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Abstract

:

Lipids, especially lysophosphatidylcholine LPC16:0, have been shown to be involved in chronic joint pain through the activation of acid-sensing ion channels (ASIC3). The aim of the present study was to investigate the lipid contents of the synovial fluids from controls and patients suffering from chronic joint pain in order to identify characteristic lipid signatures associated with specific joint diseases. For this purpose, lipids were extracted from the synovial fluids and analyzed by mass spectrometry. Lipidomic analyses identified certain choline-containing lipid classes and molecular species as biomarkers of chronic joint pain, regardless of the pathology, with significantly higher levels detected in the patient samples. Moreover, correlations were observed between certain lipid levels and the type of joint pathologies. Interestingly, LPC16:0 levels appeared to correlate with the metabolic status of patients while other choline-containing lipids were more specifically associated with the inflammatory state. Overall, these data point at selective lipid species in synovial fluid as being strong predictors of specific joint pathologies which could help in the selection of the most adapted treatment.
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1. Introduction


Chronic joint pain is a major health problem, affecting a large number of people worldwide. It has been estimated that in 2050, 130 million people will suffer from osteoarthritis (OA) alone, of whom 40 million will be severely disabled (A Public Health Approach to Innovation Update on 2004 background paper, 28 January 2013. World Health Organization. Available from: https://www.who.int/medicines/areas/priority_medicines/BP6_12Osteo.pdf accessed on 5 November 2021) [1]. The activation of acid-sensing ion channel 3 (ASIC3), a sub-type of ASICs expressed within the lipid bilayer of the cell membrane of mainly peripheral neurons, has been demonstrated to play a key role in this type of pain [2,3]. ASIC3 is usually activated by extracellular protons under acidic conditions [4]. However, several other factors, including certain endogenous lipid species, such as the choline-containing species lysophosphatidylcholine (LPC) and a specific free fatty acid, namely arachidonic acid (AA), can either activate and/or potentiate ASIC3 under non-acidic physiological conditions [2,5]. Both LPC and AA can be concomitantly released after hydrolysis of the membrane phospholipid (PL) phosphatidylcholine (PC) by phospholipase A2 [6].



Chronic joint pain is observed in several musculoskeletal diseases either from non-inflammatory or inflammatory origins, e.g., cartilage degeneration, crystal deposition, infection, rheumatoid arthritis, psoriatic rheumatism, and spondyloarthritis. Systemic inflammation is well known to correlate with high concentrations of circulating C-reactive proteins (CRP) [7]. Interestingly, CRP is known to bind to choline-containing lipids both in human and mouse, and subsequently activate the complement system, ultimately promoting inflammation [8,9,10]. Therefore, choline-containing lipid species are likely to act as central players in chronic joint pain, both as amplifiers of the inflammatory process and as direct activators of ASIC3 channels.



Synovial fluid (SF) is a complex mixture considered as an ultrafiltrate of blood plasma, and contains molecules that provide low-friction and low-wear properties to articulating cartilage surfaces. It is primarily composed of hyaluronan, lubricin, proteinase and collagenases [11]. SF also contains lipids, but the concentrations of these compounds are still generally less than those observed in the plasma of normal SF. However, alterations in the composition of SF and changes in the level of its constituents, including lipids, can be an indicator of different pathologies. The lipid composition of synovial fluids from post mortem control subjects with no history of joint disease and patients suffering from chronic joint pain has been the object of several studies [12,13,14,15]. However, if significant modifications in the amounts of selective lipid species have been reported (see below), no clear correlations have been established yet between observed variations and specific clinical parameters. Moreover, none of these studies proposed a large lipid profiling in different joint diseases, since most of them focused either on OA or rheumatoid arthritis (RA).



Therefore, our aim was first to identify and quantify potential lipid biomarkers, with a selective emphasis on choline-containing lipid species, in the synovial fluid of patients suffering from different painful joint disorders, as compared to controls. Lipidomic analyses, based on high-resolution mass spectrometry (HR-MS) experiments, revealed selective lipid changes in patients’ synovial fluids according to the type of the joint pathology. Correlational analyses were also performed between lipid levels in synovial fluids and several patient clinical characteristics, including gender, body mass index (BMI), age, metabolic status, and systemic inflammatory state. These analyses mainly highlighted correlations between the levels of specific lipids in the synovial fluids of patients and their metabolic and inflammatory status.




2. Material and Methods


2.1. Synovial Fluid Samples


2.1.1. Post Mortem Controls


Ten post mortem (PM) subjects with no history of knee or hip OA or inflammatory rheumatic diseases were included as controls. Synovial fluid from the knee joint was collected during the autopsy procedure and immediately frozen at −80 °C for future analysis.




2.1.2. Patients with Different Joint Diseases


Demographic data about this cohort have already been published [3]. Briefly, fifty patients (32 women and 18 men, average age, 68.6 years, range 26–94 years) suffering from different joint pathologies (rheumatoid arthritis (RA, n = 6), chondrocalcinosis (CCA, n = 12), spondyloarthritis (SPA, n = 5), psoriatic arthritis (PA, n = 4), gout (n = 5), and OA (n = 18)) were recruited from the Rheumatology Department of the Nice University Hospital in France. Age and BMI distributions in each group of patients are available in Supplementary Table S1. All subjects provided informed consent before inclusion, and the study was approved by the Nice University Institutional Review Board for Research on Human Subjects. The study has been conducted in accordance with French national regulations regarding patient consent and ethical review. The study was registered in the ClinicalTrials.gov protocol registration system (NCT 01867840). All synovial exudates were obtained from patients with acute knee joint effusion requiring joint puncture for diagnosis and/or treatment. Synovial fluid samples, which remained after biological analysis for patients’ care, were frozen at −80 °C for future lipidomic analysis.



The white blood cell count in the synovial fluids of patients (Malassez blades) was manually performed with a hemocytometric chamber by light microscopy analysis. Differential white blood cell counts were determined in synovial fluid smears by the May-Grünwald-Giemsa (MGG) staining. The MGG slide was analyzed by light microscopy under oil immersion at x50 magnification. The first 100 nucleated cells counted in random fields were subclassified as neutrophils, lymphocytes, and monocytes. The results were expressed as the number of cellular elements, leukocytes and red blood cells/mm3 and the percentage of polynuclear neutrophils (PNN%), lymphocytes and macrophages.



The determination of total cholesterol, HDL and triglycerides levels in the plasma of patients was performed by spectrophotometry (Cobas 8000, module 700, Roche Diagnostics, 38240 Meylan, France). The LDL level was calculated using total cholesterol and HDL levels.





2.2. Chemical and Lipid Standards


Chloroform (CHCl3), Methanol (CH3OH) and Formic acid (HCOOH) were purchased from Sigma Aldrich (Saint Quentin Fallavier, France). The water (H2O) used for lipid extraction came from Milli-Q. Lipid standards (Lyso PC 16:0, Lyso PC 13:0, Lyso PAF 16:0, PAF “from heart PC”, PC(16:0/18:1), PC 14:0 (DMPC), FA20:0 and FA17:0) were purchased from Avanti Polar Lipids via Sigma Aldrich and then prepared at the appropriate concentration and stored at −20 °C.




2.3. Lipid Extraction


The extraction of lipids from human synovial fluid (HSF) samples was adapted from the Folch method. Fifty microliters of control and patient exudates were diluted with water to a final volume of 1 mL. The diluted samples were then transferred into glass tubes (Pyrex Labware) and vortexed for 1 min. Lipids were extracted using 4 mL of chloroform (CHCl3)/methanol (CH3OH) (2:1, v/v) and shaking with an orbital shaker (IKA® VX® basic Vibrax®, Sigma-Aldrich) at 1500 rpm for 2 h at room temperature. After centrifugation for 10 min with a swing-out centrifuge at 410 g, the aqueous phases were eliminated and lipid-containing organic phases were supplemented with 1 mL of a 4/1 (v/v) 2N KCl/CH3OH solution. Samples were shaken for 10 min at 1500 rpm, centrifuged for 5 min, and the upper aqueous phases were eliminated. The resulting organic phases were complemented with 1 mL of 3/48/47 (v/v/v) CHCl3/CH3OH/H2O solution, shaken for 10 min and centrifuged for 5 min. The aqueous phases were eliminated and the organic phases containing the whole lipids were transferred into new glass tubes. Lipid extracts were then evaporated to dryness at 60 °C under a stream of nitrogen, re-dissolved in 500 µL CHCl3/CH3OH (1:2, v/v), and stored at −20 °C until further analysis.




2.4. Polar Lipid Purification


After lipid extraction from the synovial fluids using an adapted protocol of the Folch method [16], we evaluated whether an additional purification step of the most polar lipids from total lipid extracts could increase the extraction yield of choline-containing-lipids. For this, total lipid extracts were evaporated until dryness under a stream of nitrogen, re-suspended in 1 mL dichloromethane, and shaken for 1 min. These solutions, containing total lipids, were loaded into silica columns (BOND ELUT-SI, 100 mg 1 mL, Agilent Technologies) previously conditioned with 3 mL methanol and 2 mL dichloromethane successively. The different lipid classes were eluted from the columns using a solvent or a mixture of solvents of increasing polarity. Non-polar lipids were first eluted with 2 mL dichloromethane, and glycolipids were then eluted with 3 mL acetone. Finally, 2 mL of 50/45/5 (v/v/v) CHCl3/CH3OH/H2O solution was loaded into the columns to elute the polar lipids. The eluted fractions containing the polar lipids (especially the phospholipids) were collected into glass tubes. Solvents of these fractions were evaporated at 60 °C under a stream of nitrogen until dryness. Dry purified phospholipids were then re-suspended in CHCl3/CH3OH (1:2, v/v) and stored at −20 °C. The comparison between purified and non-purified lipid extracts led to similar levels of PC and PCp. Unexpectedly, the purification step resulted in a lower recovery of LPC species as compared to raw extracts. The analyses presented in this study were therefore performed on total lipid extracts without any additional purification step.




2.5. Electrospray Ionization-Mass Spectrometry Conditions for Lipids Analysis


Lipid extracts were diluted to the appropriate concentration in CHCl3/CH3OH (1:2, v/v). Optimized amounts of internal lipid standards (LPC 13:0, PC(14:0/14:0) and FA 17:0) were added to each sample in order to calculate lipid levels. Lipid extracts were analyzed by direct infusion on a SYNAPTTM G2 High Definition Mass Spectrometer HDMS (Waters Corporation, Milford, MA, USA) equipped with an Electrospray Ionization Source (ESI). The flow rate for MS experiments was 5 µL × min−1. All full scan Mass Spectrometry experiments were acquired in profile mode over 1 min with a normal dynamic range from 300 to 1200 m/z. The analyzer was set to resolution mode. Analyses were carried out in positive and negative ion modes. Samples were supplemented by 1% (v/v) formic acid for positive ESI experiments. Ionization parameters for positive and negative ionization have been optimized and defined as shown in Supplementary Table S2. Under these conditions, all lipid species, including LPC, Lyso PAF, PC and plasmalogen PC (PCp) were detected as protonated ions [M+H]+ in the positive ion mode. The free fatty acid (AA) was analyzed in negative ion mode and was detected as [M-H]−. Furthermore, tandem mass spectrometry (MS/MS) experiments were conducted in positive ion mode in order to confirm the structure of lipid species. These MS/MS experiments were carried out by collision-induced-dissociation (CID), with optimized collision energy at 37 V, in a normal dynamic range.




2.6. Lipid Identification by MS, Calculation of Lipid Levels and Data Processing


The identification of lipid species by mass spectrometry was based on their exact masses in the full scan HR-MS spectrum and MS/MS experiments. MS/MS fragmentation of choline-containing species in positive ion mode notably allowed the obtaining of structural information about these lipid species by identifying the polar-head group (characteristic and prominent fragment ion with m/z 184 [C5H15NO4P]+ corresponding to phosphocholine).



The levels of lipid species were calculated by normalizing the intensity of each individual species in the full scan spectrum to the intensity of corresponding internal standard, and multiplying by the spiked amount of the internal lipid standard. In addition, isotopic corrections were performed on the MS data in order to obtain more accurate measurements [17]. The total amount of a lipid class was calculated by summing the amounts of all individual species corresponding to this lipid class. All spectra were recorded with MassLynx software© (Version 4.1, Waters). Data processing for high-resolution full scan experiments was carried out by ALEX Software with the help of a Lipid Maps Lipidomics Gateway® (https://www.lipidmaps.org/accessed on 2 January 2023). The data processing of MS/MS spectra was carried out using Biovia Draw 19.1© and MassLynx© software.




2.7. Statistical Analysis


Statistical analyses were performed using GraphPad Prism 5 software. The data are presented as mean ± standard deviation (SD). Significant differences between datasets were evaluated either by two-tailed t-tests (unpaired t test), by one-way ANOVA or Two-way ANOVA completed by adequate post-tests when appropriate. Variation is considered significant at a p value level less than or equal to 0.05. Correlative studies were carried out based on the non-parametric monotonic Spearman correlation. The correlation coefficient was calculated to determine associations between variables. Correlations were considered significant when the p value was less than or equal to 0.05.





3. Results


3.1. Identification of Choline-Containing Lysophospholipids and Phospholipids in Human Synovial Fluids (HSF)


Since LPC activates the ASIC3 channel [2,3], we first measured the amount of this choline-containing species in patient synovial fluids. In addition to LPC, we extended our research to PC and PC plasmalogen (PCp) in order to evaluate their potential roles in chronic joint pain. For this purpose, we optimized sample preparation conditions for a better recovery of these molecules in HSF.



Among identified lipids, PC was the most abundant lipid class, representing ~80% of total choline-containing lipids, whereas LPC accounted for ~15% and PCp for ~4% (Figure 1a). PCp displays a structure very similar to PC, which is only different due to a fatty alcohol with a vinyl-ether bond at the sn-1 position of the glycerol backbone [18]. In contrast to PC, PCp were found in very small amounts in HSF (~80% and ~4% of choline-containing lipids, respectively). Finally, we evaluated the presence of two additional choline-containing lipids in the synovial fluids, namely Platelet-activating factor (PAF) and its lyso-form, Lyso PAF, which have structures similar to PC and LPC, respectively. These molecules can be synthesized either de novo or by the remodeling pathways [19,20]. PAF was absent from HSF, while Lyso-PAF species were detected as traces in these samples (forming only ~0.5% of total choline-containing lipids). Due to their low abundances within HSF, PAF and Lyso-PAF were not considered further in the present study.



We next analyzed the relative abundances of the various molecular species within each lipid class. PC, PCp and LPC contain fatty acid chains that can vary in terms of both length (expressed as the number of carbon atoms) and number of double-bonds (or unsaturation). In Figure 1b–d, lipid subspecies are indicated as the type of lipid class (PC, LPC or PCp) followed by the total number of carbon atoms in the acyl chain (x) and the total number of double-bonds (y; e.g., PC x:y). As shown in Figure 1b, PC displayed a wide range of fatty acyl chain compositions: subspecies composed of saturated (y = 0), mono (y = 1) and poly (y ≥ 2)–unsaturated fatty acids containing 32 to 40 carbon atoms into the two acyl chains, with PC 34 and PC 36 being the most abundant. LPC species (which contain only one fatty acid) bearing the saturated chains palmitate (LPC 16:0) and stearate (LPC18:0) were the most abundant LPC, together forming more than 60% of total LPC (Figure 1c, data already published in [3]). Concerning PCp, they were exclusively composed of poly-unsaturated fatty acids with similar relative abundance (Figure 1d).




3.2. Identification of Potential Lipid Biomarkers in the Synovial Fluid of Patients Suffering from Chronic Joint Pain Compared to Control Synovial Fluids


Next, the levels of the various lipid species in synovial fluids of post-mortem controls were measured by mass spectrometry and compared to those of patients suffering from different rheumatic diseases. Global comparisons of total lipid concentrations and levels of individual species were first performed irrespective of the joint pathology. The total concentrations of choline-containing lipids (PC, LPC and PCp) were all significantly higher in patients compared to controls (Figure 2a, PC concentration of 573.2 ± 37.3 µM and 126.8 ± 34.4 µM in patients and controls, respectively, p < 0.0001; Figure 2b, LPC concentrations of 93.6 ± 6.66 µM and 40 ± 3.4 µM in patients and controls, respectively, p = 0.0007; [3] Figure 2c PCp concentrations of 23.6 ± 1.4 µM and 8.6 ± 1.5 µM in patients and controls, respectively, p < 0.0001).



Interestingly, the increase in total lipid concentrations differed between individual molecular species depending on the lipid class considered (PC, LPC and PCp). Individual PC and PCp molecular species exhibited an overall non-selective increase. The increase of total PC levels concerned nine individual species, bearing either saturated or unsaturated fatty acid chains and composed of 34, 36 and 38 carbon atoms on both chains (Figure 2d). The increase in total PCp levels was the result of an increase of all individual PCp species (Figure 2f). By contrast, the increase in total LPC was due to selective increases of the saturated species LPC16:0 and LPC18:0 (p < 0.001 and p < 0.01, respectively, [3]). The other LPC species did not display any significant variations compared to controls (Figure 2e).




3.3. Correlational Studies between Lipid Levels in Synovial Fluids and Patients’ Clinical Characteristics (Parameters)


Potential correlations between lipid levels of patient synovial fluids and their clinical characteristics, including age, gender, and body mass index (BMI) were evaluated. Since PC and PCp showed non-selective increases among their various molecular subspecies in patients, correlative studies were performed on their total amounts. By contrast, since LPC16:0 and LPC18:0 were specifically involved in global LPC increases in patients, the correlational studies were focused on these selective species. No significant correlations have been observed between the amounts of these different lipid species with patients’ gender (Supplementary Figure S1a–d) or body mass index (BMI; Figure 3a–c). However, significant negative correlations between LPC16:0, LPC18:0, PC contents, and age were clearly observed (Figure 3d–f). To summarize, it appears that if the amounts of choline-containing lipids in synovial fluids seem independent of patients’ gender or BMI, concentrations of PC and its most represented lyso forms (LPC16:0 and LPC18:0) clearly decreased with patient age.




3.4. Correlation Studies between Lipid Levels in Patient Synovial Fluids, Type of Joint Pathologies and Inflammatory State


In order to assess whether selective lipid levels in patient synovial fluids could be potential markers of specific joint pathologies, we analyzed lipid changes according to joint diseases as compared to controls. The different joint diseases included inflammatory rheumatism (rheumatoid arthritis (RA), n = 6; psoriatic rheumatism (PA), n = 4; and spondyloarthritis (SPA), n = 5), microcrystalline arthropathies (chondrocalcinosis (CCA), n = 12 and Gout, n = 5) and osteoarthritis (OA, n = 18). Although we are aware that the number of patients for certain pathologies is a relatively limiting factor, the comparisons between lipid levels in synovial fluids still revealed interesting differences.



When dividing patient subgroups according to their individual joint diseases, PC levels were significantly increased in all patient samples independently of the type of pathology (Figure 4a). A similar result was observed for PCp with increased concentrations in all patient subgroups, even if statistical significance was not reached for the OA group compared to controls (Figure 4b).



By contrast, LPC16:0 and LPC18:0 levels (Figure 4c,d) were only significantly increased in patients suffering from rheumatism with a strong inflammatory component (RA, PA and SPA) and OA, but not for individuals suffering from microcrystalline arthropathies (CCA and gout). Thus, high LPC contents, specifically the LPC16:0 and LPC18:0 species, in synovial fluids seem to be a potential hallmark of RA, PA, SPA and OA, whereas high PC and PCp levels were observed in patients suffering from all the different joint diseases included in our study.



Since most of these joint diseases are known to be associated with systemic inflammation, we then evaluated whether a correlation could be observed between one of these choline-containing lipids and the concentrations of circulating C-reactive protein (CRP), used as a bona fide marker of systemic inflammation. This correlative study has been carried out on 43 patients whose CRP values were available. The levels of most of the synovial lipid species (e.g., LPC16:0, PC and PCp) correlated with the level of circulating CRP (Figure 5a), but, surprisingly, either positively or negatively depending on the lipid considered. LPC16:0 concentration tended to slightly decrease when the plasma CRP level increased with a negative correlation observed (r = −0.3129, p = 0.041, Figure 5a,b). LPC18:0 almost reached statistical significance (r = −0.2987, p = 0.0517, Figure 5a,c) with CRP. In contrast, total PC and PCp concentrations seem to increase when the CRP level increased, with positive correlations observed (r = 0.3320, p = 0.0296 for PC, and r = 0.4242, p = 0.0046 for PCp, Figure 5a,d).



We subsequently investigated whether certain joint pathologies were more specifically associated with higher levels of CRP. Patients with microcrystalline arthropathies appeared to have the highest CRP values (Figure 5e). The CCA patients were the only ones who showed significantly higher levels of CRP as compared to OA patients (Figure 5e). This result suggests an association of microcrystalline arthropathies, especially chondrocalcinosis, with chronic systemic inflammation. Moreover, high LPC16:0 and LPC18:0 contents, which were a potential hallmark of inflammatory rheumatism and OA (Figure 4c), seem to be disconnected from the inflammation status of patients, and even inversely correlated. It is worthy of note that the conclusion on the link between CRP and the different joint pathologies could be impacted by the treatment applied to the patients.




3.5. Possible Origins of High Levels of Selective Lipids in Patient Synovial Fluids


LPC16:0 and LPC18:0 are both derivatives of PC species through the action of the lysophosphatidylcholine acyltransferase (LPCAT), and the byproducts of selective PC species hydrolysis by phospholipase A2 ((PLA2); Figure 6 and Supplementary Figure S2) [6,21]. This hydrolysis of selective PC species bearing 16:0 or 18:0 chains at the sn-1 position and the fatty acid FA(20:4) at the sn-2 position (PC(16:0/20:4); Figure 6, and PC(18:0/20;4); Supplementary Figure S2), leads to the generation of LPC16:0 and LPC18:0, respectively, and of the free fatty acid 20:4 (FA20:4, also known as arachidonic acid, AA) [6]. Thus, phospholipase A2 (PLA2) is known to have a pro-inflammatory role since FA20:4 is a precursor of prostaglandins and leukotrienes [22,23].



We therefore postulated that high LPC16:0 and LPC18:0 levels observed in inflammatory rheumatism (RA, PA and SPA) and OA could be the result of the selective hydrolysis of local PC(16:0/20:4) and PC(18:0/20:4) pools, respectively, through the action of PLA2. In such a case, one would expect PC(16:0/20:4) and PC(18:0/20:4) levels (Figure 6b and Supplementary Figure S2b) to decrease at the expense of LPC16:0 and LPC18:0 (Figure 4c and Supplementary Figure S2a) and FA20:4. Therefore, FA20:4 content was also determined in the HSF (Figure 6c and Supplementary Figure S2c). Unexpectedly, high LPC16:0 and LPC18:0 levels in inflammatory rheumatism and OA patients were associated with elevated PC(16:0/20:4) and PC(18:0/20:4) concentrations as well as similar FA20:4 levels compared to controls (Figure 6 and Supplementary Figure S2). Moreover, for microcrystalline arthropathies (gout and CCA), both LPC16:0 (Figure 4c) and FA20:4 (Figure 6c) levels were clearly not matching with PC(16:0/20:4) levels (Figure 6b), arguing against a PLA2 origin of LPC16:0 and FA20:4. Similarly, PLA2 seems unrelated to the LPC18:0 increase observed in gout and CCA patients (Supplementary Figure S2). Taken together, these data suggest that increased LPC16:0 and LPC18:0 levels in inflammatory rheumatism (RA, PA and SPA) and OA are unlikely to result from the selective hydrolysis of PC(16:0/20:4) and PC(18:0/20:4) local pools by PLA2.



To further investigate the potential origins of these increased lipid levels in patients’ HSF, we performed a wider correlative study between lipid levels and other factors in the synovial fluids and plasma of patients (see Section 2). Among the variables studied, the number of cellular elements in patient synovial fluids appeared to be highly correlated with the levels of some choline-containing lipids. Cellular elements in patients HSF mainly correspond to inflammatory cells that are recruited to the synovial fluid and therefore reflect the level of local inflammation. Under non-pathological conditions, synovial fluids exhibit < 200 cells/mm3, while inflammatory synovial fluids can contain up to 1000–2000 cells per mm3 [24]. Even if there was no significant relationship between LPC16:0, LPC18:0 or FA20:4 levels and the number of cellular elements per mm3 (Figure 7a–d), strong positive correlations were observed between this parameter and PC and PCp levels (r = 0.516, p = 0.0021, n = 33 for PC, r = 0.705, p < 0.0001, n = 33 for PCp, Figure 7a,e,f). Moreover, plasma CRP concentrations, which have already been positively correlated with PC and PCp levels in synovial fluids, also displayed a strong positive correlation with the number of cellular elements per mm3 in HSF (r = −0.568, p = 0.0007, n = 32, Figure 7a,g).



Besides the number of cellular elements in synovial fluids, several blood parameters defining patients’ metabolic status appeared to correlate with selective lipid levels in their synovial fluids. Correlative studies using the Spearman’s monotonic function were performed with several circulating lipids/lipoproteins (cholesterol, high-density lipoprotein (HDL), low-density lipoprotein (LDL) and triglyceride (TG)) and blood glucose, as bona fide indicators of patient metabolic status (Table 1). Interestingly, total LPC, LPC16:0 and LPC18:0 levels strongly correlated with circulating concentrations of Cholesterol, HDL and LDL, but not with glucose (Table 1). An intermediate result was observed with TG, with no correlation for total LPC and LPC18:0 but a moderate positive correlation with LPC16:0. Interestingly, PC and PCp levels did not correlate with any of these metabolic parameters (Table 1).



Altogether, our data revealed that synovial PC and PCp levels positively correlated with the inflammatory status of the patient, evaluated either by circulating CRP levels (Figure 5) or by the number of synovial cellular elements (Figure 7). In contrast, PC and PCp contents appeared to be relatively independent of patients’ metabolic status (Table 1). Interestingly, the opposite was observed for the levels of synovial LPC species, which appeared to strictly correlate with circulating metabolic markers and more specifically with the lipid status of the patient (Table 1), while being uncorrelated with inflammatory processes (Figure 5 and Figure 7).





4. Discussion


LPC, and especially LPC16:0, has been shown to directly activate the ASIC3 channel to generate chronic joint pain [2,3]. In our recent published work, we observed higher levels of total LPC in the synovial fluids of two independent cohorts of patients, including a first cohort of OA patients and a second of patients with different joint pathologies, than in post-mortem controls [3]. This increase in LPC contents was related to a specific increase of the LPC16:0 species, which correlated with OA patients’ pain outcomes [3]. Here, we used synovial samples from the second cohort of patients suffering from different painful joint diseases [3] to identify and measure the levels of choline-head lipids compared to controls, using HR-MS analysis methods.



As reported in our previous study [3], we observed higher levels of total LPC in patient synovial fluids compared to controls, regardless of the joint pathologies they suffered from. This increase in total LPC was very selective to the saturated species LPC 16:0, and, to a lower extent, LPC18:0. Interestingly, we identified higher levels of total PC and PCp in the synovial fluids of patients compared to controls in the present study. In contrast to LPC, the increase of PC and PCp levels was associated with a global non-selective augmentation of most individual PC and PCp species, containing either saturated or unsaturated fatty acyl chains. These latest results are in agreement with previous studies which also reported higher levels of most phospholipids in the synovial fluids of RA patients [12,14], and early and late OA patients [13,15], compared to the synovial fluids of healthy controls. However, lipid profiling in the synovial fluids of patients suffering from other types of joint pathologies was still missing.



In this study, we observed differences between lipid profiles depending on the type of joint disease considered. If PC and PCp levels appeared to be non-selectively increased in all types of patients compared to controls, we found a specific increase in LPC16:0 and LPC18:0 levels in patients suffering from OA and inflammatory rheumatism (namely RA, PA and SPA). In contrast, patients with microcrystalline arthropathies (gout and CCA) exhibited similar LPC16:0 and LPC18:0 levels as controls.



Since most of these pathologies are associated with local and/or systemic inflammation, we investigated whether specific lipid signatures could correlate with the concentrations of cellular elements in synovial fluids and/or with circulating CRP levels used as markers of local and systemic inflammation, respectively. It has already been reported that the levels of circulating CRP correlate with CRP concentrations in the synovial fluid following periprosthetic joint infection [25], and in several joint diseases such as RA, OA and PA [26]. Generally, inflammatory joint pathologies are associated with elevated levels of circulating CRP, as already shown in RA patients [27]. However, the relationship between the concentration of circulating CRP and lipid levels in synovial fluids needed to be addressed. In this study, we observed positive correlations between the levels of PC and PCp in HSF with both circulating CRP concentrations and the number of HSF cellular elements. Therefore, it seems that the concentrations of these choline-containing lipids are intimately linked to the inflammatory status of patients. Since PC and PCp are major components of cellular membranes, their increase in patients’ synovial fluids may reflect the recruitment of cells from the immune system at the joint level and, ultimately, the intensity of the inflammatory processes.



Interestingly, a very different situation was observed for LPC species. The levels of total LPC, especially of the selective saturated species LPC16:0 and LPC18:0, did not positively correlate with the concentration of cellular elements in synovial fluids, nor with circulating CRP levels. LPC16:0 was even found to be negatively correlated with CRP levels. These data strongly suggest that LPC levels in the synovial fluids are largely independent of the inflammatory status of patients. To the best of our knowledge, such an observation has not been reported previously in painful joint diseases. At first glance, this finding seems to contradict the pro-inflammatory effects of LPC [28,29,30,31,32], especially the saturated species, observed in several studies [28,33]. However, a similar observation to ours has been made, where decreased levels of circulating LPC have been observed in sepsis patients compared to controls [34]. In good agreement with this latest observation, it has been suggested that LPC may exert an immuno-suppressive function through its binding to Immunoglobulin G2A [34,35]. Other studies also demonstrated that the administration of selective LPC species can have an anti-inflammatory effect in chronic inflammatory diseases [34,36,37,38], including RA [39]. In brief, if the role of LPC species in inflammation still remains controversial, it appears here that LPC levels in HSF did not parallel the inflammatory processes, clearly differentiating it from other choline-containing lipids, such as PC and PCp.



In order to identify the origin of elevated LPC16:0 and LPC18:0 concentrations in patient synovial fluids, we evaluated the potential relationship between LPC16:0 and LPC18:0 and a dysregulation of PLA2 activity. Indeed, PLA2 catalyzes the hydrolysis of PC species to concomitantly generate a LysoPC and a free fatty acid. Under inflammatory conditions, PLA2 preferentially cleaves PC(16:0/20:4) and PC(18:0/20:4) to generate LPC16:0 and LPC18:0, respectively, and AA (FA20:4), a precursor of prostaglandin and leukotrienes, both acting as pro-inflammatory mediators [22,23]. If such a situation occurs in patients (i.e., induction of PLA2 activity), one would expect LPC16:0, LPC18:0, and FA20:4 levels to increase at the expense of PC(16:0/20:4) and PC(18:0/20:4). However, such a scenario was never observed, regardless of the joint diseases considered, suggesting that increased LPC16:0 and LPC18:0 contents are unlikely to primarily result from the hydrolysis of local PC(16:0/20:4) and PC(18:0/20:4) pools by PLA2.



We also extended our correlation studies to other clinical patient traits including gender, age, BMI, and several metabolic parameters. Levels of choline-containing lipids appeared to be largely disconnected from gender and BMI. However, a negative correlation was observed between the amounts of LPC and PC species and patient age. If no clear explanation has emerged so far, knowing the impact of LPC16:0 on the activation of ASIC3 channels, one may expect that older individuals would be less sensitive to chronic joint pain. However, even if old patients’ groups reported better mood and quality of life than young and middle-aged groups in previous studies, pain intensity did not vary meaningfully as a function of age [40]. Therefore, additional studies will be required to address the possible connections between pain intensity, age and LPC levels in the synovial fluids of patients suffering from chronic joint pain.



Another very intriguing observation was that total LPC, LPC16:0 and LPC18:0 concentrations positively correlated with circulating lipid/lipoprotein markers (cholesterol, HDL and LDL), whereas PC and PCp levels in HSF were largely disconnected from the metabolic status of patients. Accordingly, Oliviero et al. have reported positive correlations between the levels of lipoprotein in the serum and neutral lipids in the synovial fluid of patients suffering from various joint diseases [41]. Joint pain is known to be worse in the case of metabolic syndrome [42,43]. Potential connections between the level of pain-inducing lipids (i.e., LPC) in chronic joint pain and the global dysregulation of lipid metabolism related to metabolic syndrome appears to be a very attractive hypothesis to pursue.



Finally, we further reported the absence of high LPC levels in the synovial fluids of patients with microcrystalline arthropathies [3], in contrast to the other joint diseases. Interestingly, we observed higher levels of AA (FA20:4) in patients suffering from gout, and to a lower extent (and at the limit of significance), in other joint diseases compared to controls. It has to be noted that AA is, like LPC16:0, a fairly good activator/potentiator of the ASIC3 channel [2]. Therefore, studying the synergistic effects of these two-lipid species on ASIC3 activity and their relations/contributions to pain intensity will definitely bring new avenues in the understanding and treatment of chronic joint pain.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/biom13020342/s1, Figure S1: Correlation of lipid levels in the synovial fluid of patients with gender. Figure S2: Evaluation of phospholipase A2 (PLA2) role in the variation of LPC18:0 level in the synovial fluid of patients. Table S1: Age (year) and BMI distribution in patients according to the different joint pathologies associated with chronic joint pain, Table S2: Optimized parameters of the Electrospray Ionization Source ESI, coupled to the SYN-APTTM G2 MS, in positive and negative ion modes allowing the detection of the different lipid classes and molecular species, Table S3. A detailed list of lipids identified in human synovial fluids.





Author Contributions


Conceptualization, S.K., F.M., E.D. and T.F.; data curation, S.K.; formal analysis, S.K., J.C. and V.B.; funding acquisition, F.M., E.D. and T.F.; investigation, S.K.; methodology, S.K.; project administration, E.D. and T.F.; resources, V.B., E.K., A.S.A., C.I.S., E.D. and T.F.; software, S.K. and T.F.; supervision, S.K. and T.F.; validation, S.K. and T.F.; visualization, S.K.; writing—original draft, S.K. and T.F.; writing—review & editing, S.K., F.M., E.D. and T.F. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Centre National de la Recherche Scientifique (CNRS), the Institut National de la Santé et de la Recherche Médicale (INSERM), the Agence Nationale de la Recherche (ANR-17-CE16-0018 and ANR-11-LABX-0015-01), the Association Française contre les Myopathies (AFM grant #23731) and the NeuroMod Institute of University Côte d’Azur (UCA). This work was also supported by the Conseil Regional Auvergne-Rhone-Alpes (project Ressourcement S3, Arth-Innov) and Feder as well as the French government IDEX-ISITE initiative 16-IDEX-0001 (CAP 20-25).




Institutional Review Board Statement


The study was conducted in accordance with the French national regulations regarding patient consent and ethical review, and approved by the Nice University Institutional Review Board for Research on Human Subjects. The study was registered in the ClinicalTrials.gov protocol registration system (NCT 01867840).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The authors declare that all supporting data are available within the article.




Acknowledgments


The authors gratefully acknowledge Clarisse Vandebrouck for the helpful discussions.




Conflicts of Interest


The authors declare that they have no conflict of interest.




References


	



Wittenauer, R.; Smith, L.; Aden, K. Background Paper 6.12 Osteoarthritis. Backgr. Pap. 2004, 31, 78314428. [Google Scholar]

	



Marra, S.; Ferru-Clément, R.; Breuil, V.; Delaunay, A.; Christin, M.; Friend, V.; Sebille, S.; Cognard, C.; Ferreira, T.; Roux, C.; et al. Non-Acidic Activation of Pain-Related Acid-Sensing Ion Channel 3 by Lipids. EMBO J. 2016, 35, 414–428. [Google Scholar] [CrossRef]

	



Jacquot, F.; Khoury, S.; Labrum, B.; Delanoe, K.; Pidoux, L.; Barbier, J.; Delay, L.; Bayle, A.; Aissouni, Y.; Barriere, D.A.; et al. Lysophosphatidylcholine 16: 0 Mediates Chronic Joint Pain Associated to Rheumatic Diseases through Acid-Sensing Ion Channel 3. Pain 2022, 163, 1999–2013. [Google Scholar] [CrossRef]

	



Waldmann, R.; Champigny, G.; Bassilana, F.; Heurteaux, C.; Lazdunski, M. A Proton-Gated Cation Channel Involved in Acid-Sensing. Nature 1997, 386, 173–177. [Google Scholar] [CrossRef]

	



Deval, E.; Noël, J.; Lay, N.; Alloui, A.; Diochot, S.; Friend, V.; Jodar, M.; Lazdunski, M.; Lingueglia, E. ASIC3, a Sensor of Acidic and Primary Inflammatory Pain. EMBO J. 2008, 27, 3047–3055. [Google Scholar] [CrossRef]

	



Law, S.-H.; Chan, M.-L.; Marathe, G.K.; Parveen, F.; Chen, C.-H.; Ke, L.-Y. An Updated Review of Lysophosphatidylcholine Metabolism in Human Diseases. Int. J. Mol. Sci. 2019, 20, 1149. [Google Scholar] [CrossRef]

	



Souto, A.; Salgado, E.; Maneiro, J.R.; Mera, A.; Carmona, L.; Gómez-Reino, J.J. Lipid Profile Changes in Patients with Chronic Inflammatory Arthritis Treated With Biologic Agents and Tofacitinib in Randomized Clinical Trials: A Systematic Review and Meta-Analysis. Arthritis Rheumatol. 2015, 67, 117–127. [Google Scholar] [CrossRef] [PubMed]

	



Gang, T.B.; Hammond, D.J.; Singh, S.K.; Ferguson, D.A.; Mishra, V.; Agrawal, A. The Phosphocholine-binding Pocket on C-reactive Protein Is Necessary for Initial Protection of Mice against Pneumococcal Infection. J. Biol. Chem. 2012, 287, 43116–43125. [Google Scholar] [CrossRef]

	



Agrawal, A.; Suresh, M.V.; Singh, S.K.; Ferguson, J.D.A. The Protective Function of Human C-Reactive Protein in Mouse Models of Streptococcus pneumoniae Infection. Endocr. Metab. Immune Disord. Drug Targets 2008, 8, 231–237. [Google Scholar] [CrossRef]

	



Suresh, M.V.; Singh, S.K.; Ferguson, D.A.; Agrawal, A. Role of the Property of C-Reactive Protein to Activate the Classical Pathway of Complement in Protecting Mice from Pneumococcal Infection. J. Immunol. 2006, 176, 4369–4374. [Google Scholar] [CrossRef]

	



Freemont, A.J. Microscopic Analysis of Synovial Fluid—The Perfect Diagnostic Test? Ann. Rheum. Dis. 1996, 55, 695. [Google Scholar] [CrossRef] [PubMed]

	



Bole, G.G.; Peltier, D.F. Synovial Fluid Lipids in Normal Individuals and Patients with Rheumatoid Arthritis. Arthritis Rheum. 1962, 5, 589–601. [Google Scholar] [CrossRef] [PubMed]

	



Kosinska, M.K.; Liebisch, G.; Lochnit, G.; Wilhelm, J.; Klein, H.; Kaesser, U.; Lasczkowski, G.; Rickert, M.; Schmitz, G.; Steinmeyer, J. A Lipidomic Study of Phospholipid Classes and Species in Human Synovial Fluid. Arthritis Rheum. 2013, 65, 2323–2333. [Google Scholar] [CrossRef] [PubMed]

	



Kosinska, M.K.; Liebisch, G.; Lochnit, G.; Wilhelm, J.; Klein, H.; Kaesser, U.; Lasczkowski, G.; Rickert, M.; Schmitz, G.; Steinmeyer, J. Sphingolipids in Human Synovial Fluid—A Lipidomic Study. PLoS ONE 2014, 9, e91769. [Google Scholar] [CrossRef] [PubMed]

	



Kosinska, M.K.; Mastbergen, S.C.; Liebisch, G.; Wilhelm, J.; Dettmeyer, R.B.; Ishaque, B.; Rickert, M.; Schmitz, G.; Lafeber, F.P.; Steinmeyer, J. Comparative Lipidomic Analysis of Synovial Fluid in Human and Canine Osteoarthritis. Osteoarthr. Cartil. 2016, 24, 1470–1478. [Google Scholar] [CrossRef] [PubMed]

	



Folch, J.; Lees, M.; Sloane Stanley, G.H. A simple method for the isolation and purification of total lipides from animal tissues. J. Biol. Chem. 1957, 226, 497–509. [Google Scholar] [CrossRef]

	



Yang, K.; Han, X. Accurate Quantification of Lipid Species by Electrospray Ionization Mass Spectrometry—Meets a Key Challenge in Lipidomics. Metabolites 2011, 1, 21–40. [Google Scholar] [CrossRef]

	



Braverman, N.E.; Moser, A.B. Functions of Plasmalogen Lipids in Health and Disease. Biochim. Biophys. Acta Mol. Basis Dis. 2012, 1822, 1442–1452. [Google Scholar] [CrossRef]

	



Snyder, F. Platelet-Activating Factor: The Biosynthetic and Catabolic Enzymes. Biochem. J. 1995, 305 Pt 3, 689–705. [Google Scholar] [CrossRef]

	



Goracci, G.; Balestrieri, M.L.; Nardicchi, V. Metabolism and Functions of Platelet-Activating Factor (PAF) in the Nervous Tissue. In Handbook of Neurochemistry and Molecular Neurobiology: Neural Lipids; Lajtha, A., Tettamanti, G., Goracci, G., Eds.; Springer: Boston, MA, USA, 2009; pp. 311–352. ISBN 978-0-387-30378-9. [Google Scholar]

	



Soupene, E.; Fyrst, H.; Kuypers, F.A. Mammalian Acyl-CoA:Lysophosphatidylcholine Acyltransferase Enzymes. Proc. Natl. Acad. Sci. USA 2008, 105, 88. [Google Scholar] [CrossRef]

	



Scott, K.F.; Bryant, K.J.; Bidgood, M.J. Functional Coupling and Differential Regulation of the Phospholipase A2-Cyclooxygenase Pathways in Inflammation. J. Leukoc. Biol. 1999, 66, 535–541. [Google Scholar] [CrossRef] [PubMed]

	



Boilard, E.; Lai, Y.; Larabee, K.; Balestrieri, B.; Ghomashchi, F.; Fujioka, D.; Gobezie, R.; Coblyn, J.S.; Weinblatt, M.E.; Massarotti, E.M.; et al. A Novel Anti-Inflammatory Role for Secretory Phospholipase A2 in Immune Complex-Mediated Arthritis. EMBO Mol. Med. 2010, 2, 172–187. [Google Scholar] [CrossRef] [PubMed]

	



Block, D.R.; Genzen, J.R. Chapter 27—Diagnostic Body Fluid Testing. In Contemporary Practice in Clinical Chemistry, 4th ed.; Clarke, W., Marzinke, M.A., Eds.; Academic Press: Cambridge, MA, USA, 2020; pp. 469–486. ISBN 978-0-12-815499-1. [Google Scholar]

	



Tetreault, M.; Wetters, N.G.; Moric, M.; Gross, C.E.; Della Valle, C.J. Is Synovial C-Reactive Protein a Useful Marker for Periprosthetic Joint Infection? Clin. Orthop. Relat. Res. 2014, 472, 3997–4003. [Google Scholar] [CrossRef] [PubMed]

	



Rowe, I.F.; Sheldon, J.; Riches, P.G.; Keat, A.C. Comparative Studies of Serum and Synovial Fluid C Reactive Protein Concentrations. Ann. Rheum. Dis. 1987, 46, 721–726. [Google Scholar] [CrossRef]

	



Shrivastava, A.; Singh, H.; Raizada, A.; Singh, S.; Pandey, A.; Singh, N.; Yadav, D.; Sharma, H. Inflammatory Markers in Patients with Rheumatoid Arthritis. Allergol. Immunopathol. 2015, 43, 81–87. [Google Scholar] [CrossRef] [PubMed]

	



Liu, P.; Zhu, W.; Chen, C.; Yan, B.; Zhu, L.; Chen, X.; Peng, C. The Mechanisms of Lysophosphatidylcholine in the Development of Diseases. Life Sci. 2020, 247, 117443. [Google Scholar] [CrossRef]

	



Kuniyasu, A.; Tokunaga, M.; Yamamoto, T.; Inoue, S.; Obama, K.; Kawahara, K.; Nakayama, H. Oxidized LDL and Lysophosphatidylcholine Stimulate Plasminogen Activator Inhibitor-1 Expression through Reactive Oxygen Species Generation and ERK1/2 Activation in 3T3-L1 Adipocytes. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2011, 1811, 153–162. [Google Scholar] [CrossRef]

	



Schilling, T.; Eder, C. Sodium Dependence of Lysophosphatidylcholine-Induced Caspase-1 Activity and Reactive Oxygen Species Generation. Immunobiology 2011, 216, 118–125. [Google Scholar] [CrossRef]

	



Schilling, T.; Eder, C. Importance of Lipid Rafts for Lysophosphatidylcholine-Induced Caspase-1 Activation and Reactive Oxygen Species Generation. Cell. Immunol. 2010, 265, 87–90. [Google Scholar] [CrossRef]

	



Bach, G.; Perrin-Cocon, L.; Gerossier, E.; Guironnet-Paquet, A.; Lotteau, V.; Inchauspé, G.; Fournillier, A. Single Lysophosphatidylcholine Components Exhibit Adjuvant Activities in Vitro and in Vivo. Clin. Vaccine Immunol 2010, 17, 429–438. [Google Scholar] [CrossRef]

	



Hung, N.D.; Sok, D.-E.; Kim, M.R. Prevention of 1-Palmitoyl Lysophosphatidylcholine-Induced Inflammation by Polyunsaturated Acyl Lysophosphatidylcholine. Inflamm. Res. 2012, 61, 473–483. [Google Scholar] [CrossRef] [PubMed]

	



Sevastou, I.; Kaffe, E.; Mouratis, M.-A.; Aidinis, V. Lysoglycerophospholipids in Chronic Inflammatory Disorders: The PLA2/LPC and ATX/LPA Axes. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2013, 1831, 42–60. [Google Scholar] [CrossRef] [PubMed]

	



Drobnik, W.; Liebisch, G.; Audebert, F.-X.; Fröhlich, D.; Glück, T.; Vogel, P.; Rothe, G.; