene expression in the skin punch biopsy

samples obtained from the lateral lower leg of healthy controls (a, b) and PD patients (c, d).

Abbreviations: PD = Parkinson’s disease, TNF-α = tumor necrosis factor-alpha. Pearson’s cor-

relation analysis.

(TIF)

S2 Fig. IL-2 expression and age in skin punch biopsies of healthy controls and PD patients.

Age is not correlated with altered L-2 gene expression in the skin punch biopsy samples

obtained from the lateral lower leg of healthy controls (a, b) and PD patients (c, d). Abbrevia-

tions: IL = interleukin, PD = Parkinson’s disease. p> 0.05 Pearson’s correlation analysis.

(TIF)

S3 Fig. IL-1β expression and age in skin punch biopsies of healthy controls and PD

patients. Age is not correlated with altered IL-1β gene expression in the skin punch biopsy

samples obtained from the lateral lower leg of healthy controls (a, b) and PD patients (c, d).

Abbreviations: IL = interleukin, PD = Parkinson’s disease. p> 0.05 Pearson’s correlation anal-

ysis.

(TIF)

S4 Fig. No sex differences in the gene expression of selected cytokines in the skin punch

biopsy samples obtained from the lateral lower leg of healthy controls and PD patients.

TNF-α (a, b), IL-2 (c, d), and IL-1β (e, f) gene expression did not differ between men and

women in the healthy control and PD groups. Abbreviations: IL = interleukin, PD = Parkin-

son’s disease. Pearson’s correlation analysis, TNF-α = tumour necrosis factor alpha. P> 0.05.

Two-Way ANOVA followed by Sidak’s multiple comparisons.

(TIF)
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Investigation: Joana Lama, Elena Salabasidou, Anastasia Kuzkina, Nurcan Üçeyler.
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References
1. Bloem B.R., Okun M.S., and Klein C., Parkinson’s disease. The Lancet, 2021. 397(10291): p. 2284–

2303.

2. Marsden C.D., Parkinson’s disease. The Lancet, 1990. 335(8695): p. 948–949.

3. Schapira A.H.V., Chaudhuri K.R., and Jenner P., Non-motor features of Parkinson disease. Nat Rev

Neurosci, 2017. 18(7): p. 435–450. https://doi.org/10.1038/nrn.2017.62 PMID: 28592904

4. Broen M.P.G., et al., Prevalence of pain in Parkinson’s disease: A systematic review using the modified

QUADAS tool. Mov Disord, 2012. 27(4): p. 480–484. https://doi.org/10.1002/mds.24054 PMID:

22231908

5. Trenkwalder C., et al., Prolonged-release oxycodone-naloxone for treatment of severe pain in patients

with Parkinson’s disease (PANDA): a double-blind, randomised, placebo-controlled trial. Lancet Neurol,

2015. 14(12): p. 1161–1170. https://doi.org/10.1016/S1474-4422(15)00243-4 PMID: 26494524

6. Skogar O., et al., Parkinson’s disease patients’ subjective descriptions of characteristics of chronic

pain, sleeping patterns and health-related quality of life. Neuropsychiatr Dis Treat, 2012. 8: p. 435–42.

https://doi.org/10.2147/NDT.S34882 PMID: 23091387

7. Ha A.D. and Jankovic J., Pain in Parkinson’s disease. Mov Disord, 2012. 27(4): p. 485–491. https://doi.

org/10.1002/mds.23959 PMID: 21953990

8. Snider S.R., et al., Primary sensory symptoms in parkinsonism. Neurology, 1976. 26(5): p. 423–423.

https://doi.org/10.1212/wnl.26.5.423 PMID: 944393

9. Goetz C.G., et al., Pain in Parkinson’s disease. Mov Disord, 1986. 1(1): p. 45–49. https://doi.org/10.

1002/mds.870010106 PMID: 3504231

10. Hanagasi H.A., et al., Pain is common in Parkinson’s disease. Clin Neurol Neurosurg, 2011. 113(1): p.

11–13. https://doi.org/10.1016/j.clineuro.2010.07.024 PMID: 20800342

11. Young Blood M.R., et al., Classification and Characteristics of Pain Associated with Parkinson’s Dis-

ease. Parkinsons Dis, 2016. 2016: p. 6067132. https://doi.org/10.1155/2016/6067132 PMID:

27800210

12. Lee M.A., et al., A Survey of Pain in Idiopathic Parkinson’s Disease. J Pain Symptom Manage, 2006.

32(5): p. 462–469. https://doi.org/10.1016/j.jpainsymman.2006.05.020 PMID: 17085272

13. Wasner G. and Deuschl G., Pains in Parkinson disease—many syndromes under one umbrella. Nat

Rev Neurol, 2012. 8(5): p. 284–294. https://doi.org/10.1038/nrneurol.2012.54 PMID: 22508236

14. Ford B., Pain in Parkinson’s disease. Mov Disord, 2010. 25(S1): p. S98–S103. https://doi.org/10.1002/

mds.22716 PMID: 20187254

15. Allegri M., et al., Mechanisms of low back pain: a guide for diagnosis and therapy [version 2; peer

review: 3 approved]. F1000Research, 2016. 5(1530).

PLOS ONE Proinflammatory profile in the skin of Parkinson’s disease patients with and without pain

PLOS ONE | https://doi.org/10.1371/journal.pone.0276564 October 27, 2022 14 / 17

https://doi.org/10.1038/nrn.2017.62
http://www.ncbi.nlm.nih.gov/pubmed/28592904
https://doi.org/10.1002/mds.24054
http://www.ncbi.nlm.nih.gov/pubmed/22231908
https://doi.org/10.1016/S1474-4422%2815%2900243-4
http://www.ncbi.nlm.nih.gov/pubmed/26494524
https://doi.org/10.2147/NDT.S34882
http://www.ncbi.nlm.nih.gov/pubmed/23091387
https://doi.org/10.1002/mds.23959
https://doi.org/10.1002/mds.23959
http://www.ncbi.nlm.nih.gov/pubmed/21953990
https://doi.org/10.1212/wnl.26.5.423
http://www.ncbi.nlm.nih.gov/pubmed/944393
https://doi.org/10.1002/mds.870010106
https://doi.org/10.1002/mds.870010106
http://www.ncbi.nlm.nih.gov/pubmed/3504231
https://doi.org/10.1016/j.clineuro.2010.07.024
http://www.ncbi.nlm.nih.gov/pubmed/20800342
https://doi.org/10.1155/2016/6067132
http://www.ncbi.nlm.nih.gov/pubmed/27800210
https://doi.org/10.1016/j.jpainsymman.2006.05.020
http://www.ncbi.nlm.nih.gov/pubmed/17085272
https://doi.org/10.1038/nrneurol.2012.54
http://www.ncbi.nlm.nih.gov/pubmed/22508236
https://doi.org/10.1002/mds.22716
https://doi.org/10.1002/mds.22716
http://www.ncbi.nlm.nih.gov/pubmed/20187254
https://doi.org/10.1371/journal.pone.0276564


16. Ellis A. and Bennett D.L.H., Neuroinflammation and the generation of neuropathic pain. Br J Anaesth,

2013. 111(1): p. 26–37. https://doi.org/10.1093/bja/aet128 PMID: 23794642

17. Nolano M., et al., Sensory deficit in Parkinson’s disease: evidence of a cutaneous denervation. Brain,

2008. 131(7): p. 1903–1911. https://doi.org/10.1093/brain/awn102 PMID: 18515869

18. Melli G., et al., Cervical skin denervation associates with alpha-synuclein aggregates in Parkinson dis-

ease. Ann Clin Transl Neurol, 2018. 5(11): p. 1394–1407. https://doi.org/10.1002/acn3.669 PMID:

30480033

19. Kass-Iliyya L., et al., Small fiber neuropathy in Parkinson’s disease: A clinical, pathological and corneal

confocal microscopy study. Parkinsonism Relat Disord, 2015. 21(12): p. 1454–1460. https://doi.org/10.

1016/j.parkreldis.2015.10.019 PMID: 26578039

20. Jeziorska M., et al., Small Fibre Neuropathy in Parkinson’s Disease: Comparison of Skin Biopsies from

the More Affected and Less Affected Sides. J Parkinsons Dis, 2019. 9: p. 761–765. https://doi.org/10.

3233/JPD-191697 PMID: 31381529

21. Nolano M., et al., Loss of cutaneous large and small fibers in naive and l-dopa-treated PD patients. Neu-

rology, 2017. 89(8): p. 776–784. https://doi.org/10.1212/WNL.0000000000004274 PMID: 28747449

22. Doppler K., et al., Cutaneous neuropathy in Parkinson’s disease: a window into brain pathology. Acta

Neuropathol, 2014. 128(1): p. 99–109. https://doi.org/10.1007/s00401-014-1284-0 PMID: 24788821

23. Kuzkina A., et al., The aggregation state of α-synuclein deposits in dermal nerve fibers of patients with

Parkinson’s disease resembles that in the brain. Parkinsonism Relat Disord, 2019. 64: p. 66–72.

https://doi.org/10.1016/j.parkreldis.2019.03.003 PMID: 30902527

24. Qin X.-Y., et al., Aberrations in Peripheral Inflammatory Cytokine Levels in Parkinson Disease: A Sys-

tematic Review and Meta-analysis. JAMA Neurol, 2016. 73(11): p. 1316–1324. https://doi.org/10.1001/

jamaneurol.2016.2742 PMID: 27668667

25. Schaible H.-G., Ebersberger A., and Natura G., Update on peripheral mechanisms of pain: beyond

prostaglandins and cytokines. Arthritis Res Ther, 2011. 13(2): p. 210. https://doi.org/10.1186/ar3305

PMID: 21542894

26. Binshtok A.M., et al., Nociceptors Are Interleukin-1β Sensors. J Neurosci, 2008. 28(52): p. 14062–

14073.

27. Cunha F.Q., et al., The pivotal role of tumour necrosis factor α in the development of inflammatory

hyperalgesia. Br J Pharmacol, 1992. 107(3): p. 660–664.

28. Li D., et al., Association of Parkinson’s disease-related pain with plasma interleukin-1, interleukin-6,

interleukin-10, and tumour necrosis factor-α. Neurosci Lett, 2018. 683: p. 181–184.

29. Postuma R.B., et al., MDS clinical diagnostic criteria for Parkinson’s disease. Mov Disord, 2015. 30

(12): p. 1591–1601. https://doi.org/10.1002/mds.26424 PMID: 26474316

30. Jost W.H., et al., [King’s Parkinson’s disease pain scale: Intercultural adaptation in the German lan-

guage]. Der Nervenarzt, 2018. 89(2): p. 178–183.

31. Chaudhuri K.R., et al., King’s Parkinson’s disease pain scale, the first scale for pain in PD: An interna-

tional validation. Mov Disord, 2015. 30(12): p. 1623–1631. https://doi.org/10.1002/mds.26270 PMID:

26096067
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33. Üçeyler N., et al., Sensory profiles and skin innervation of patients with painful and painless neuropa-

thies. PAIN, 2018. 159(9): p. 1867–1876. https://doi.org/10.1097/j.pain.0000000000001287 PMID:

29863528

34. Gerbershagen H.J., et al., Determination of moderate-to-severe postoperative pain on the numeric rat-

ing scale: a cut-off point analysis applying four different methods. Br J Anaesth, 2011. 107(4): p. 619–

626. https://doi.org/10.1093/bja/aer195 PMID: 21724620

35. Lauria G., et al., EFNS guidelines on the use of skin biopsy in the diagnosis of peripheral neuropathy.

Eur J Neurol, 2005. 12(10): p. 747–758. https://doi.org/10.1111/j.1468-1331.2005.01260.x PMID:

16190912

36. Vacchi E., et al., Alpha-synuclein oligomers and small nerve fiber pathology in skin are potential bio-

markers of Parkinson’s disease. NPJ Parkinsons Dis, 2021. 7(1): p. 119. https://doi.org/10.1038/

s41531-021-00262-y PMID: 34930911

37. Lauria G., et al., Intraepidermal nerve fiber density at the distal leg: a worldwide normative reference

study. J Peripher Nerv Syst, 2010. 15(3): p. 202–207. https://doi.org/10.1111/j.1529-8027.2010.00271.

x PMID: 21040142

PLOS ONE Proinflammatory profile in the skin of Parkinson’s disease patients with and without pain

PLOS ONE | https://doi.org/10.1371/journal.pone.0276564 October 27, 2022 15 / 17

https://doi.org/10.1093/bja/aet128
http://www.ncbi.nlm.nih.gov/pubmed/23794642
https://doi.org/10.1093/brain/awn102
http://www.ncbi.nlm.nih.gov/pubmed/18515869
https://doi.org/10.1002/acn3.669
http://www.ncbi.nlm.nih.gov/pubmed/30480033
https://doi.org/10.1016/j.parkreldis.2015.10.019
https://doi.org/10.1016/j.parkreldis.2015.10.019
http://www.ncbi.nlm.nih.gov/pubmed/26578039
https://doi.org/10.3233/JPD-191697
https://doi.org/10.3233/JPD-191697
http://www.ncbi.nlm.nih.gov/pubmed/31381529
https://doi.org/10.1212/WNL.0000000000004274
http://www.ncbi.nlm.nih.gov/pubmed/28747449
https://doi.org/10.1007/s00401-014-1284-0
http://www.ncbi.nlm.nih.gov/pubmed/24788821
https://doi.org/10.1016/j.parkreldis.2019.03.003
http://www.ncbi.nlm.nih.gov/pubmed/30902527
https://doi.org/10.1001/jamaneurol.2016.2742
https://doi.org/10.1001/jamaneurol.2016.2742
http://www.ncbi.nlm.nih.gov/pubmed/27668667
https://doi.org/10.1186/ar3305
http://www.ncbi.nlm.nih.gov/pubmed/21542894
https://doi.org/10.1002/mds.26424
http://www.ncbi.nlm.nih.gov/pubmed/26474316
https://doi.org/10.1002/mds.26270
http://www.ncbi.nlm.nih.gov/pubmed/26096067
https://doi.org/10.1007/s00702-018-1918-9
https://doi.org/10.1007/s00702-018-1918-9
http://www.ncbi.nlm.nih.gov/pubmed/30167934
https://doi.org/10.1097/j.pain.0000000000001287
http://www.ncbi.nlm.nih.gov/pubmed/29863528
https://doi.org/10.1093/bja/aer195
http://www.ncbi.nlm.nih.gov/pubmed/21724620
https://doi.org/10.1111/j.1468-1331.2005.01260.x
http://www.ncbi.nlm.nih.gov/pubmed/16190912
https://doi.org/10.1038/s41531-021-00262-y
https://doi.org/10.1038/s41531-021-00262-y
http://www.ncbi.nlm.nih.gov/pubmed/34930911
https://doi.org/10.1111/j.1529-8027.2010.00271.x
https://doi.org/10.1111/j.1529-8027.2010.00271.x
http://www.ncbi.nlm.nih.gov/pubmed/21040142
https://doi.org/10.1371/journal.pone.0276564


38. Gøransson L.G., et al., The effect of age and gender on epidermal nerve fiber density. Neurology, 2004.

62(5): p. 774–777. https://doi.org/10.1212/01.wnl.0000113732.41127.8f PMID: 15007129

39. Cheng H.T., et al., Increased Axonal Regeneration and Swellings in Intraepidermal Nerve Fibers Char-

acterize Painful Phenotypes of Diabetic Neuropathy. J Pain, 2013. 14(9): p. 941–947. https://doi.org/

10.1016/j.jpain.2013.03.005 PMID: 23685187

40. Polydefkis M., et al., Reduced intraepidermal nerve fiber density in HIV-associated sensory neuropathy.

Neurology, 2002. 58(1): p. 115–119. https://doi.org/10.1212/wnl.58.1.115 PMID: 11781415

41. Koike H., et al., Neuropathic pain correlates with myelinated fibre loss and cytokine profile in POEMS

syndrome. J Neurol Neurosurg Psychiatry, 2008. 79(10): p. 1171–1179. https://doi.org/10.1136/jnnp.

2007.135681 PMID: 18356256

42. Themistocleous A.C., et al., The Pain in Neuropathy Study (PiNS): a cross-sectional observational

study determining the somatosensory phenotype of painful and painless diabetic neuropathy. PAIN,

2016. 157(5). https://doi.org/10.1097/j.pain.0000000000000491 PMID: 27088890

43. Gui W.-S., et al., Interleukin-1β overproduction is a common cause for neuropathic pain, memory deficit,

and depression following peripheral nerve injury in rodents. Mol Pain, 2016. 12: p. 1744806916646784.

https://doi.org/10.1177/1744806916646784 PMID: 27175012

44. Liu W., et al., Cyclooxygenase-2 Is Up-Regulated by Interleukin-1β in Human Colorectal Cancer Cells

via Multiple Signaling Pathways1. Cancer Res, 2003. 63(13): p. 3632–3636.

45. Sinatra R., Role of COX-2 Inhibitors in the Evolution of Acute Pain Management. J Pain Symptom Man-

age, 2002. 24(1): p. S18–S27. https://doi.org/10.1016/s0885-3924(02)00410-4 PMID: 12204484

46. Codolo G., et al., Triggering of Inflammasome by Aggregated α–Synuclein, an Inflammatory Response

in Synucleinopathies. PLOS ONE, 2013. 8(1): p. e55375. https://doi.org/10.1371/journal.pone.

0055375 PMID: 23383169

47. Arenas-Ramirez N., Woytschak J., and Boyman O., Interleukin-2: Biology, Design and Application.

Trends Immunol, 2015. 36(12): p. 763–777. https://doi.org/10.1016/j.it.2015.10.003 PMID: 26572555

48. Granucci F., et al., Early IL-2 Production by Mouse Dendritic Cells Is the Result of Microbial-Induced

Priming. J Immunol, 2003. 170(10): p. 5075–5081. https://doi.org/10.4049/jimmunol.170.10.5075

PMID: 12734352

49. Malek T.R., The Biology of Interleukin-2. Annu Rev Immunol, 2008. 26(1): p. 453–479. https://doi.org/

10.1146/annurev.immunol.26.021607.090357 PMID: 18062768

50. Bhatia D., et al., T-cell dysregulation is associated with disease severity in Parkinson’s Disease. J Neu-

roinflammation, 2021. 18(1): p. 250. https://doi.org/10.1186/s12974-021-02296-8 PMID: 34717679

51. Tansey M.G. and Romero-Ramos M., Immune system responses in Parkinson’s disease: Early and

dynamic. Eur J Neurosci, 2019. 49(3): p. 364–383. https://doi.org/10.1111/ejn.14290 PMID: 30474172

52. Lindestam Arlehamn C.S., et al., α-Synuclein-specific T cell reactivity is associated with preclinical and

early Parkinson’s disease. Nat Commun, 2020. 11(1): p. 1875. https://doi.org/10.1038/s41467-020-

15626-w PMID: 32313102

53. Wang Z., et al., Skin α-Synuclein Aggregation Seeding Activity as a Novel Biomarker for Parkinson Dis-

ease. JAMA Neurol, 2021. 78(1): p. 30–40.

54. Pennock N.D., et al., T cell responses: naïve to memory and everything in between. Adv Physiol Educ,

2013. 37(4): p. 273–283.

55. Baba Y., et al., Alterations of T-lymphocyte populations in Parkinson disease. Parkinsonism Relat Dis-

ord, 2005. 11(8): p. 493–498. https://doi.org/10.1016/j.parkreldis.2005.07.005 PMID: 16154792

56. Probert L., TNF and its receptors in the CNS: The essential, the desirable and the deleterious effects.

Neuroscience, 2015. 302: p. 2–22. https://doi.org/10.1016/j.neuroscience.2015.06.038 PMID:

26117714

57. Ventura M.T., et al., Immunosenescence in aging: between immune cells depletion and cytokines up-

regulation. Clin Mol Allergy, 2017. 15(1): p. 21. https://doi.org/10.1186/s12948-017-0077-0 PMID:

29259496

58. Ferrucci L., et al., The origins of age-related proinflammatory state. Blood, 2005. 105(6): p. 2294–2299.

https://doi.org/10.1182/blood-2004-07-2599 PMID: 15572589

59. Goetzl E.J., et al., Gender specificity of altered human immune cytokine profiles in aging. FASEB J,

2010. 24(9): p. 3580–3589. https://doi.org/10.1096/fj.10-160911 PMID: 20453111

60. Zhu S., et al., Predictors of Interleukin-6 Elevation in Older Adults. J Am Geriatr Soc, 2009. 57(9): p.

1672–1677. https://doi.org/10.1111/j.1532-5415.2009.02426.x PMID: 19694866

61. Lee Y.I., et al., Cellular Senescence and Inflammaging in the Skin Microenvironment. Int J Mol Sci,

2021. 22(8): p. 3849. https://doi.org/10.3390/ijms22083849 PMID: 33917737

PLOS ONE Proinflammatory profile in the skin of Parkinson’s disease patients with and without pain

PLOS ONE | https://doi.org/10.1371/journal.pone.0276564 October 27, 2022 16 / 17

https://doi.org/10.1212/01.wnl.0000113732.41127.8f
http://www.ncbi.nlm.nih.gov/pubmed/15007129
https://doi.org/10.1016/j.jpain.2013.03.005
https://doi.org/10.1016/j.jpain.2013.03.005
http://www.ncbi.nlm.nih.gov/pubmed/23685187
https://doi.org/10.1212/wnl.58.1.115
http://www.ncbi.nlm.nih.gov/pubmed/11781415
https://doi.org/10.1136/jnnp.2007.135681
https://doi.org/10.1136/jnnp.2007.135681
http://www.ncbi.nlm.nih.gov/pubmed/18356256
https://doi.org/10.1097/j.pain.0000000000000491
http://www.ncbi.nlm.nih.gov/pubmed/27088890
https://doi.org/10.1177/1744806916646784
http://www.ncbi.nlm.nih.gov/pubmed/27175012
https://doi.org/10.1016/s0885-3924%2802%2900410-4
http://www.ncbi.nlm.nih.gov/pubmed/12204484
https://doi.org/10.1371/journal.pone.0055375
https://doi.org/10.1371/journal.pone.0055375
http://www.ncbi.nlm.nih.gov/pubmed/23383169
https://doi.org/10.1016/j.it.2015.10.003
http://www.ncbi.nlm.nih.gov/pubmed/26572555
https://doi.org/10.4049/jimmunol.170.10.5075
http://www.ncbi.nlm.nih.gov/pubmed/12734352
https://doi.org/10.1146/annurev.immunol.26.021607.090357
https://doi.org/10.1146/annurev.immunol.26.021607.090357
http://www.ncbi.nlm.nih.gov/pubmed/18062768
https://doi.org/10.1186/s12974-021-02296-8
http://www.ncbi.nlm.nih.gov/pubmed/34717679
https://doi.org/10.1111/ejn.14290
http://www.ncbi.nlm.nih.gov/pubmed/30474172
https://doi.org/10.1038/s41467-020-15626-w
https://doi.org/10.1038/s41467-020-15626-w
http://www.ncbi.nlm.nih.gov/pubmed/32313102
https://doi.org/10.1016/j.parkreldis.2005.07.005
http://www.ncbi.nlm.nih.gov/pubmed/16154792
https://doi.org/10.1016/j.neuroscience.2015.06.038
http://www.ncbi.nlm.nih.gov/pubmed/26117714
https://doi.org/10.1186/s12948-017-0077-0
http://www.ncbi.nlm.nih.gov/pubmed/29259496
https://doi.org/10.1182/blood-2004-07-2599
http://www.ncbi.nlm.nih.gov/pubmed/15572589
https://doi.org/10.1096/fj.10-160911
http://www.ncbi.nlm.nih.gov/pubmed/20453111
https://doi.org/10.1111/j.1532-5415.2009.02426.x
http://www.ncbi.nlm.nih.gov/pubmed/19694866
https://doi.org/10.3390/ijms22083849
http://www.ncbi.nlm.nih.gov/pubmed/33917737
https://doi.org/10.1371/journal.pone.0276564


62. Vukmanovic-Stejic M., et al., The Characterization of Varicella Zoster Virus-Specific T Cells in Skin and

Blood during Aging. J Invest Dermatol, 2015. 135(7): p. 1752–1762. https://doi.org/10.1038/jid.2015.63

PMID: 25734814

63. Vukmanovic-Stejic M., et al., Enhancement of cutaneous immunity during aging by blocking p38 mito-

gen-activated protein (MAP) kinase-induced inflammation. J Allergy Clin Immunol, 2018. 142(3): p.

844–856. https://doi.org/10.1016/j.jaci.2017.10.032 PMID: 29155150

64. Kinn P.M., et al., Age-dependent variation in cytokines, chemokines and biologic analytes rinsed from

the surface of healthy human skin. Sci Rep, 2015. 5(1): p. 10472. https://doi.org/10.1038/srep10472

PMID: 26035055

65. Gilhar A., et al., Cytokine mRNA expression in normal skin of various age populations before and after

engraftment onto nude mice. Acta Derm Venereol, 1998. 78(1): p. 36–9. https://doi.org/10.1080/

00015559850135805 PMID: 9498024

66. Milan-Mattos J.C., et al., Effects of natural aging and gender on pro-inflammatory markers. Braz J Med

Biol Res, 2019. 52(9): p. e8392. https://doi.org/10.1590/1414-431X20198392 PMID: 31411315

67. Mackie P., et al., The dopamine transporter: An unrecognized nexus for dysfunctional peripheral immu-

nity and signaling in Parkinson’s Disease. Brain Behav Immun, 2018. 70: p. 21–35. https://doi.org/10.

1016/j.bbi.2018.03.020 PMID: 29551693

68. Basu S. and Dasgupta P.S., Dopamine, a neurotransmitter, influences the immune system. J Neuroim-

munol, 2000. 102(2): p. 113–124. https://doi.org/10.1016/s0165-5728(99)00176-9 PMID: 10636479

69. Sarkar C., et al., The immunoregulatory role of dopamine: An update. Brain Behav Immun, 2010. 24(4):

p. 525–528. https://doi.org/10.1016/j.bbi.2009.10.015 PMID: 19896530

70. Gangemi S., et al., Effect of levodopa on interleukin-15 and RANTES circulating levels in patients

affected by Parkinson’s disease. Mediators Inflamm, 2003. 12: p. 757516. https://doi.org/10.1080/

09629350310001599701 PMID: 14514477

71. Stypuła G., et al., Evaluation of Interleukins, ACTH, Cortisol and Prolactin Concentrations in the Blood

of Patients with Parkinson’s Disease. Neuroimmunomodulation, 1996. 3(2–3): p. 131–134. https://doi.

org/10.1159/000097237 PMID: 8945728

PLOS ONE Proinflammatory profile in the skin of Parkinson’s disease patients with and without pain

PLOS ONE | https://doi.org/10.1371/journal.pone.0276564 October 27, 2022 17 / 17

https://doi.org/10.1038/jid.2015.63
http://www.ncbi.nlm.nih.gov/pubmed/25734814
https://doi.org/10.1016/j.jaci.2017.10.032
http://www.ncbi.nlm.nih.gov/pubmed/29155150
https://doi.org/10.1038/srep10472
http://www.ncbi.nlm.nih.gov/pubmed/26035055
https://doi.org/10.1080/00015559850135805
https://doi.org/10.1080/00015559850135805
http://www.ncbi.nlm.nih.gov/pubmed/9498024
https://doi.org/10.1590/1414-431X20198392
http://www.ncbi.nlm.nih.gov/pubmed/31411315
https://doi.org/10.1016/j.bbi.2018.03.020
https://doi.org/10.1016/j.bbi.2018.03.020
http://www.ncbi.nlm.nih.gov/pubmed/29551693
https://doi.org/10.1016/s0165-5728%2899%2900176-9
http://www.ncbi.nlm.nih.gov/pubmed/10636479
https://doi.org/10.1016/j.bbi.2009.10.015
http://www.ncbi.nlm.nih.gov/pubmed/19896530
https://doi.org/10.1080/09629350310001599701
https://doi.org/10.1080/09629350310001599701
http://www.ncbi.nlm.nih.gov/pubmed/14514477
https://doi.org/10.1159/000097237
https://doi.org/10.1159/000097237
http://www.ncbi.nlm.nih.gov/pubmed/8945728
https://doi.org/10.1371/journal.pone.0276564

