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Abstract: Chronic widespread pain (CWP), including fibromyalgia (FM), is characterized by general-
ized musculoskeletal pain. An important clinical feature is widespread increased pain sensitivity
such as lowered pain thresholds for different stimuli such as heat (HPT) and cold (CPT). There
is a growing interest in investigating the activated neurobiological mechanisms in CWP. This ex-
plorative proteomic study investigates the multivariate correlation pattern between plasma and
muscle proteins and thermal pain thresholds in CWP and in healthy controls (CON). In addition, we
analysed whether the important proteins and their networks for CPT and HPT differed between CWP
and CON. We used a proteomic approach and analysed plasma and muscle proteins from women
with CWP (n = 15) and CON (n = 23). The associations between the proteins and CPT/HPT were
analysed using orthogonal partial least square (OPLS). The protein–protein association networks for
the important proteins for the two thermal pain thresholds were analysed using STRING database.
CWP had lowered pain thresholds for thermal stimulus. These levels were generally not related
to the included clinical variables except in CWP for HPT. Highly interacting proteins mainly from
plasma showed strong significant associations with CPT and HPT both in CWP and in CON. Marked
differences in the important proteins for the two thermal pain thresholds were noted between CWP
and CON; more complex patterns emerged in CWP. The important proteins were part of the immune
system (acute phase proteins, complement factors, and immunoglobulin factors) or known to interact
with the immune system. As expected, CWP had lowered pain thresholds for thermal stimulus.
Although different proteins were important in the two groups, there were similarities. For example,
proteins related to the host defence/immunity such as acute phase proteins, complement factors,
immunoglobulin factors, and cytokines/chemokines (although not in CON for CPT) were important
habitual/tonic factors for thermal pain thresholds. The fact that peripheral proteins contribute
to thermal pain thresholds does not exclude that central factors also contribute and that complex
interactions between peripheral and central factors determine the registered pain thresholds in CWP.

Keywords: biomarker; cold pain threshold; CPT; fibromyalgia; heat pain threshold; HPT; hyperalge-
sia; pain; sensitivity; widespread pain; proteomics

1. Introduction

Generalized musculoskeletal pain (i.e., chronic widespread pain; CWP) has a high
population prevalence (5–10%) with a female predominance [1–3]. CWP is associated
with increased prevalence of comorbidities such as depressive and anxiety symptoms,
sleep problems, and cognitive difficulties [4–6]. Thus, CWP as well as other chronic pain
conditions have negative consequences that lead to significant suffering for patients and
their families and high socioeconomic costs [7].
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Assessments, as well as design and choice of treatments, are hampered by lack of
valid biomarkers [8,9]. Potential markers of neurobiological mechanisms in CWP including
fibromyalgia (FM) such as cytokines/chemokines, lipids, and metabolites in blood, saliva,
muscles, and cerebrospinal fluid are increasingly reported [10–18]. Omic methods are
gaining increasing support as pain seemingly involves a myriad of molecular changes [19].
The proteome of a tissue regulates biological processes and integrates the effects of genes
with environmental factors, comorbidities, behaviours, age, and drugs [19–21]. Com-
pared to genome and transcriptome studies, investigating the proteome is more complex,
including the choice of statistical methods [22]. We and others have reported marked
significant differences both in blood and in muscle proteomes between CWP/FM and
healthy controls [10,23–26]. Moreover, both muscle and plasma protein patterns show
strong significant correlations with pain intensity [25,27,28].

Recently nociplastic pain was introduced as a pain mechanistic descriptor (IASP
definition: ”Pain that arises from altered nociception despite no clear evidence of actual or
threatened tissue damage causing the activation of peripheral nociceptors or evidence for
disease or lesion of the somatosensory system causing the pain.” Source: https://www.
iasp-pain.org/Education/Content.aspx?ItemNumber=1698#Nociplasticpain; access date:
1 June 2021); FM (a subgroup of CWP) is classified as a nociplastic pain condition [29].
Although validated and definite clinical criteria for nociplastic pain are still lacking, it
can be reasonably assumed that these criteria would at the minimum include increased
spatial distribution of pain and increased pain sensitivity [30–32]. CWP including FM is
generally associated with increased pain sensitivity (i.e., lowered pain thresholds) [33]. Pain
threshold is defined as when an acute stimulus becomes painful; the stimulus both activates
peripheral nociceptors and the central nervous system (CNS). Pressure pain threshold (PPT)
correlates significantly with certain plasma proteins obtained from proteomic analysis (i.e.,
proteins typically at nano and micro molar levels) and with proteins from targeted analysis
of a panel of 92 inflammation-related substances (cytokines, chemokines, and growth
factors—i.e., small molecules typically at picomolar levels) in CWP [17,34]. The strongest
regression was obtained using proteomics. Recently, we reported that plasma proteins
correlated with PPT in an FM cohort [25].

In addition to PPT, pain thresholds for cold (CPT) and heat (HPT) are used to develop
a nuanced picture of the pain sensitivity. As both muscle and plasma proteins influence PPT
in CWP, it may be appropriate to examine them together in relation to CPT and HPT. This
study was further motivated by the fact that peripheral molecular mechanisms (in plasma
and in muscle) underlying heat and cold pain thresholds are mainly lacking [35]. The need
to investigate clinical variables such as pain thresholds in relation to peripheral biomarkers
has been emphasized [36]. In chronic pain conditions, comorbidities such as psychological
distress and obesity are common, and neurobiological alterations associated with these
comorbidities may influence pain thresholds. For example, psychological distress and
catastrophizing correlate with thermal pain thresholds [37,38].

We formulated three hypotheses: (1) thermal pain thresholds differ between CWP pa-
tients and controls; (2) thermal pain thresholds are significantly associated with peripheral
protein patterns in blood (plasma) and in muscle; and (3) the important proteins differed
between the two groups of subjects. Therefore, this exploratory study investigates the
multivariate correlation pattern between thermal pain thresholds (CPT and HPT) and
proteins from plasma and muscle in CWP (typically with lowered pain thresholds) and in
healthy controls. We analysed whether the important proteins and their networks involved
in the two thresholds differed between the two groups and to what extent comorbidities
influenced the thresholds.

2. Materials and Methods
2.1. Subjects

The recruitment of subjects (patients with CWP and healthy controls (CON)) has
been described elsewhere [39]. The American College of Rheumatology (ACR) criteria
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from 1990 was used to classify FM/CWP [6]. The criteria for CWP according to these
criteria are chronic pain (>3 months), spinal pain, and pain in at least three out of four
body quadrants (or in two contralateral body quadrants). As reported earlier, 13 out of
15 CWP patients also fulfilled the criteria for FM [28]. All subjects were women and none
used any anticoagulatory, opioid, or steroidal medication. Exclusion criteria were medical
history record of certain musculoskeletal conditions (bursitis, capsulitis, neck trauma,
postoperative conditions in neck/shoulder area, spine disorders, tendonitis, rheumatoid
arthritis), neurological disease, or systemic or metabolic diseases, malignancy, severe
psychiatric illness, pregnancy, and difficulties understanding Swedish. The CON group
were recruited through newspaper advertisements. CWP patients were recruited from
former female patients at the Pain and Rehabilitation Centre at the University Hospital,
Linköping, Sweden or from an organization for FM patients. A total of 19 CWP and
24 CON were initially recruited as reported earlier [10,39–41] and this study included
15 CWP patients and 23 CON subjects; see flow chart for details (Figure 1).

The study followed the guidelines in the Declaration of Helsinki and was approved
by the Regional Ethical Review Board in Linköping, Sweden (Diarie-nr. M10–08, M233–09,
Diarie-nr. 2010/164–32). In agreement with this, all subjects signed a written consent before
the start of the study and after receiving verbal and written information about the aims
and procedures.

2.2. Clinical Variables

All subjects answered a brief health questionnaire. As these data were previously
published, we only provide summaries of the patient reported outcome measures (PROM)
variables and instruments used.

Age and body mass index: Age (y), weight (kg), and height (m) were registered at the
clinical examination. Body mass index (BMI) was calculated as weight/height2 (kg/m2).

Pain intensity: Each subject rated their pain intensity in the neck, the shoulders, and
the whole body using an 11-grade (0–10) numeric rating scale (NRS) (endpoints: zero = no
pain at all and 10 = worst possible pain) [42].

Psychological distress: The Hospital Anxiety and Depression Scale (HADS) was used
for the self-assessments of anxiety and depression symptoms [43]. In agreement with a
large psychometric analysis, a total score of HADS (denoted HADS; possible range 0–42)—
including both the anxiety and depression scores—was used as a measure of psychological
distress [44].

Catastrophizing: Catastrophizing aspects, i.e., rumination, magnification, and help-
lessness were measured using the Pain Catastrophizing Scale (PCS) [45]. The total PCS
score was used (maximum score: 52).

