Insight into the biological pathways underlying fibromyalgia by a proteomic approach
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Abstract

Fibromyalgia (FM) is a form of non-articular rheumatism difficult to diagnose and treat because its etiology remains still elusive. Proteomics makes possible the systematic analysis of hundreds of proteins in clinical
samples. Consequently, it has become a key tool for finding altered molecular pathways in different diseases. In this context, the present study analyzes changes in the plasma proteome of patients with FM by nanoscale liquid
chromatography coupled to tandem mass spectrometry. Deregulated proteins were studied using Ingenuity Pathways Analysis (IPA) and Kyoto Encyclopedia of Genes and Genomes. Conventional analytical methods were used
to validate selected proteins. We found a total of 33 proteins differentially expressed in patients with FM. Haptoglobin and fibrinogen showed the highest FM/control ratio. IPA analysis revealed that the top enriched canonical
pathways were acute-phase response signaling, Liver-X Receptor/Retinoid-X Receptor activation, Farnesoid-X Receptor/Retinoid-X Receptor activation, and coagulation and complement systems. The importance of
inflammation in FM was corroborated by the increase in erythrocyte sedimentation rate-(ESR). In conclusion, our results support the existence of a plasma protein signature of FM that involves different biological pathways

all of them related to inflammation, and point to haptoglobin and fibrinogen as plausible biomarker-candidates for future studies.

Significance:

The etiology of fibromyalgia (FM) remains elusive making its diagnosis and treatment difficult. The characterization of the proteome signature of this syndrome will improve its understanding. However, to date
proteomic analyses in FM are scarce. The goal of the present work is to analyse, for the first time, changes in plasma protein profiles of patients with FM in comparison to control subjects, using label free relative protein
quantification by nanoscale liquid chromatography coupled to tandem mass spectrometry. Our data demonstrate the existence of a common protein signature in the plasma of patients with FM that could explain some of the
symptoms associated to this syndrome.- The analysis of the 33 proteins differentially expressed corroborates the crucial role of inflammation in the pathogenesis of this syndrome. The interplay of the complement and
coagulation cascades contributes to the inflammatory process, while the activation of Liver-X Receptor/Retinoid-X Receptor and Farnesoid-X Receptor/Retinoid-X Receptor could attempt to alleviate it. Finally, we have

identified two proteins, haptoglobin and fibrinogen, as potential biomarker-candidates of FM for future studies.
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4.1 Introduction

Fibromyalgia (FM) is a form of non-articular rheumatism, with an estimated prevalence in the general population of 1.7--5.4% and a ratio of females to males of 2.3--13.7 to 1, according to the different classification criteria



sets available [1]. This syndrome is characterized by chronic musculoskeletal pain and fatigue with significantly impaired function and quality of life. Moreover, it is also frequently associated with sleep problems, morning stiffness,

cognitive impairment, headache, depression, and anxiety [2] that, altogether, lead to activity limitations and impaired work ability.

Although the etiology of FM remains still elusive, several factors have been proposed to be involved.-_Patients?' relatives have a higher risk of developing this syndrome compared to the general population [3], consequently
there seem to be a genetic predisposition to FM. In this line, gene polymorphisms in the serotonin receptor 2A region of chromosome 13, the serotonin transporter gene regulatory region, the catecholamine methyltransferase, the
dopamine-D-3 receptor and the adrenergic receptor have been related to an increased risk of FM [3]. The cognitive and behavioral responses observed in FM have also been linked to glutamatergic hyperactivity. In fact, a recent and
thorough review in this field suggests that there is a significant association between increased cerebral glutamate levels and this syndrome [4]. FM and other related pathologies, such as Chronic Fatigue Syndrome, have also been
associated with neuroendocrine disorders [5]. Particularly, an exacerbated hypothalamic-pituitary-adrenal axis and an alteration in cortisol levels have been proposed to be involved in FM [6]. However, among all the possible factors
that could underlay FM pathophysiology, inflammation and oxidative stress are the most frequently reported. Our research group, among others, found correlations between a pro-oxidative status and a decreased antioxidant capacity
in patients with FM [7-9]. Moreover, features related with a pro-oxidative and a pro-inflammatory status, like increased levels of inflammatory markers, lower zinc levels or an augmented lipid peroxidation, seem to be common in these
patients. Based on these data, it seems unlikely that FM is caused exclusively by the dysregulation of a single factor. This multifactorial nature makes its treatment highly complex. Therefore, symptomatic medication is at present the

main form of treatment, although it often causes adverse effects in these patients.

The lack of known etiology also makes the diagnosis of this syndrome difficult. In fact, nowadays FM takes up to 5years to be diagnosed, making it imperious to find markers that help in its diagnosis and treatment. Proteomic
is a key tool in health research because it makes possible the systematic analysis of hundreds of proteins in clinical samples, with the promise of discovering new biomarkers or altered molecular pathways for different disease
conditions. To date, proteomic analyses in FM are scarce. Two studies performed in salivary fluid of patients with FM [10, 11] showed differentially expressed proteins related to oxidative stress, cytoskeletal arrangements and central
sensitization in these patients compared to healthy controls. In a preliminary study on serum proteomics of patients with FM, Ruggiero et al. [12] found a significant overexpression of three proteins related to oxidative stress: al-
antitrypsin, transthyretin and retinol binding protein 4. A more recent study in muscle of women diagnosed of chronic widespread pain including FM, showed altered levels of stress and inflammation proteins that correlated with pain
intensity [13]. With this background, the goal of the present work is to analyzeanalyse, for the first time, changes in plasma protein profiles in patients with FM using label free relative protein quantification by nanoscale liquid
chromatography coupled to tandem mass spectrometry (NanoLC-MS/MS). This approximation may help to gain insight into the biological pathways potentially related to the FM process and to set a common protein signature in order

to improve the diagnosis and management of this syndrome.

2.2 Material and methods
2.1.2.1 Patients and Ssamples

This study was carried out in two groups: 12 age-matched healthy women recruited from the University of Jaén (Spain), and 12 age-matched FM patients from AFIXA (Association of Fibromyalgia of Jaén). All subjects provided
written informed consent. The study was approved by the Ethics and Research Committee of the Complejo Hospitalario de Jaén (Spain) and carried out in accordance with the Declaration of Helsinki of the World Medical Association.
The inclusion criterion for the FM group was to meet the 1990 American College of Rheumatology (ACR) Criteria for classification of primary FM [14]. Exclusion criteria for the study included the presence of any other chronic disease
(diabetes mellitus, hypertension, cancer, ischemic heart disease), pregnancy, lactation, and grade II obesity (with a body mass index (BMI) = 35 kg/m?). None of the participants were using any medicine that affects the antioxidative
status, or were under the treatment of corticosteroids, estrogens, analgesics or anti-inflammatory drugs. None was consuming alcohol, and all of them were non-smokers. All the participants were sedentary living women. The clinical
and demographic characteristics of each participant were acquired through interviews and questionnaires (Table 1, Supplementary Table 1). In order to avoid variations, all the procedures and tests were carried out by the same
specialist. In patients with FM, the FM impact questionnaire (FIQ) was used to evaluate functional capacity in daily living activities. Musculoskeletal pain was assessed by a visual analogue scale (VAS; 10.cm). The mental (Mental
Component Summary, MCS12) and physical (Physical Component Summary, PCS12) health status of the participants was determined by the Spanish version of SF-12 Health Survey [15]. The lower score between 0 and 100 meant
worse health status. The mental (MCS-12) and physical (PCS-12) health status were significantly lower in the FM group compared to healthy volunteers (p<0.05 and p<.0;.001, respectively).

Blood samples from patients were extracted at the same time in the early morning to avoid daily variations of the parameters, and after an overnight fast. The blood was disposed in EDTA tubes and EDTA-free tubes to obtain
plasma (for proteomic analysis and fibrinogen quantitation) and serum samples (for haptoglobin quantitation), respectively. After centrifugation for 10 min at 1300¢g-¢ and 4 °C, supernatants were harvested, aliquoted and stored at -

=80.°C until used.- Whole blood samples were also recollected and immediately used to evaluate Erythrocyte Sedimentation Rate (ESR).

Table 1 Demographic and clinical data of patients with FM and healthy controls.
alt-text: Table 1



Variable FM group Control group pvalue

Age (years) 50.58.+6.27 47.58 +£7.94 0.316
FIQ score 52.38.+.17.07 = =

VAS score 5.62.+.2.83 = -
PCS-12 score 33.53.+9.16 55.08.+2.52 <0.001
MCS-12 score 38.53.+.13.99 50.48.+5.75 0.049

Values represent mean * SD.

2:2:2.2 NanoLC-MS/MS Aanalysis

Plasma was depleted using Pierce top 12 abundant protein depletion spin columns, following manufacturer?'s instructions. Depleted protein samples were tryptically digested following the filter-aided sample preparation (FASP)

protocol described by Wisniewski et al. with minor variations [16]. The resulting peptides were dried and resuspended in 0.1% formic acid, and sonicated for 5 min prior to mass spectrometry analysis. Peptide mixtures were separated
on a nanoACQUITY UPLC System (Waters) connected to an LTQ Orbitrap XL mass spectrometer (Thermo Electron) or a Synapt G2 Si (Waters). An aliquot of each sample was loaded onto a Symmetry 300 C18 UPLC Trap column
(180 pm=¢ x 20 mm, 5um; Waters). The precolumn was connected to a BEH130 C18 column, 75 pym= x 200 mm, 1.7 pm (Waters), and equilibrated in 3% acetonitrile and 0.1% FA. Peptides were eluted directly into the nanoelectrospray
capillary (Proxeon Biosystems) at 300 nl/min, using a 120 min linear gradient of 3-50% acetonitrile. The Orbitrap XL ETD mass spectrometer (Thermo) automatically switched between MS and MS/MS acquisition in data-dependent
acquisition (DDA) mode, in an alternating fashion. Full MS survey spectra (m/z 400-2000) were acquired in the Orbitrap with 30,000 resolution at m/z 400, and two lock-masses were used for increased mass measurement accuracy
(445.120024 and 462.146573). The six most intense ions were subjected to collision-induced dissociation (CID) in the linear ion trap. Precursors with charge states of 2 and 3 were specifically selected for fragmentation. Analyzed ions

were excluded from further analysis during 30 s using dynamic exclusion lists.

Database searches were performed using the software Proteome Discoverer v.1.4 (Thermo Fisher Scientific).

2:3:2.3 Differential Eexpression Aanalysis

Progenesis LC-MS software (Nonlinear Dynamics Ltd., Newcastle upon Tyne, UK) was used to analyse protein variation among samples. Raw files were directly loaded onto the program and analysedanalyzed following the
workflow provided by the manufacturers. One of the samples was selected as a reference run to which the precursor masses in all the other samples were aligned to. Abundance ratios between the run to be aligned and the reference
run, were calculated for all features at given retention times. Protein identifications were performed using Mascot search engine v2.1 (Matrix Science). Carbamidomethylation of cysteines was set as fixed modification, and oxidation of
methionines as variable modification, and 2 missed cleavages were allowed. 10 ppm of peptide mass tolerance and 0.5 Da fragment mass tolerance were used. Spectra were searched against Uniprot/Swissprot database version
2016 02 restricted to Homo sapiens. A decoy search was carried out in order to estimate the false discovery rate (FDR). Only peptides with a false discovery rate of <1% were selected. Protein quantitation was performed using the
information concerning to the three most intense peptides (when available), and only proteins with ANOVA p<0.05 and ratio > 1.2 in either direction and at least two peptides at a FDR < 1%, were considered as significantly

deregulated. The normalized relative abundance of every protein was expressed as mean * standard deviation (SD).

2:4.2.4 Network Aanalysis

Deregulated proteins in FM were studied by using the Canonical Pathways, Diseases & Functions and Network-building tools, Ingenuity Pathways Analysis (IPA; Ingenuity® Systems, www.ingenuity.com). The Kyoto

Encyclopedia of Genes and Genomes (KEGG) mapper -Search pathway tool (http://www.genome.jp/kegg/tool/map pathwayl.html) was also used.

2:5:2.5 ESR, Efibrinogen and haptoglobin Bdetermination

ESR was assessed with BD Seditainer#4™ tubes in a BDVacutainer® Sedi-15#M™ analyzer (Becton Dickinson). Fibrinogen was determined by the Multifibren®U reagent (Dade Behring Holdings, Inc.) in a BCS XP System

analyzer (Siemens). Haptoglobin concentration was quantified by immunoturbidimetry (Tina-quant Haptoglobin test, Roche Diagnostics®) in a Roche/Hitachi MODULAR P analyzer.

2:6-2.6 Statistical Aanalysis of €clinical Pdata

Data were expressed as mean + standard deviation (SD). Management and data analysis were performed using the statistical package SPSS for Windows version 19.0 (SPSS Inc., Chicago, IL, USA). Kolmogorov-Smirnov test (a-




value =0.05) and Levenne test (a-value.=0.05) were performed to test normality and homoscedasticity, respectively. Data which followed a normal distribution and the principle of homoscedasticity of variances were tested by an
unpaired Student's #test to compare differences between means. The degree of statistical significance in data which did not follow a normal distribution or the principle of homoscedasticity (ESR, fibrinogen, PCS-12, MCS-12) was

established by applying the Mann-Whitney U-test. To assess the relation between variables, Pearson or Spearman correlation was used. The level of statistical significance was set at p.<0.05.

3.3 Results
3-1:3.1 Plasma proteome profiling in fibromyalgia

The proteomic profile of plasma samples from healthy controls and patients with FM was determined by NanoLC-MS/MS. A total of 266 proteins were identified. Using a cutoff value of 1% FDR for statistical significance, 33 of

these proteins were found to be differentially expressed (Table 2): 25 significantly overexpressed (FM/control ratio =1.20) and 8 underexpressed (FM/control ratio < 0.80).

Table 2 Proteins differentially expressed in the plasma of patients with FM.
alt-text: Table 2

Uniprot ID Protein name Abbreviation Gene name Ratio (FM/Healthy) pvalue
P00738 Haptoglobin HPT HP 2.54 7.95E-05
P02679 Fibrinogen gamma chain FIBG FGG 2.30 5.49E-03
P60709 Actin, cytoplasmic 1 ACTB ACTB 2.26 1.11E-03
P07996 Thrombospondin-1 TSP1 THBS1 2.21 3.33E-02
014791 Apolipoprotein L1 APOL1 APOL1 1.91 3.77E-04
P35542 Serum amyloid A-4 protein SAA4 SAA4 1.89 3.43E-03
P02655 Apolipoprotein C-II APOC2 APOC2 1.83 1.15E-02
P02787 Serotransferrin TRFE TF 1.83 1.30E-03
P02675 Fibrinogen beta chain FIBB FGB 1.78 4.38E-02
P20742 Pregnancy zone protein PZP PZP 1.76 4.05E-03
P19652 Alpha-1-acid glycoprotein 2 A1AG2 ORM?2 1.74 4.58E-03
P01876 Ig alpha-1 chain C region IGHA1 IGHA1 1.74 3.09E-02
P00742 Coagulation factor X FA10 F10 1.63 9.92E-03
P02763 Alpha-1-acid glycoprotein 1 Al1AG1 ORM1 1.58 2.27E-02
P01023 Alpha-2-macroglobulin A2M A2M 1.52 1.20E-02
P01871 Ig mu chain C region IGHM IGHM 1.52 2.24E-02
P09871 Complement C1ls subcomponent C1S C1S 1.49 1.23E-04
P02743 Serum amyloid P-component SAMP APCS 1.48 2.44E-02
P08603 Complement factor H CFAH CFH 1.43 4.20E-03
P10643 Complement component C7 CO7 C7 1.39 9.26E-03
P06681 Complement C2 CO2 C2 1.38 9.72E-03
P07225 Vitamin K-dependent protein S PROS PROS1 1.38 1.06E-02

P00740 Coagulation factor IX FA9 F9 1.36 7.09E-03



P02747 Complement C1qg subcomponent subunit C c1lQcC clQcC 1.35 1.55E-02
P02748 Complement component C9 CO9 C9 1.33 7.31E-03
P01019 Angiotensinogen ANGT AGT 0.73 3.98E-02
P04196 Histidine-rich glycoprotein HRG HRG 0.70 2.90E-02
P08571 Monocyte differentiation antigen CD14 CD14 CD14 0.67 5.95E-03
P08185 Corticosteroid-binding globulin CBG SERPINAG6 0.66 2.78E-02
P05543 Thyroxine-binding globulin THBG SERPINA7 0.63 5.93E-03
Q9UK55 Protein Z-dependent protease inhibitor ZPI SERPINA10 0.63 1.29E-02
Q9UGM5 Fetuin-B FETUB FETUB 0.53 3.75E-03
P00915 Carbonic anhydrase 1 CAl CAl 0.47 4.06E-03

3.2.3.2 Network and Ppathway Aanalysis of Pproteins Bdifferentially Eexpressed

We used an IPA analysis in order to assess whether the proteins with different abundance were related to specific molecular pathways and networks. In the pathway analysis, we found 25 statistically significant enriched
canonical pathways associated with the 33 deregulated plasma proteins of FM patients (Fig. 1). Among these, the top 5 according to the p-value were acute-phase response signaling (14 proteins: HPT, FIBB, FIBG, SAA4, TRFE, A1AG1,
A1AG2, C1S, CO2, C0O9, A2M, SAMP, HRG and ANGT; Fig. 2A), Liver-X Receptor/Retinoid-X Receptor (LXR/RXR) activation (9 proteins: APOL1, TRFE, A1AG1, A1AG2, C0O9, CD14, APOC2, SAA4 and ANGT), Farnesoid-X
Receptor/Retinoid-X Receptor (FXR/RXR) activation (9 proteins: APOL1, TRFE, A1AG1, A1AG2, CO9, FETUB, APOC2, SAA4 and ANGT), coagulation system (7 proteins: FIBB, FIBG, FA10, FA9, A2M, PROS, ZPI) and complement system
(6 proteins: C1S, CFAH, CO7, CO2, C1QC, C09). The highest ratio corresponded to the extrinsic prothrombin activation pathway. The LXR/RXR activation and production of nitric oxide and reactive oxygen species in macrophages
showed a Z-score >2 (Z=2.333; p=1.58E-13 and Z =2.236; p=1.20E-5, respectively). Using the Disease & Biofunction tool we found that coagulation was activated in patients with FM, while bleeding was inhibited (Fig. 2B). These

result was corroborated by the KEGG mapper -Search pathway tool (Fig. 3).

B positive 2-score| | 2-seore = 0 M negative 2-scove | no activity patiem avalable |- Ratio

e |
5|
<150

3115

<00 I [
75 |
50 1 o0
00
=i i d =
FE § 5 8§ £ = E. B F & § F 5 g i
g : : 2 : 3 3 g § zp 3 & % E £ 3 ¥ H
# 3 % 5 ¢ § § § % 3 Fg, ¢ 4 % L - %
! s 5 & : 53 Sg 3 Epsibo: op ¢ g & % 3 £E 5
§ ¢ % 3 £l Bi 5 i i FOf ] 33 L |
s 8§ § & 25 ¥ Pesp oy ¢ g5 < 8 F i ok fz ¢
H ¥ £ & 351 3 &8 § % § % € §
] H 8 R i LI | ;E 2 8 H

Fig. 1 Canonical pathways enriched in fibromyalgia sorted by statistical significance. Orange or blue colours mean positive or negative Z-score, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.
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For the network analysis, proteins linked with developmental disorder, hereditary disorder and immunological disease were gathered, and the majority of the proteins resulted to be connected to pro-inflammatory cytokines and

ERK-1/2 network (Fig. 4).

Extracellular Space [Other

= -,
- gbmpanent 1
serPinaT SERPINAG Complemefit ¢t nent

Aipha Taiitrypsin

SERBINA10 \
SR,
v

agén type IV

- | k. \
: it ettt S ,;_ h o
o == 2 ~ogl
Nucfeus ¥~ ——— A ‘hﬁag
§ - P tary Cyloking
Stal3-Sifa ~ Al L iy i

Fig. 4 “Developmental disorder, hereditary disorder, immunological disease”, the most significant molecular network identified by Ingenuity Pathways Analysis of differentially expressed proteins (red fold change >1,.2; green fold change <1;.2) in fibromyalgia. White nodes indicate
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proteins that were not detected in the samples.

3:3:3.3 Haptoglobin, Efibrinogen and ESR Bdetermination

Haptoglobin and fibrinogen are the two proteins with the highest FM/control ratio. Given their involvement in the acute-phase response and in the coagulation cascade, two of the canonical pathways enriched in patients with

FM, we next confirmed their overexpression.- In agreement with the NanoL.C-MS/MS results, the levels of haptoglobin and fibrinogen in patients with FM were significantly increased (p<.0.02 and p<.0.05, respectively; Table 3).

Table 3 Haptoglobin, fibrinogen and ESR levels in patients with FM and healthy controls.

alt-text: Table 3

Variable FM group Control group pvalue
Haptoglobin (mg/dL) 154.86.+.62.26 100.55.*+22.41 0.021
Fibrinogen (g/L) 3.51.£.0.77 2.77.%£.0.40 0.009
20.33.£9.17 7.86.+.3.34 0.002

ESR (mm)



Values represent mean * SD.

ESR can indirectly measure the activation of acute-phase response. As shown in Table 3, ESR was also significantly increased in patients with FM compared to controls (p.<.0.05). These inflammatory clinical data (haptoglobin,

fibrinogen, and ESR) positively correlated with the proteomic results (Table 4).

Table 4 Correlations between inflammatory clinical data and proteomics.

alt-text: Table 4

Clinical data Proteomic data
Haptoglobin (mg/dl) Fibrinogen (g/1) ESR (mm) HPT FIBB FIBG
Haptoglobin (mg/dl) 1 0.648%* 0.667** 0.755%** 0.506* -0.548%*
Clinical data Fibrinogen (g/1) 1 10.7971%F* 0.720%%* 0.568%* 0.582%*
ESR (mm) 1 0.729%** 0.484* 0.504%*
HPT 1 -0.668%** -0.670%**
Proteomic data FIBB 1 10.93%k*
FIBG 1
* 1<.0.05.
**k 5 <0.01.
*k% 5 20,001,

4.4 Discussion

We performed, for the first time, NanoLC-MS/MS analysis in the plasma from FM patients and age-matched healthy volunteers. We found a total of 33 proteins with different abundance in patients with FM. Most of the proteins
were related to inflammation processes and, among others, five dominant pathways according to its p-value were identified as enriched: the acute phase response signaling, LXR/RXR activation, FXR/RXR activation, coagulation system

and complement system.

Our comparative IPA analysis showed 14 proteins related with the acute-phase response signaling, 12 significantly more abundant (HPT, FIBB/FIBG, SAA4, TRFE, A1AG1, A1AG2, C1S, CO2, CO9, A2M, SAMP) and 2
significantly less abundant (HRG, ANGT) in FM. The acute-phase response is a complex mechanism from the organism against local or systemic disturbances that occurs, among others, during inflammatory processes [17]. In these
processes, the tissular damage leads to the release of pro-inflammatory cytokines which, together with nitric oxide and glucocorticoids, control the hepatic synthesis of the acute-phase reactants [18-20]. The acute-phase reactants
include proteins whose plasma concentrations increase (positive reactants) or decrease (negative reactants) significantly. In our study, we identified 11 positive acute-phase reactants upregulated and 1 negative acute-phase reactant
downregulated. The activation of this response can be indirectly measured by ESR, and we have also detected a statistically significant increase in ESR in FM. Altogether, these results suggest the involvement of an inflammatory
response in FM, even though TRFE, a negative reactant, was increased and ANGT, a positive reactant, was decreased. Similar discordances have been previously reported, as not all the acute-phase reactants increase uniformly [21]. In
fact, as proposed by Baralla et al. in the inflammatory context of chronic pulmonary disease [22], the increase of TRFE may reflect an attempt to preserve from the deleterious effects of free iron. Acute-phase response is traditionally
associated with a high level of C-reactive Protein (CRP) and several interleukins. However, our results do not show changes in any of these proteins. In this sense, Bazzichi et al. [23] reported that only the 25% of the FM patients
exhibited high levels of CRP, and no correlation with CRP level has been described in other typical inflammatory diseases, such as Systemic Lupus Erythematosus (SLE) [24]. Similarly, published data do not show a consistent
interleukin pattern in FM either. Some authors found higher levels of IL-10, IL-8 and TNF-« in this condition [23]. Contrary and supporting our findings, Wallace et al. [25] were unable to describe higher levels of IL-6 and IL-8 in FM
patients compared to healthy controls. Likewise, Kasiphaz et al. [26] highlighted that the alteration in cytokine production was not a dominant factor in the pathogenesis of FM. These conflicting results may underlie the existence of a
chronic inflammatory state. This situation associates with moderate elevations of CRP and IL-6 that may even be masked by the influence of other factors. In fact, it has recently been demonstrated, in women with rheumatoid arthritis,

that CRP levels are correlated with fat mass but not with disease activity, suggesting that CRP should be used cautiously in certain pathologies [27]. In line with those results, although Feinberg et al. [28] demonstrated a positive



correlation between CRP and FM, the CRP values found in FM patients were nearly within the reference range and the addition of BMI weakened this relationship. Consequently, the heterogeneity in the findings from small case-
control studies may reflect differing selection criteria among the controls. The exclusion criteria stablished in our study could explain the lack of correlation between CRP and FM. However, the modest influence of obesity on ESR [27]

could account for our increased ESR values in FM patients, and would support its use as a more accurate disease activity biomarker.

During the inflammatory processes, complement and coagulation systems play crucial roles [29]. In fact, complement system has been associated to other rheumatic disorders such as Rheumatoid Arthritis [30] and SLE [25].
We found 6 proteins of the complement system (C1S, CFAH, CO7, CO2, C1QC, CO9) overexpressed in FM patients. Except CFAH, an inhibitory protein of the alternative pathway, all these proteins are involved in the formation of the
Membrane Attack Complex+MAEC) through the classical pathway. This pathway is mainly triggered by IgM/IgG-antigen complexes [31] and leads to chemotaxis and plasma protein exudation at inflammatory sites, facilitating the
opsonization of damaged cells [21]. In accordance, our data showed increased levels of IgM, pointing out that the classical pathway of complement system is another factor to be considered in FM. Moreover, the high abundance of IgM
could also contribute to the increased ESR values observed in our cohort of patients and previously reported in other inflammatory pathologies [24]. The complement cascade can also be activated by some coagulation proteins [29].
Our results showed higher levels of FIBB, FIBG, FA10, FA9, A2M and PROS, and a lower amount of ZPI, all of them involved in coagulation. Among these, FA10 and FA9 have been previously described as complement cascade
activators. Therefore, these results could indicate the interplay of both pathways in FM. In fact, the extrinsic and the intrinsic prothrombin activation pathways showed the two highest ratios among the 25 statistically significant
enriched canonical pathways, emphasizing the crucial role of coagulation in the FM condition. The scarce literature in this field explains the pro-coagulant state in terms of platelet activation [32]. However, Berg et al. [33] described an
increased level of fibrinogen in chronic fatigue syndrome and/or FM, which not always associates with platelet activation. In our study, the quantitative determination of fibrinogen by a standard analytical method confirmed the higher

levels of fibrinogen observed by proteomics in patients with FM.

The proteomic analysis also identified significantly enriched the LXR/RXR activation pathway (APOL1, TRFE, A1AG1, A1AG2, CO9, CD14, APOC2, SAA4 and ANGT), predicted as activated with a z-score of 2.33, and the
FXR/RXR pathway (APOL1, TRFE, A1AG1, A1AG2, C0O9, FETUB, APOC2, SAA4 and ANGT). The RXR is a nuclear hormone receptor of the retinoid receptor family and the common partner for several others nuclear receptors such as
LXR and FXR [34]. These receptors are known to be involved in many biological and pathological pathways associated with lipid metabolism and inflammation [35]. Particularly, LXR once bound to oxysterols activates sterol regulatory
element binding protein 1c (SREBP-1c), a central lipogenic transcription factor [36, 37]. This activation results in the upregulation of different genes involved in lipogenesis and lipoprotein metabolism such as the apolipoprotein C-I/C-
IV/C-II gene cluster [38], increased in our cohort of FM patients. Besides, LXR also activates reverse cholesterol transport in macrophages preventing foam cell formation and inhibits different pro-inflammatory transcription factors.
Similarly, FXR activation regulates triacylglyceride metabolism, cholesterol homeostasis, and suppresses inflammatory pathways [35]. The anti-inflammatory activity of both pathways suggests that the activation of LXR and FXR
pathways could attempt to alleviate the inflammatory environment mentioned above in FM patients. Glucocorticoids also exert a modulatory effect on inflammation and, in our study, CBG was found to be downregulated in FM patients,
according to other authors [39]. CBG transports the 90% of the total cortisol in blood and is cleavaged by leukocyte elastase at sites of inflammation, inducing a typical S-to-R transition that results in hormone release [40]. Although
there is no consensus about the effect of FM on cortisol levels [41-43] our group, among others, has not found differences in total cortisol level in this pathology [9, 44]. In this context, the CBG downregulation in our cohort could
involve a higher bioavailability of free cortisol. Nevertheless, it is plausible that this cortisol may be unable to exert its modulatory effect on inflammation due to abnormalities in glucocorticoid receptor. In fact, therapeutic

interventions with glucocorticoids have resulted ineffective in FM [45].

Neuroinflammatory mechanisms underlie physical and psychological distress [46], typical symptoms of FM condition. Consequently, the activation of acute phase response described in our proteomic study could be related to
the statistically significant differences in the PCS-12 and MCS-12 results observed between FM patients and controls. Moreover, inflammation and stress physiology are reportedly associated to a high production of oxygen/nitrogen
reactive species particularly in macrophages, and one of the pathways with a highest z-score found in our IPA analysis was precisely the production of nitric oxide and reactive oxygen species in macrophages. In this sense, our group
has already described that patients with FM exhibit an imbalance between oxidants and antioxidants that results in higher oxidative DNA damage [9]. Haptoglobin is an acute phase reactant with antioxidant activity through its
capability to bind hemoglobin and prevent the toxicity of heme iron. Consequently, its increase in chronic processes aims to counteract excessive oxidative stress preventing, among others, muscle atrophy [47]. Moreover, its higher
levels in patients with FM were confirmed by conventional analytical methods. Plasma haptoglobin concentrations are known to be positively related to vegetative symptoms of depression, such uas psychomotor retardation, energy,
fatigue, hyperalgesia, and loss of interest or insomnia [48]. In a recent study, haptoglobin was also increased in plasma from women with chronic widespread pain [49] suggesting the existence of a low-grade systemic inflammation that
contributes to central nervous system alterations. In fact, these authors describe a proteomic pattern similar to the one in our study that also involves the complement system, coagulation and inflammatory processes. Therefore, in line

with them, our results also point to the importance of inflammation in the pathogenesis of FM.

5.5 Conclusions

As a whole, our study supports the existence of a common protein signature in the plasma of patients with FM that could explain some of the symptoms associated to this syndrome. Since all the different biological pathways

involved this protein profile are related to inflammation, we point to this event as crucial in the pathogenesis of FM. The interplay of the complement and coagulation cascades probably contributes to the inflammatory process, while



the activation of LXR/RXR and FXR/RXR could attempt to alleviate it. Moreover, we suggest that further studies should be carried out to assess whether haptoglobin and fibrinogen could be useful biomarkers in the diagnosis and

management of this syndrome.
Supplementary data to this article can be found online at https://doi.org/10.1016/j.jprot.2018.07.009.
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- E-Extra

This study was carried out in two groups: 12 age-matched healthy women recruited from the University of Jaén (Spain), and 12 age-matched FM patients from AFIXA (Association of Fibromyalgia of Jaén). All
subjects provided written informed consent. The study was approved by the Ethics and Research Committee of the Complejo Hospitalario de Jaén (Spain) and carried out in accordance with the Declaration of Helsinki
of the World Medical Association. The inclusion criterion for the FM group was to meet the 1990 American College of Rheumatology (ACR) Criteria for classification of primary FM [14]. Exclusion criteria for the study
included the presence of any other chronic disease (diabetes mellitus, hypertension, cancer, ischemic heart disease), pregnancy, lactation, and grade II obesity (with a body mass index (BMI) = 35 kg/m?). None of the
participants were using any medicine that affects the antioxidative status, or were under the treatment of corticosteroids, estrogens, analgesics or anti-inflammatory drugs. None was consuming alcohol, and all of
them were non-smokers. All the participants were sedentary living women. The clinical and demographic characteristics of each participant were acquired through interviews and questionnaires (Table 1,
Supplementary Table 1). In order to avoid variations, all the procedures and tests were carried out by the same specialist. In patients with FM, the FM impact questionnaire (FIQ) was used to evaluate functional
capacity in daily living activities. Musculoskeletal pain was assessed by a visual analogue scale (VAS; 10.cm). The mental (Mental Component Summary, MCS12) and physical (Physical Component Summary, PCS12)
health status of the participants was determined by the Spanish version of SF-12 Health Survey [15]. The lower score between 0 and 100 meant worse health status. The mental (MCS-12) and physical (PCS-12) health

status were significantly lower in the FM group compared to healthy volunteers (p<,0.05 and p<.0,001, respectively).
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