Quality of life: This was measured using the Quality-of-Life Scale (QOLS) [46]. Sixteen
items (each measured on a seven-point satisfaction scale) are added to a total score (possible
range: 16–112). A lower score reflects lower satisfaction.
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Figure 1. Flow chart of included chronic widespread pain (CWP) patients and healthy controls (CON).
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2.3. Pain Thresholds for Cold and Heat

Pain thresholds for cold (CPT) and heat (HPT) were determined using a modular sen-
sory analyser (MSA) from Somedic, Hörby, Sweden; see earlier studies for details [47,48].
A skilled research nurse performed all tests. The testing was conducted over the upper part
of the trapezius muscle (bilaterally approximately midway on a line between C7 and the
acromion). The two main reasons for measuring CPT and HPT over the trapezius muscle
were: (1) patients have pain in the neck-shoulder region as part of their CWP and (2) biop-
sies were taken from the trapezius muscle. A structured protocol according to the Marstock
method was applied for all tests [49]. The thermode had a 25 × 50 mm stimulating surface
consisting of Peltier elements and a temperature change range of 1 ◦C/s. The subjects sat
comfortably in a quiet room with an ambient temperature (approximately 22 ◦C). Registra-
tions of CPT and HPT were made a few days before the blood sampling.

2.4. Proteins and Other Biochemical Substances

We analysed proteins from plasma and muscle in relation to the thermal pain thresh-
olds in CWP and CON.

2.4.1. Sample Collection

Blood Sampling

Venous blood samples were collected using EDTA tubes. A washout period of seven
days for nonsteroidal anti-inflammatory drugs and 12 h for paracetamol medication was
used. Plasma was extracted and prepared as previously described [10].

Muscle Biopsy Sampling

The sampling and preparation of muscle biopsies are fully described in our previous
studies [23,27]. Briefly, biopsies were sampled from the upper trapezius muscle at the
midpoint between the 7th cervical vertebra and the acromion on the most painful side
(generally the dominant side) using Monopty BARD microbiopsy instrument (BARD
Norden, Helsingborg, Sweden). Immediately after sampling, the muscle tissues were
quickly frozen by immersing them in isopentane precooled with dry ice and then stored
at −86 ◦C until analysis. Before analysis, the muscle tissues were heat stabilized using
Denator Stabilizer T1 (Denator, Gothenburg, Sweden), placed in a tube containing urea
sample buffer solution, homogenized, and prepared as previously described [23,27].

2.4.2. Biochemical Analyses

Both plasma and muscle biopsy samples were used for proteomic analyses. In addition,
certain cytokines, chemokines, and growth factors in the plasma samples were identified
using a proximal extension assay.

Proteomics of Muscle Biopsy and Plasma—Two-Dimensional Gel Electrophoresis (2-DE)

Here, we briefly summarise the 2-DE procedure as the procedure was described in
detail earlier [10,23,50]. Proteomic analysis of depleted plasma samples and prepared
muscle biopsies was carried out using Ettan IPGphor 3 IEF System (GE Healthcare, Buck-
inghamshire, UK) (first dimension) and Ettan DALTsix Electrophoresis Unit (Amersham,
Pharmacia, Uppsala, Sweden) (second dimension). The fluorescent stain SYPRO Ruby
(Bio-Rad Laboratories, Hercules, CA, USA) was applied to plasma protein gels, and silver
stain was applied to muscle biopsy gels. The stained protein pattern was visualized using a
charge coupled device camera (VersaDoc Imaging system 4000 MP, Bio-Rad). The PDQuest
Advanced (v. 8.0.1, Bio-Rad) software was used to analyse and quantify the protein pattern.
The amount of protein in a certain spot was assessed as background corrected optical
density integrated over all pixels in the spot and expressed as integrated optical density
(IOD). The parts per million (ppm) values for all proteins were generated and used for
further statistical analysis.
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Protein Identification

To identify proteins, spots of interest were excised from preparative fluorescently
stained plasma and biopsy gels (400 µg of total protein), destained, tryptically digested,
and prepared for mass spectrometry (MS) analysis [23]. Protein identification was carried
out using two MS instruments: ultrafleXtreme matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF, Bruker Daltonik GmbH, Bremen, Germany) and nano liquid
chromatography system (EASY-nLC, Thermo Scientific, Waltham, MA, USA) with a C18
column (100 mm × 0.75 µm, Agilent Technologies, Santa Clara, CA, USA) coupled to a
LTQ Orbitrap Velos Pro mass spectrometer (Thermo Scientific).

Database Search

The search strategies for protein identification were described in detail earlier [10,14].
In brief, the acquired MS data from MALDI-TOF analysis were pre-processed using flex-
Analysis v. 3.4 (Bruker Daltonik). The major peak list from each processed spectrum was
imported into ProteinProspector MS-Fit search engineer (v. 5.14.4), including the Swiss-
Prot database v. 2015.3.5 [10,14]. The acquired MS data from the Orbitrap was analysed
with MaxQuant v. 1.5.8.3 (Max Planck Institute of Biochemistry, Martinsried, Germany)
using the human UniProt/Swiss-Prot database (downloaded 4 April 2017) as reported
previously [14].

Proximal Extension Assay for Identifying Cytokines, Chemokines, and Growth Factors

A multiplex proximity extension assay (PEA) was used to analyse 92 cytokines,
chemokines, and growth factors simultaneously in the plasma samples as described pre-
viously [17]. The multiplex PEA was conducted using Proseek Multiplex Inflammation I
(Olink Bioscience, Uppsala, Sweden) per the manufacturer’s instructions. The acquired
data from the PEA analysis are expressed as normalized protein expression (NPX). The
normalized protein expression (NPX) values were used for further statistical analysis.

2.5. Statistics

Student’s t-test was applied for comparison of group values of background vari-
ables and thermal pain thresholds (CPT and HPT) using IBM SPSS (version 24.0; IBM
Corporation, Route 100 Somers, New York, USA); p < 0.05 was considered significant.

Multivariate data analysis (MVDA) is necessary when analysing omics data [36,51].
We used SIMCA-P+ (version 15.0; Sartorius Stedim Biotech, Umeå, Sweden) for MVDA
and applied the recommendations concerning MVDA of omics data [51]. Orthogonal
partial least squares (OPLS) regression analysis was used for the regression analyses of
HPT and CPT of the trapezius as Y-variable and the proteins and clinical variables as
regressors (X-variables) [52]. For detailed descriptions see previous studies: [10,14,23,34].
All variables were mean centred, scaled to unit variance (UV-scaling), and log-transformed
if necessary. No multivariate outliers were identified according to the principal component
analysis. Variables with variable influence on projection (predictive) value (VIPpred) >1.0
(combined with jack-knifed 95% confidence intervals in the regression coefficients plot not
including zero) and with absolute p(corr) ≥ 0.40 were considered significant; p(corr) is
the loading of each variable scaled as a correlation coefficient with a standardised range
(−1 to +1) [51]. The OPLS analysis was made in two steps. In the first step, all proteins
(several hundred) were included in the analysis. In the second step, the 20 proteins with
the VIPpred ≥ 1.0 and p(corr) ≥ 0.40 were used in a new OPLS regression provided that
the first analysis resulted in a significant component according to the internal rules used
in SIMCA-P+ [52]. This article presents the results from the second step. R2 describes the
goodness of fit and Q2 describes goodness of prediction [52]. Cross validated analysis of
variance (CV-ANOVA) with a p ≤ 0.05 was used to validate the obtained model.
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2.6. Network Analysis

The protein–protein association network for the important proteins for the two ther-
mal pain thresholds in CWP and CON were separately analysed using the online database
Search Tool for Retrieval of Interacting Genes/Proteins (STRING; version 11) [53]. The
search settings for the networks were set to: Homo sapiens (species); query proteins only
(maximum number of protein interactions); minimum interaction score of medium confi-
dence (0.400); and an FDR ≤ 0.001 for classifying the cellular component (CC), molec-
ular function (MF), and biological processes (BP) according to Gene Ontology (GO;
http://geneontology.org/docs/ontology-documentation/ access date: 15 March 2021).
For each obtained network, PPI enrichment p-value and average local clustering coefficient
were reported. In the network figure, each protein is represented by a coloured node, and
protein–protein interaction and association are represented by an edge visualized as a line.
Thicker lines/edges represent higher combined confidence scores.

3. Results
3.1. Clinical Variables

These data were presented elsewhere for the two groups and are summarized in
Table 1 [28,34]. CWP patients reported higher levels of psychological distress and catas-
trophizing and lower quality of life. As expected, CWP had considerably higher pain
intensities, and CON were pain free. CWP were significantly older.

Table 1. Background and PROM data (mean and SD) together with CPT and HPT over trapezius
(mean of right and left sides and SD) for CON and CWP groups. Most of the background and PROM
data were published elsewhere [28,34].

Group CON n = 23 CWP n = 15 Statistics

Variables Mean SD Mean SD p-Value

Age (y) 41.0 10.2 49.2 8.9 0.014
BMI (kg/m2) 24.0 2.8 26.0 5.0 0.185

NRS-neck 0.0 0.0 5.7 2.4 <0.001
NRS-shoulders 0.0 0.0 5.7 1.9 <0.001

NRS-whole body 0.0 0.0 4.9 2.0 <0.001
HADS 3.3 2.8 14.0 5.3 <0.001

PCS 6.4 6.4 13.0 7.5 0.010
QOLS 93.1 9.7 82.5 13.1 0.013

CPT (◦C) 11.6 4.0 15.8 5.7 0.020
HPT (◦C) 48.0 1.4 46.6 2.0 0.027

Notes: CON = healthy control group; CWP = chronic widespread pain group; BMI = body mass index; NRS = nu-
meric rating scale for pain intensity; HADS = Hospital Anxiety and Depression Scale; PCS = Pain Catastrophizing
Scale; QOLS = Quality of Life Scale; CPT = cold pain threshold; HPT = heat pain threshold. PROM = patient
reported outcome measures.

3.2. Thermal Pain Thresholds

Significant group differences were found both for CPT and HPT (Table 1). CWP
had significantly increased pain sensitivity according to both cold (reported at warmer
temperature) and heat (reported at lower temperature).

3.3. Clinical Variables as Regressors of CPT and HPT

Neither CPT and HPT in CON nor CPT in CWP exhibited significant regressions, indi-
cating that the clinical variables, including BMI and age, had little or no influence (for de-
tails, see Text S1). In contrast, the regression of HPT was significant (R2 = 0.67, Q2 = 0.41, CV-
ANOVA p-value: 0.043; one predictive component) and HADS (VIPpred = 1.78;
p(corr) = −0.85) and QOLS (VIPpred = 1.60; p(corr) = 0.77) were significant regressors
(VIPpred > 1.0), whereas BMI, NRS-shoulders, NRS-neck, PCS, and age were not important
(for details, see Text S1).

http://geneontology.org/docs/ontology-documentation/
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3.4. Proteins as Regressors of CPT and HPT

The proteins from muscle and plasma were used to regress CPT and HPT in CON
and CWP.

3.4.1. CPT

Significant regressions of CPT were obtained both in CON (R2 = 0.94, Q2 = 0.76,
CV-ANOVA p-value: 0.005; one predictive and three orthogonal components) and in
CWP (R2 = 0.88, Q2 = 0.81, CV-ANOVA p-value: <0.001; one predictive component). The
important significant proteins (including proteoforms), mainly from plasma, are shown in
Tables 2 and 3.

Table 2. OPLS regression of CPT in CON; significant proteins (in alphabetical order) are presented according to VIPpred.
Characterization is based upon brief reviews presented in Text S2. Proteins in italics are from muscle biopsy and the others
are plasma proteins. A positive sign of p(corr) indicates that a high level of the protein is associated with a low pain
threshold for cold.

Spot No. Accession No. Protein VIPpred p(corr) Characterization

3420 P01009 Alpha-1-antitrypsin 2.16 −0.45 Acute phase protein
3712 P01009 Alpha-1-antitrypsin 2.14 0.44 Acute phase protein
5811 P01023 Alpha-2-macroglobulin 3.12 0.64 Acute phase protein
4902 P01023 Alpha-2-macroglobulin 2.19 0.45 Acute phase protein

1055 P02656 Apolipoprotein C-III 3.42 0.73 Antiinflammation and
enhance immunity

1054 P02656 Apolipoprotein C-III 2.15 0.46 Antiinflammation and
enhance immunity

4814 P00450 Ceruloplasmin 3.20 0.67 Acute phase protein
3817 P00450 Ceruloplasmin 2.78 0.56 Acute phase protein
3904 P00450 Ceruloplasmin 2.32 0.47 Acute phase protein
4832 P00450 Ceruloplasmin 2.20 0.43 Acute phase protein
4816 P00450 Ceruloplasmin 2.19 0.44 Acute phase protein
7216 P0C0L5 Complement C4-B 2.95 0.60 Complement factors
8101 P0C0L5 Complement C4-B 2.57 0.53 Complement factors

B3540 P04792 Heat shock protein beta-1 2.59 0.63 Protective
B1834 P04264 Keratin, type II cytoskeletal I 2.99 0.82 Mitochondrial function
8901 P00747 Plasminogen 2.53 0.52 Acute phase protein
7820 P00747 Plasminogen 2.51 0.52 Acute phase protein
7819 P00747 Plasminogen 2.42 0.50 Acute phase protein
7702 P02787 Serotransferrin 2.29 0.50 Acute phase protein
1003 P02766 Transthyretin 2.38 0.49 Acute phase protein

R2 = 0.94
Q2 = 0.76

CV-ANOVA p = 0.0047

VIPpred and p(corr) are reported for each regressor, i.e., the loading of each variable scaled as a correlation coefficient and therefore
standardizing the range from −1 to +1. A variable/regressor was considered significant when VIPpred > 1.0 and absolute p(corr) ≥ 0.40.
The sign of p(corr) indicates the direction of the correlation with the dependent variable (+ = positive correlation; − = negative correlation).
CON = healthy control group; CPT = cold pain threshold. Spot no. refers to identified protein spots in previous publications. For visual
location of proteins on 2-DE gel and comparisons of proteoforms see [10,23,27,28].

In CON, the protein with the strongest correlation with CPT was the muscle pro-
tein keratin type II cytoskeletal I, which is involved in mitochondrial function (Table 2).
The most important plasma proteins (i.e., highest VIPpred) were proteoforms of alpha-
2-macroglublin, apolipoprotein C-III, and ceruloplasmin from plasma (Table 2). Most
proteins were acute phase proteins (Table 2). The significant proteins also included comple-
ment factors and 2 apolipoprotein-III proteoforms (associated with immunity). Several of
the important proteins had proteoforms (i.e., alpha-1-antitrypsin, alpha-2-macroglobulin,
ceruloplasmin, and complement factor C4-B and plasminogen) (Table 2). All proteins
except one proteoform of alpha-1-antitrypsin correlated positively with CPT.
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Table 3. OPLS regression of CPT in CWP; significant proteins (in alphabetical order) are presented according to VIPpred.
Characterization is based on brief reviews presented in Text S2. Proteins in italics are muscle proteins and the others are
plasma proteins. A positive sign of p(corr) indicates that a high level of the protein is associated with a low pain threshold
for cold (hyperalgesia).

Spot No. Accession No. Protein VIPpred p(corr) Characterization

3712 P01009 Alpha-1-antitrypsin 2.17 0.58 Acute phase protein +
5906 P01023 Alpha-2-macroglobulin 2.62 0.70 Acute phase protein +
4608 P08697 Alpha-2-antiplasmin 2.10 0.56 Acute phase protein +
3606 P08697 Alpha-2-antiplasmin 1.98 0.53 Acute phase protein +
1102 P02647 Apolipoprotein A-I 2.81 −0.75 Antiinflammation
NA Q99731 CCL19 2.32 0.66 Chemokine
NA Q9BZW8 CD244 2.23 0.63 Immunity, Ig superfamily
3214 P10909 Clusterin 2.73 −0.73 Neuroprotective, etc.
7901 P00751 Complement factor B 2.48 0.66 Complement factors
6841 P01024 Complement C3c alpha chain 1.98 0.53 Complement factors
145 P01024 Complement C3c alpha chain fragment 2 1.92 −0.52 Complement factors

B5736 P06732 Creatine kinase M-type 2.46 0.66 ATP production
3105 P00738 Haptoglobin 2.06 −0.55 Acute phase protein +
9009 P69905 Haemoglobin subunit alpha 1.98 −0.53 Blood—haemoglobin +
9001 P01834 Ig kappa chain C region 2.63 −0.71 Immunoglobulin
166 P01591 Ig J chain 2.59 −0.69 Immunoglobulin
NA P13232 IL-7 1.97 0.56 Cytokine
8901 P00747 Plasminogen 1.99 0.53 Acute phase protein +
3408 P02774 Vitamin D-binding protein 2.43 −0.65 Immunity, etc.
2502 P02774 Vitamin D-binding protein 2.05 0.55 Immunity, etc.

R2 = 0.88
Q2 = 0.81

CV-ANOVA p < 0.001

VIPpred and p(corr) are reported for each regressor, i.e., the loading of each variable scaled as a correlation coefficient and therefore
standardizing the range from −1 to +1. A variable/regressor was considered significant when VIPpred > 1.0 and absolute p(corr) ≥ 0.40.
The sign of p(corr) indicates the direction of the correlation with the dependent variable (+ = positive correlation; − = negative correlation).
CCL19 = chemokine (C-C motif) ligand 19; CD244 = cluster of differentiation 244; IL-7 = interleukin-7; Ig = immunoglobulin; CWP = chronic
widespread pain group; CPT = cold pain threshold. Spot no. refers to identified protein spots in previous publications. For visual location
of proteins on 2-DE gel and comparisons of proteoforms see [10,23,27,28].

In CWP, the most important proteins for CPT were plasma proteins: apolipoprotein
A-I, clusterin, Ig kappa chain C region, and alpha-2-macroglobulin (Table 3). The important
proteins were acute phase proteins, three complement factors, one chemokine (CCL19),
one cytokine (IL-7), two immunoglobulin factors, other factors associated with immunity
(apolipoprotein A-I, CD244 (part of the Ig superfamily), and vitamin D-binding protein
proteoforms) (Table 3). The only significant muscle protein was creatine kinase M-type,
which is involved in the glycolytic pathway. Positive correlations with CPT were found
in 12 of 20 proteins. Only two proteins and proteoforms were identical when comparing
the important regressors for CPT between CON and CWP (i.e., a proteoform of alpha-1-
antitrypsin and a proteoform of plasminogen) (Table 2andTable 3). Alpha-2-macroglobulin
was important in both regressions, but the proteoforms differed.

3.4.2. HPT

For HPT, significant regressions were obtained in CON (R2 = 0.77, Q2 = 0.63, CV-
ANOVA p-value: < 0.001; one predictive component) and in CWP (R2 = 0.77, Q2 = 0.61,
CV-ANOVA p-value: 0.003; one predictive component) (Tables 4 and 5).
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Table 4. OPLS regression of HPT in CON; significant proteins (in alphabetical order) are presented according to VIPpred.
Characterization is based on brief reviews (Text S2). Proteins in italics are muscle proteins and the others are plasma proteins.
A negative sign for p(corr) indicates that high level of the protein is associated with a low pain threshold for heat.

Spot No. Accession No. Protein VIPpred p(corr) Characterization

5811 P01023 Alpha-2-macroglobulin 2.77 −0.59 Acute phase protein
4902 P01023 Alpha-2-macroglobulin 2.65 −0.58 Acute phase protein
5821 P01023 Alpha-2-macroglobulin 2.01 −0.43 Acute phase protein

6528 P02749 Beta-2-glycoprotein 1 2.40 0.51 Immunity, regulation of
complement/coagulation

NA P78556 CCL20 2.05 −0.48 Chemokine
NA Q9H5V8 CDCP1 2.11 0.50 Cytokine
4830 P00450 Ceruloplasmin 2.59 −0.53 Acute phase protein
3817 P00450 Ceruloplasmin 2.45 −0.51 Acute phase protein
4832 P00450 Ceruloplasmin 2.13 −0.44 Acute phase protein
1105 P10909 Clusterin 2.21 −0.46 Neuroprotective, etc.

4914 P00736 Complement
C1r subcomponent 2.15 −0.44 Complement factors

6842 P01024 Complement C3 alpha chain 2.62 0.55 Complement factors
NA P80511 EN-RAGE 2.04 0.48 Immunity, etc.

NA P12034 FGF-5 2.09 0.48 Tissue repair and regulator
Schwann cells

5511 P01877 Ig alpha-2 chain C region 2.28 0.46 Immunoglobulin
8001 P01834 Ig kappa chain C region 2.05 −0.43 Immunoglobulin

B7525 P15259 Phosphoglycerate mutase 2 2.02 −0.51 Glycolytic pathway
7744 P02787 Serotransferrin 2.51 0.54 Acute phase protein
7731 P02787 Serotransferrin 2.84 0.61 Acute phase protein
3408 P02774 Vitamin D-binding protein 2.19 −0.47 Immunity, etc.

R2 = 0.77
Q2 = 0.63

CV-ANOVA p < 0.001

VIPpred and p(corr) are reported for each regressor, i.e., the loading of each variable scaled as a correlation coefficient and therefore
standardizing the range from −1 to +1. A variable/regressor was considered significant when VIPpred > 1.0 and absolute p(corr) ≥ 0.40.
The sign of p(corr) indicates the direction of the correlation with the dependent variable (+ = positive correlation; − = negative correlation).
CCL20 = chemokine (C-C motif) ligand 20; CDCP1 = CUB-domain containing protein 1; EN-RAGE = protein S100-A12; FGF-5 = fibroblast
growth factor 5; Ig = immunoglobulin; CON = healthy control group; HPT = heat pain threshold. Spot no. refers to identified protein spots
in previous publications. For visual location of proteins on 2-DE gel and comparisons of proteoforms see [10,23,27,28].

In CON, the most important proteins—mainly plasma proteins—in the regression of
HPT were one proteoform of serotransferrin, two proteoforms of alpha-2 macroglobulin,
and complement C3 alpha chain (Table 4). In detail, acute phase proteins, two complement
factors, two immunoglobulin factors, one chemokine (CCL20), one cytokine (CDCP1), as
well as other molecules associated with immunity (i.e., beta-2-glycoprotein 1, EN-RAGE,
and vitamin D-binding protein) were important (Table 4). The only muscle protein was
phosphoglycerate mutase 2, which is involved in the glycolytic pathway. Several of the
identified proteins were detected as different proteoforms: three proteoforms of alpha-2-
macroglobulin, three of ceruloplasmin, and two of serotransferrin (Table 4).
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Table 5. OPLS regression of HPT in CWP; significant proteins (in alphabetical order) are presented according to VIPpred.
Characterization is based on brief reviews (Text S2). Proteins in italics are muscle proteins and the others are plasma
proteins. A negative sign for p(corr) indicates that high level of the protein is associated with a low pain threshold for
heat (hyperalgesia).

Spot No. Accession No. Protein VIPpred p(corr) Characterization

3619 P08697 Alpha-2-antiplasmin 2.02 0.51 Acute phase protein
6903 P01023 Alpha-2-macroglobulin 2.02 0.51 Acute phase protein
1102 P02647 Apolipoprotein A-I 2.00 0.51 Antiinflammation
3214 P10909 Clusterin 2.71 0.69 Neuroprotective, etc.

5819 P00736 Complement
C1r subcomponent 1.96 −0.50 Complement factors

6844 P10643 Complement component C7 2.33 0.59 Complement factors
6845 P10643 Complement component C7 1.97 0.50 Complement factors

B5736 P06732 Creatine kinase M-type 2.09 −0.53 ATP production
NA P09603 CSF-1 2.48 −0.66 Cytokine
NA Q9NSA1 FGF-21 2.02 −0.54 Cytokine
8621 P02671 Fibrinogen alpha chain 2.35 −0.60 Acute phase protein
NA P49771 FIt3L 2.35 −0.62 Cytokine
9006 Q0KKI6 Ig light chain 2.15 0.55 Immunoglobulin
9008 Q0KKI6 Ig light chain 2.18 0.56 Immunoglobulin
NA Q08334 IL-10RB 2.56 −0.68 Cytokine
NA P20783 Neurotrophin 3 1.97 −0.52 Neurons- repair and growth

B7523 P15259 Phosphoglycerate mutase 2 1.97 0.50 Glycolytic pathway
NA Q07011 TNFRSF9 2.02 −0.53 Inflammation development
NA P15692 VEGF-A 1.99 −0.53 Neuroprotective and pro-nociceptive
2502 P02774 Vitamin D-binding protein 1.97 −0.50 Immunity, etc.

R2 = 0.77
Q2 = 0.61

CV-ANOVA p = 0.0033

VIPpred and p(corr) are reported for each regressor, i.e., the loading of each variable scaled as a correlation coefficient and therefore
standardizing the range from −1 to +1. A variable/regressor was considered significant when VIP > 1.0 and absolute p(corr) ≥ 0.40. The
sign of p(corr) indicates the direction of the correlation with the dependent variable (+ = positive correlation; − = negative correlation).
CSF-1 = colony stimulating factor 1; FGF-21 = fibroblast growth factor 21; FIt3L = FMS-like tyrosine kinase 3 ligand; IL-10RB = interleukin
10 receptor, beta subunit: TNFRSF9 = tumour necrosis factor receptor superfamily member 9: VEGF-A = vascular endothelial growth factor
A; Ig = immunoglobulin; CWP = chronic widespread pain group; HPT = heat pain threshold. Spot no. refers to identified protein spots in
previous publications. For visual location of proteins on 2-DE gel and comparisons of proteoforms see [10,23,27,28].

In CWP the regression of HPT identified the plasma proteins clusterin, IL-10RB, and
CSF-1 as most important (Table 5). In detail, three acute phase proteins; three complement
factors; three cytokines (CSF-1, Flt3L, and IL-10RB); one neurotrophin (neurotrophin 3,
NT-3); two immunoglobulin-related molecules; and other proteins related to inflammation
and immunity (apolipoprotein A-I, TNFRSF9, and vitamin D-binding protein) were impor-
tant plasma proteins (Table 5). Two muscle proteins related to the glycolytic pathway were
also significant regressors (i.e., creatine kinase M-type and phosphoglycerate mutase 2).
Two proteins—complement component C7 and immunoglobulin light chain—had two
proteoforms among the significant proteins (Table 5). When comparing the important
proteins for HPT between CON and CWP, some proteins were identical (phosphoglycerate
mutase 2), but the proteoforms for alpha-2-macroglobulin and vitamin D-binding protein
were different.

3.5. Both Proteins and Clinical Variables as Regressors of CPT and HPT

In the next step, the clinical variables were added to the regressions displayed in
Tables 2–5. In the CON, these variables were not important compared to the 20 proteins nor
in the regression of CPT (i.e., proteins: R2 = 0.94, Q2 = 0.76 and CV-ANOVA p-value: 0.005 vs.
proteins and clinical variables: R2 = 0.97, Q2 = 0.75 and CV-ANOVA p-value: 0.004) nor in
the regression of HPT (proteins: R2 = 0.77, Q2 = 0.63 and CV-ANOVA p-value: <0.001 vs.
proteins and clinical variables: R2 = 0.78, Q2 = 0.62 and CV-ANOVA p-value: <0.001).
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Some of the clinical variables were important for the regressions in CWP. In the regres-
sion of CPT, HADS was the 15th most important variable, whereas the other psychometric
variables had little importance (proteins: R2 = 0.88, Q2 = 0.81 and CV-ANOVA p-value:
<0.001 vs. proteins and clinical variables: R2 = 0.95, Q2 = 0.80 and CV-ANOVA p-value:
0.002). In the regression of HPT, HADS was the most important and QOL the fifth most
important regressors. The explained variation increased when the clinical variables were
added (proteins: R2 = 0.77, Q2 = 0.61 and CV-ANOVA p-value: 0.003 vs. proteins and
clinical variables: R2 = 0.99, Q2 = 0.79 and CV-ANOVA p-value: 0.048). However, HADS
was not markedly more important than the most important protein (HADS: VIPpred = 1.42
vs. IL-10rb: VIPpred = 1.40).

3.6. Network Analyses
3.6.1. CPT

The network and enrichment analysis of the important proteins in CON (Table 2)
identified a protein–protein interaction network that was significantly enriched (Figure 2).
Extracellular region and aspects of secretory and platelet granule had the lowest FDR ac-
cording to CC (Table 6). MF terms with the lowest FDR were enzyme inhibitor activity and
protein binding. The significant BP terms were platelet degranulation, transport aspects,
regulated exocytosis, protein activation cascade, and protein metabolic process (Table 6).

Figure 2. Network analyses of important proteins for CPT in CON. The network had the fol-
lowing characteristics: number of nodes: 10; number of edges: 24; average node degree: 4.8;
avg. local clustering coefficient: 0.786; expected number of edges: 1; PPI enrichment p-value:
<1.0 × 10−16. PLG = plasminogen; KRT1 = keratin, type II cytoskeletal 1; APOC3 = apolipoprotein
C-III; A2M = alpha-2-macroglobulin; TF = serotransferrin; CP = ceruloplasmin; C4B = complement
C4-B; TTR = transthyretin; HSPB1 = heat shock protein beta-1; SERPINA1 = alpha-1-antitrypsin;
CON = healthy control group; CPT = cold pain threshold.

In CWP, a significantly enriched protein–protein interaction network was identified
(Table 7 and Figure 3). CC terms with lowest FDR were related to the extracellular regions
and space as well as the lumens of vesicle secretory granule and platelets. MF terms
with lowest FDR were signalling receptor and protein binding as well as enzyme and
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endopeptidase inhibitor activity. Most of the GO terms concerned BP; the most important
were platelet degranulation and terms related to the immune system, response to stress
and defence, protein activation/cascade, and cytokine regulations (Table 7). Fewer CC, MF,
and BP terms were obtained in CON than in CWP (Tables 6 and 7). Most terms obtained in
CON within each of the three areas of GO were also found in CWP.

Figure 3. Network analyses of important proteins for CPT in CWP. The network had the following
characteristics: number of nodes: 16; number of edges: 45; average node degree: 5.62; avg. local
clustering coefficient: 0.636; expected number of edges: 3; PPI enrichment p-value: <1.0 × 10−16.
Note that Ig kappa chain C region is not included in STRING. HP = haptoglobin; CFB = complement
factor B; GC = vitamin D-binding protein; C3 = complement C3; IL7 = interleukin-7; CKM = creatine
kinase M-type; CCL19 = chemokine (C-C motif) ligand 19; CLU = clusterin; PLG = plasminogen;
SERPINA1 = alpha-1-antitrypsin; HBA1 = haemoglobin subunit alpha; IGJ = immunoglobulin J chain;
SERPINF2 = alpha-2-antiplasmin; APOA1 = apolipoprotein A-I; CD244 = cluster of differentiation 244,
natural killer cell receptor 2B4; A2M = alpha-2-macroglobulin; CWP = chronic widespread pain
group; CPT = cold pain threshold.
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Table 6. The most significant GO terms within cellular component (CC), molecular function (MF), and biological process (BP) for CPT in CON.

Category. Term ID Term Description Gene Count Strength FDR Matching Proteins in Network

CC GO:0005576 extracellular region 9 0.85 1.08 × 10−5 APOC3, TTR, KRT1, CP, PLG, A2M, TF, C4B, SERPINA1
CC GO:0034774 secretory granule lumen 5 1.48 1.96 × 10−5 TTR, PLG, A2M, TF, SERPINA1
CC GO:0030141 secretory granule 6 1.15 2.77 × 10−5 TTR, KRT1, PLG, A2M, TF, SERPINA1
CC GO:0031093 platelet alpha granule lumen 3 1.94 0.00010 PLG, A2M, SERPINA1

CC GO:0031232 extrinsic component of external side of
plasma membrane 2 2.75 0.00014 PLG, TF

CC GO:0031410 cytoplasmic vesicle 7 0.79 0.00028 APOC3, TTR, KRT1, PLG, A2M, TF, SERPINA1
MF GO:0004857 enzyme inhibitor activity 5 1.4 7.89 × 10−5 APOC3, HSPB1, A2M, C4B, SERPINA1

MF GO:0005515 protein binding 10 0.47 0.0010 APOC3, TTR, HSPB1, KRT1, CP, PLG, A2M, TF,
C4B, SERPINA1

BP GO:0002576 platelet degranulation 4 1.78 0.00011 PLG, A2M, TF, SERPINA1

BP GO:0006810 transport 10 0.68 0.00011 APOC3, TTR, HSPB1, KRT1, CP, PLG, A2M, TF,
C4B, SERPINA1

BP GO:0045055 regulated exocytosis 6 1.23 0.00011 TTR, KRT1, PLG, A2M, TF, SERPINA1
BP GO:0065008 regulation of biological quality 9 0.69 0.00018 APOC3, TTR, HSPB1, KRT1, CP, PLG, A2M, TF, SERPINA1
BP GO:0016192 vesicle-mediated transport 7 0.91 0.00024 TTR, KRT1, PLG, A2M, TF, C4B, SERPINA1
BP GO:0072376 protein activation cascade 3 1.9 0.00037 KRT1, A2M, C4B
BP GO:0019538 protein metabolic process 9 0.62 0.00038 APOC3, TTR, KRT1, CP, PLG, A2M, TF, C4B, SERPINA1
BP GO:0043062 extracellular structure organization 4 1.36 0.00082 APOC3, TTR, PLG, A2M

Gene count = observed gene count; FDR = false discovery rate; PLG = plasminogen; KRT1 = keratin, type II cytoskeletal 1; APOC3 = apolipoprotein C-III; A2M = alpha-2-macroglobulin; TF = serotransferrin;
CP = ceruloplasmin; C4B = complement C4-B; TTR = transthyretin; HSPB1 = heat shock protein beta-1; SERPINA1 = alpha-1-antitrypsin; CON = healthy control group; CPT = cold pain threshold.

Table 7. The most significant GO terms within cellular component (CC), molecular function (MF), and biological process (BP) for CPT in CWP.

Category Term ID Term Description Gene Count Strength FDR Matching Proteins in Network

CC GO:0060205 cytoplasmic vesicle lumen 9 1.51 1.88 × 10−10 APOA1, C3, PLG, CLU, SERPINF2, HBA1, A2M, HP, SERPINA1

CC GO:0005576 extracellular region 14 0.83 1.14 × 10−9 APOA1, C3, IGJ, IL7, CCL19, PLG, CLU, SERPINF2, HBA1, A2M,
HP, SERPINA1, CFB, GC

CC GO:0005615 extracellular space 11 1.07 1.96 × 10−9 APOA1, C3, IGJ, IL7, CCL19, PLG, CLU, SERPINF2, HBA1,
HP, SERPINA1

CC GO:0034774 secretory granule lumen 8 1.48 1.96 × 10−9 APOA1, C3, PLG, CLU, SERPINF2, A2M, HP, SERPINA1
CC GO:0031093 platelet alpha granule lumen 5 1.95 4.95 × 10−8 PLG, CLU, SERPINF2, A2M, SERPINA1
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Table 7. Cont.

Category Term ID Term Description Gene Count Strength FDR Matching Proteins in Network

CC GO:0034366 spherical high-density lipoprotein particle 3 2.61 1.37 × 10−6 APOA1, CLU, HP
CC GO:0071682 endocytic vesicle lumen 3 2.29 6.95 × 10−6 APOA1, HBA1, HP
CC GO:0031838 haptoglobin-haemoglobin complex 2 2.79 6.56 × 10−5 HBA1, HP
CC GO:0009986 cell surface 5 0.95 0.00098 APOA1, PLG, CLU, SERPINF2, CD244
MF GO:0005102 signalling receptor binding 9 0.86 9.94 × 10−5 APOA1, C3, IGJ, IL7, CCL19, PLG, CLU, A2M, CD244
MF GO:0004857 enzyme inhibitor activity 5 1.2 0.00070 APOA1, C3, SERPINF2, A2M, SERPINA1
MF GO:0004866 endopeptidase inhibitor activity 4 1.46 0.00070 C3, SERPINF2, A2M, SERPINA1

MF GO:0005515 protein binding 14 0.41 0.00070 APOA1, C3, IGJ, IL7, CCL19, PLG, CLU, SERPINF2, A2M, HP,
CD244, SERPINA1, CFB, GC

BP GO:0002576 platelet degranulation 6 1.75 8.75 × 10−7 APOA1, PLG, CLU, SERPINF2, A2M, SERPINA1
BP GO:0002697 regulation of immune effector process 7 1.37 4.74 × 10−6 APOA1, C3, CCL19, CLU, A2M, CD244, CFB
BP GO:0032940 secretion by cell 9 1.06 5.70 × 10−6 APOA1, C3, CCL19, PLG, CLU, SERPINF2, A2M, HP, SERPINA1

BP GO:0006950 response to stress 13 0.69 7.61 × 10−6 APOA1, C3, IGJ, CCL19, PLG, CLU, SERPINF2, HBA1, A2M, HP,
CD244, SERPINA1, CFB

BP GO:0006959 humoral immune response 6 1.46 7.61 × 10−6 C3, IGJ, IL7, CCL19, CLU, CFB
BP GO:0045055 regulated exocytosis 8 1.15 7.61 × 10−6 APOA1, C3, PLG, CLU, SERPINF2, A2M, HP, SERPINA1
BP GO:0070613 regulation of protein processing 5 1.72 7.61 × 10−6 C3, CLU, SERPINF2, A2M, CFB
BP GO:0030449 regulation of complement activation 4 1.97 1.16 × 10−5 C3, CLU, A2M, CFB
BP GO:0006952 defence response 9 0.95 1.23 × 10−5 C3, IGJ, CCL19, CLU, SERPINF2, HP, CD244, SERPINA1, CFB

BP GO:0016192 vesicle-mediated transport 10 0.86 1.23 × 10−5 APOA1, C3, IGJ, PLG, CLU, SERPINF2, HBA1, A2M,
HP, SERPINA1

BP GO:2000257 regulation of protein activation cascade 4 1.96 1.23 × 10−5 C3, CLU, A2M, CFB
BP GO:0001817 regulation of cytokine production 7 1.14 2.26 × 10−5 APOA1, C3, IL7, CCL19, CLU, SERPINF2, CD244
BP GO:0032101 regulation of response to external stimulus 8 1.01 2.26 × 10−5 APOA1, C3, CCL19, PLG, CLU, SERPINF2, A2M, CFB
BP GO:0072376 protein activation cascade 4 1.82 2.73 × 10−5 C3, CLU, A2M, CFB
BP GO:0001819 positive regulation of cytokine production 6 1.27 2.82 × 10−5 C3, IL7, CCL19, CLU, SERPINF2, CD244
BP GO:0002673 regulation of acute inflammatory response 4 1.73 5.46 × 10−5 C3, CLU, A2M, CFB
BP GO:0006955 immune response 9 0.85 5.46 × 10−5 C3, IGJ, IL7, CCL19, CLU, HP, CD244, SERPINA1, CFB
BP GO:0006954 inflammatory response 6 1.18 8.23 × 10−5 C3, CCL19, CLU, SERPINF2, HP, SERPINA1
BP GO:0043086 negative regulation of catalytic activity 7 1.02 9.16 × 10−5 APOA1, C3, IL7, SERPINF2, A2M, HP, SERPINA1
BP GO:0098542 defence response to other organisms 7 1.0 0.00013 C3, IGJ, CCL19, CLU, HP, CD244, CFB

Gene count = observed gene count; FDR = false discovery rate. Note that for BP is shown the 20 terms with lowest FDR. HP = haptoglobin; CFB = complement factor B; GC = vitamin D-binding protein;
C3 = complement C3; IL7 = interleukin-7; CKM = creatine kinase M-type; CCL19 = chemokine (C-C motif) ligand 19; CLU = clusterin; PLG = plasminogen; SERPINA1 = alpha-1-antitrypsin; HBA1 = haemoglobin
subunit alpha; IGJ = immunoglobulin J chain; SERPINF2 = alpha-2-antiplasmin; APOA1 = apolipoprotein A-I; CD244 = cluster of differentiation 244, natural killer cell receptor 2B4; A2M = alpha-2-macroglobulin;
CWP = chronic widespread pain group; CPT = cold pain threshold.



J. Clin. Med. 2021, 10, 3652 16 of 26

3.6.2. HPT

Significantly enriched protein–protein interaction networks were found for the pro-
teins strongly associated with HPT both in CON (Table 8 and Figure 4) and in CWP (Table 9
and Figure 5). In CON, CC terms with lowest FDR were extracellular areas and secretory
granule lumen (Table 8). An MF term with relatively low FDR was the signalling receptor
binding. BP terms with low FDR were aspects of protein activation and complement
activation, regulation and response of inflammatory and immune system (Table 8).

In CWP, the CC terms with lowest FDR were associated with extracellular areas,
lumens of platelets, and secretory granules (Table 9). The MF terms were related to
receptor-related activities and growth factor activity. Most of the GO terms were related to
BP (i.e., platelet degranulation, protein activation cascade, protein regulation, complement
activation, intracellular signal transduction, and inflammatory response). In addition,
response to external stimuli had very low FDR (Table 9). More CC, MF, and BP terms were
obtained in CWP than in CON. For example, the number of BP terms with FDR < 0.001 for
HPT were 11 in CON and 45 in CWP. Most terms obtained in CON within each of the three
areas of GO were also found in CWP.

Figure 4. Network analyses of important proteins for HPT in CON. The network had the following
characteristics: number of nodes: 13; number of edges: 26; average node degree: 4; avg. local
clustering coefficient: 0.586; expected number of edges: 2; PPI enrichment p-value: <1.0 × 10−16.
Note that Ig alpha-2 chain C region and Ig kappa chain C region are not included in STRING.
A2M = alpha-2-macroglobulin; APOH = beta-2-glycoprotein 1; CCL20 = chemokine (C-C motif)
ligand 20; CDCP1 = CUB domain-containing protein 1; CP = ceruloplasmin; CLU = clusterin;
C1R = complement C1r subcomponent; C3 = complement C3; S100A12 = protein S100-A12/EN-
RAGE; FGF5 = fibroblast growth factor 5; TF = serotransferrin; PGAM2 = phosphoglycerate mutase 2;
GC = vitamin D-binding protein; CON = healthy control group; HPT = heat pain threshold.
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Table 8. The most significant GO terms within cellular component (CC), molecular function (MF), and biological Process (BP) for HPT in CON.

Category Term ID Term Description Gene Count Strength FDR Matching Proteins in Network

CC GO:0005576 extracellular region 12 0.86 2.37 × 10−8 APOH, C3, CP, CDCP1, FGF5, CLU, A2M, CCL20,
S100A12, TF, GC, C1R

CC GO:0034774 secretory granule lumen 6 1.45 1.74 × 10−6 APOH, C3, CLU, A2M, S100A12, TF
CC GO:0005615 extracellular space 7 0.97 5.86 × 10−5 APOH, C3, CP, FGF5, CLU, CCL20, C1R
MF GO:0005102 signalling receptor binding 7 0.84 0.0025 C3, FGF5, CLU, A2M, CCL20, S100A12, TF
MF GO:0005507 copper ion binding 2 1.73 0.0435 CP, S100A12
BP GO:0072376 protein activation cascade 5 2.01 1.05 × 10−6 APOH, C3, CLU, A2M, C1R
BP GO:0030449 regulation of complement activation 4 2.06 1.88 × 10−5 C3, CLU, A2M, C1R
BP GO:2000257 regulation of protein activation cascade 4 2.05 1.88 × 10−5 C3, CLU, A2M, C1R
BP GO:0002673 regulation of acute inflammatory response 4 1.82 6.69 × 10−5 C3, CLU, A2M, C1R
BP GO:0006959 humoral immune response 5 1.48 6.69 × 10−5 C3, CLU, CCL20, S100A12, C1R
BP GO:0070613 regulation of protein processing 4 1.72 0.00012 C3, CLU, A2M, C1R
BP GO:0002576 platelet degranulation 4 1.67 0.00014 APOH, CLU, A2M, TF
BP GO:0006958 complement activation, classical pathway 3 2.12 0.00016 C3, CLU, C1R
BP GO:0050727 regulation of inflammatory response 5 1.35 0.00016 C3, CLU, A2M, S100A12, C1R
BP GO:0045055 regulated exocytosis 6 1.12 0.00019 APOH, C3, CLU, A2M, S100A12, TF
BP GO:0032101 regulation of response to external stimulus 6 0.98 0.00087 APOH, C3, CLU, A2M, S100A12, C1R

Gene count = observed gene count; FDR = false discovery rate. Note that for MF none of the displayed terms had FDR < 0.001. A2M = alpha-2-macroglobulin; APOH = beta-2-glycoprotein 1; CCL20 = chemokine
(C-C motif) ligand 20; CDCP1 = CUB domain-containing protein 1; CP = ceruloplasmin; CLU = clusterin; C1R = complement C1r subcomponent; C3 = complement C3; S100A12 = protein S100-A12/EN-RAGE;
FGF5 = fibroblast growth factor 5; TF = serotransferrin; PGAM2 = phosphoglycerate mutase 2; GC = vitamin D-binding protein; CON = healthy control group; HPT = heat pain threshold.

Table 9. The most significant GO terms within cellular component (CC), molecular function (MF), and biological process (BP) for HPT in CWP.

Category Term ID Term Description Gene
Count Strength FDR Matching Proteins in Network

CC GO:0005576 extracellular region 14 0.81 1.36 × 10−8 APOA1, FGA, CLU, SERPINF2, C7, A2M, CSF1, NTF3, GC,
C1R, FLT3LG, FGF21, VEGFA, TNFRSF9

CC GO:0031093 platelet alpha granule lumen 5 1.93 1.67 × 10−7 FGA, CLU, SERPINF2, A2M, VEGFA

CC GO:0005615 extracellular space 10 1.01 1.76 × 10−7 APOA1, FGA, CLU, SERPINF2, CSF1, C1R, FLT3LG, FGF21,
VEGFA, TNFRSF9

CC GO:0034774 secretory granule lumen 6 1.33 4.05 × 10−6 APOA1, FGA, CLU, SERPINF2, A2M, VEGFA
CC GO:0009986 cell surface 7 1.07 1.11 × 10−5 APOA1, FGA, CLU, SERPINF2, FLT3LG, VEGFA, TNFRSF9
CC GO:0005577 fibrinogen complex 2 2.46 0.00031 FGA, SERPINF2
CC GO:0034366 spherical high-density lipoprotein particle 2 2.41 0.00035 APOA1, CLU

MF GO:0005102 signalling receptor binding 9 0.84 0.00020 APOA1, FGA, CLU, A2M, CSF1, NTF3, FLT3LG,
FGF21, VEGFA
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Table 9. Cont.

Category Term ID Term Description Gene
Count Strength FDR Matching Proteins in Network

MF GO:0048018 receptor ligand activity 6 1.18 0.00020 APOA1, CSF1, NTF3, FLT3LG, FGF21, VEGFA
MF GO:0008083 growth factor activity 4 1.46 0.00037 CSF1, NTF3, FGF21, VEGFA
BP GO:0002576 platelet degranulation 6 1.75 7.32 × 10−7 APOA1, FGA, CLU, SERPINF2, A2M, VEGFA

BP GO:0032101 regulation of response to external stimulus 10 1.11 7.32 × 10−7 APOA1, FGA, CLU, SERPINF2, C7, A2M, CSF1, NTF3,
C1R, VEGFA

BP GO:2000257 regulation of protein activation cascade 5 2.05 7.32 × 10−7 FGA, CLU, C7, A2M, C1R
BP GO:0072376 protein activation cascade 5 1.92 1.47 × 10−6 FGA, CLU, C7, A2M, C1R

BP GO:0051246 regulation of protein metabolic process 12 0.74 1.02 × 10−5 APOA1, FGA, CLU, SERPINF2, C7, A2M, CSF1, NTF3, C1R,
FLT3LG, FGF21, VEGFA

BP GO:0070613 regulation of protein processing 5 1.72 1.02 × 10−5 CLU, SERPINF2, C7, A2M, C1R

BP GO:0019220 regulation of phosphate metabolic process 10 0.87 1.80 × 10−5 APOA1, PGAM2, FGA, CLU, SERPINF2, CSF1, NTF3,
FLT3LG, FGF21, VEGFA

BP GO:0030449 regulation of complement activation 4 1.97 1.80 × 10−5 CLU, C7, A2M, C1R

BP GO:0001934 positive regulation of protein phosphorylation 8 1.02 3.63 × 10−5 FGA, CLU, SERPINF2, CSF1, NTF3, FLT3LG,
FGF21, VEGFA

BP GO:0001932 regulation of protein phosphorylation 9 0.9 3.74 × 10−5 APOA1, FGA, CLU, SERPINF2, CSF1, NTF3, FLT3LG,
FGF21, VEGFA

BP GO:0002682 regulation of immune system process 9 0.9 3.74 × 10−5 APOA1, FGA, CLU, C7, A2M, CSF1, C1R, FLT3LG, VEGFA

BP GO:1902533 positive regulation of intracellular signal
transduction 8 1.01 3.74 × 10−5 APOA1, FGA, CLU, SERPINF2, CSF1, NTF3, FGF21, VEGFA

BP GO:0048584 positive regulation of response to stimulus 10 0.77 5.42 × 10−5 APOA1, FGA, CLU, SERPINF2, C7, CSF1, NTF3, C1R,
FGF21, VEGFA

BP GO:0002673 regulation of acute inflammatory response 4 1.73 6.68 × 10−5 CLU, C7, A2M, C1R

BP GO:0009605 response to external stimulus 10 0.75 7.61 × 10−5 APOA1, IL10RB, FGA, CLU, C7, CSF1, NTF3, C1R,
FGF21, VEGFA

BP GO:0010811 positive regulation of cell-substrate adhesion 4 1.65 0.00011 APOA1, FGA, CSF1, VEGFA

BP GO:1902531 regulation of intracellular signal transduction 9 0.8 0.00015 APOA1, FGA, CLU, SERPINF2, A2M, CSF1, NTF3,
FGF21, VEGFA

BP GO:0002684 positive regulation of immune system process 7 0.99 0.00017 FGA, CLU, C7, CSF1, C1R, FLT3LG, VEGFA
BP GO:0006958 complement activation, classical pathway 3 2.03 0.00017 CLU, C7, C1R

BP GO:0048583 regulation of response to stimulus 12 0.58 0.00017 APOA1, FGA, CLU, SERPINF2, C7, A2M, CSF1, NTF3, C1R,
FLT3LG, FGF21, VEGFA

Gene count = observed gene count; FDR = false discovery rate. Note that for BP is shown the 20 terms with lowest FDR. SERPINF2 = alpha-2-antiplasmin; A2M = alpha-2-macroglobulin; APOA1 = apolipoprotein
A-I; CKM = creatine kinase M-type; PGAM2 = phosphoglycerate mutase 2; CLU = clusterin; C1R = complement C1r subcomponent; C7 = complement component C7; CSF1 = macrophage colony-stimulating
factor 1; FGF21 = fibroblast growth factor 21; FGA = fibrinogen alpha chain; FLT3LG = Fms-related tyrosine kinase 3 ligand; IL10RB = interleukin-10 receptor subunit beta; NTF3 = neurotrophin-3;
TNFRSF9 = tumour necrosis factor receptor superfamily member 9; VEGFA = vascular endothelial growth factor A; GC = vitamin D-binding protein; CWP = chronic widespread pain group; HPT = heat
pain threshold.
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Figure 5. Network analyses of important proteins for HPT in CWP. The network had the following
characteristics: number of nodes: 16; number of edges: 29; average node degree: 3.62; avg. local
clustering coefficient: 0.71; expected number of edges: 3; PPI enrichment p-value: < 1.0 × 10−16.
Note that Ig light chain is not included in STRING. SERPINF2 = alpha-2-antiplasmin; A2M = alpha-2-
macroglobulin; APOA1 = apolipoprotein A-I; CKM = creatine kinase M-type; PGAM2 = phosphoglyc-
erate mutase 2; CLU = clusterin; C1R = complement C1r subcomponent; C7 = complement component
C7; CSF1 = colony stimulating factor 1; FGF21 = fibroblast growth factor 21; FGA = fibrinogen alpha
chain; FLT3LG = Fms-related tyrosine kinase 3 ligand; IL10RB = interleukin-10 receptor subunit
beta; NTF3 = neurotrophin-3; TNFRSF9 = tumour necrosis factor receptor superfamily member 9;
VEGFA = vascular endothelial growth factor A; GC = vitamin D-binding protein; CWP = chronic
widespread pain group; HPT = heat pain threshold.

4. Discussion

The three hypotheses stated were conformed and therefore the following major results
were noted:

• Patients with CWP had lowered pain thresholds for thermal stimulus; these levels
were generally not related to the included clinical variables except for HPT in CWP.

• Patterns of highly interacting proteins mainly from plasma showed strong associations
with CPT and HPT both in CWP and in CON.

• Differences in the important proteins for the two thermal pain thresholds were noted
between CWP and CON; more complex patterns emerged in CWP.

CWP had lowered pain thresholds for cold and heat (Table 1), a finding that agrees
with other studies [54–58]. For both the CWP and CON, CPT and HPT were generally not
associated with clinical variables, which agrees with a study of FM [58]. The exception
was in CWP: HADS and QOL showed significant associations with HPT, and HADS was a
strong regressor of HPT although it was not markedly stronger than the most important
proteins. Whiplash associated disorders and chronic pelvic pain were reported to have
significant associations between thermal pain thresholds and clinical variables [37,38,59].
The resting-state brain connectome could predict pain thresholds for heat and pressure
in healthy subjects [60]. Thus, larger studies need to be conducted to determine the
importance of common clinical variables in relation to peripheral and central biomarkers
of pain thresholds.

A broad sampling of plasma proteins was applied—i.e., proteins at nano and micro
molar concentrations (proteomics) and at picomolar concentrations (cytokines, chemokines
and growth factors)—to focus on protein interactions and possible biological processes.
The latter approach was advocated before it will be possible to focus on key proteins [36,61]
and is increasingly applied in proteomic blood and cerebrospinal fluid studies of CWP and
FM [14,23–26,62]. Plasma/serum proteome studies of CWP and FM cohorts have focussed
on differentiating patients from controls, and low-grade peripheral inflammation appears
to be involved in pathogenesis and maintenance of CWP and FM [10,17,24–26,63]. It is
also important to examine the peripheral protein patterns in relation to clinical variables
since it cannot be assumed that the same proteins responsible for group differentiation are
important for clinical variables [36]. Plasma proteomic studies of CWP and FM cohorts,
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including the present CWP/FM subjects, report that the important proteins largely differ
across clinical variables [10,25,28,34]. As with PPT [34], the important proteins for both
thermal pain thresholds differed between CON and CWP (Tables 2–5). When the same
protein was identified, the proteoforms generally differed. The most important proteins
explained a large proportion of the variations in CPT (88–94%) and in HPT (both 77%)
in the two groups (Tables 2–5). These peripheral protein patterns reported in Tables 2–5
reflect tonic/habitual peripheral situations. With the present design, it is not possible to
determine which proteins are specifically involved in the direct activation of the different
receptors/channels of the nociceptors. If altered peripheral conditions such as inflamma-
tion or tissue injury are present peripherally in CWP, it is reasonable to expect sensitized
and primed nociceptors [64]. In agreement with this, we report lowered pain thresholds as
well as another pattern of peripheral proteins associated with the thermal pain thresholds
in CWP.

Most of the proteins reported in Tables 2–5 were associated with either pain, nocicep-
tion, or immune system, or in combination. Text S2 presents the results of brief literature
reviews with special emphasis on earlier proteomic- and inflammation-related studies
in relation to nociception and pain conditions. Although the exact proteins differed be-
tween the two groups, it was obvious that mostly plasma proteins related to the host
defence/immunity—e.g., acute phase proteins, complement factors, immunoglobulin fac-
tors, and cytokines/chemokines—were important for the thermal pain thresholds. For
example, in CWP, lower pain thresholds for cold (hyperalgesia) were associated with higher
levels of most acute phase proteins, most complement factors, two cytokines/chemokines,
and a muscle protein (creatine-kinase M-type), and low levels of proteins were associated
with anti-inflammation/enhancement of immunity. Thus, in CWP, proteins represent-
ing different parts of the immune system were involved, including cytokine/chemokine,
whereas in CON, acute phase proteins and their proteoforms dominated. Moreover, heat
hyperalgesia (low pain thresholds for heat) in CWP was associated with low levels of two
of three acute phase proteins, most complement factors, two immunoglobulin factors, high
levels of four cytokines (CSF-1, IL-10Rb, FGF-21, and Flt3l), and neuroprotective factors
(NT3 and VEGF-A). Thus, in CWP, more cytokines and fewer acute phase proteins were
involved with respect to HPT compared to CON.

Is it reasonable to conclude that plasma proteins of the immune system are significant
regressors of thermal pain thresholds? The circulatory system interacts with other tissues
and is vital for the immune-system-based host defence mechanisms and tissue homeosta-
sis [65,66]. Nociceptors in the skin are involved both in neuro-immune and neural-vascular
interactions [67]. A network of immune cells is found in the skin [68] and immune cells are
also recruited from the blood vascular systems [69]. Structural cells of the skin (epithelial
cells, endothelial cells, fibroblasts, etc.) express immune regulators and cytokine signalling
and contribute to immunity [70,71]. Dys-regulation in the bidirectional signalling between
the nociceptive and immune systems may be associated with excitation [72]. The noci-
ceptors are in direct association or near association with nociceptive Schwann cells in the
epidermis and form a mesh-like network [73,74]. The intimate bidirectional relationships
between the immune system and the nociceptors peripherally may indicate priming of the
immune system [75]. The identified proteins correlating with thermal pain thresholds are
consistent with the results from plasma/serum studies differentiating CWP vs. CON and
FM vs. CON [10,24–26]. In addition, acute phase proteins (both positive and negative),
complement factors, immunoglobulin factors, and coagulation factors were important.
Inflammation is the biological defensive response of the immune system [76,77]. The
crosstalk among immunity (innate and adaptive), coagulative/fibrinolytic pathways, and
the nervous system is necessary for adequate inflammatory cascade [77]. We found that
peripheral cytokines and chemokines are important, which is consistent with results from
Bäckryd et al. [63]. The literature seems to focus on the cytokines/chemokines and their
roles; indeed, these are important for pain thresholds in CWP. Our results indicate, however,
that other parts of the immune system are also important for thermal pain thresholds. The
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classification of cytokines and chemokines as pro- or anti-inflammatory is not unprob-
lematic since the properties may depend on the microenvironment [78]. The identified
muscle proteins (creatine kinase M-type and phosphoglycerate mutase 2) in the regres-
sions concerning CWP agree with our and other studies reporting muscle metabolic and
mitochondrial disturbances in FM (a subgroup of CWP) [79–81]. Larger studies are needed
to confirm these patterns of proteins and in detail elucidate the interactions between the
different parts of the immune system and related interacting factors.

Both variables and groups of subjects revealed significantly enriched protein–protein
interaction networks (Figures 2–5). Hence, the groups of plasma proteins generally interact,
which is reasonable from a host defence perspective. Different proteoforms were important
and sometimes had different signs within a regression (e.g., alpha-1 antitrypsin in the
regression of CPT in CON and vitamin D-binding protein in the regression of CPT in CWP).
Fewer GO terms were obtained in CON than in CWP. This finding suggests a more complex
molecular relationships in CWP and therefore reflects peripheral molecular alterations
associated with hyperalgesia in CWP. However, because STRING cannot handle different
proteoforms, fewer proteins are included in analyses of CON than for CWP. In future larger
studies, it will be important to scrutinize in more detail the pattern of proteoforms and
how they may be altered in CWP.

The primary origin and maintenance factors for the pathophysiological alterations
in CWP and in the FM subgroup are not known. Morphological and functional alter-
ations both in the CNS (e.g., neuroinflammation, opioidergic dysregulation, and central
sensitization) and in the periphery (e.g., systemic low-grade inflammation, small fibre
impairment, reduced skin innervation, and muscle alterations such as mitochondrial distur-
bance) are found [77,82–93]. These mechanisms may be present simultaneously, indicating
complicated interactions between peripheral and central processes in CWP including FM
that contribute to pain and hypersensitivity. The present study (mainly consisting of FM
patients), other proteomic and large cytokine/chemokine studies, and other peripheral
studies may challenge the IASP’s definition that FM is a nociplastic condition [29].

Strengths and Limitations

An important strength of the study is that it examines a deficiently studied area in
CWP including FM, i.e., whether peripheral molecular changes are associated with thermal
pain thresholds. The cross-sectional design and the small sample size are limitations of
this exploratory pilot study. Larger studies with repeated measures and population-based
studies are important for validation [94]. As suggested in a previous systematic review [36],
we applied MVDA for relating clinical parameters (i.e., pain thresholds) to many possibly
intercorrelated proteins. The removal procedure of, e.g., albumin and IgG (i.e., large
abundant proteins), could have removed important low abundant proteins. Proteoforms of
a protein and post translational modifications can be detected by 2-DE, which is important
as several of the significant proteins were expressed as different proteoforms, findings also
reported earlier [10,28,34]. The ACR 1990 classification criteria for CWP and FM was used
to simplify comparisons with earlier studies. In future studies, both ACR 1990 and the
newer 2016 criteria should be used to optimize comparisons with other studies.

5. Conclusions and Clinical Implications

The present study contributes towards an emerging picture that peripheral proteins are
associated with pain thresholds in CWP and FM; we have earlier reported such associations
for pressure pain thresholds [25,34]. Hence, patterns of highly interacting proteins mainly
from plasma showed strong associations with CPT and HPT both in CWP and in CON.
Although different proteins were important in the two groups, there were also similarities;
proteins related to the host defence/immunity such as acute phase proteins, complement
factors, immunoglobulin factors, and cytokines/chemokines (not in CON for CPT) were
important habitual/tonic factors for thermal pain thresholds. Although peripheral proteins
contribute to thermal pain thresholds, central factors and complex interactions between
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peripheral and central factors may contribute to pain thresholds in CWP. The present study
indicates that peripheral molecular factors are important for the clinical presentations
in CWP and future larger studies may contribute to an increased understanding of the
molecular mechanisms involved in CWP including FM, which in turn may contribute to
the development of new therapies.
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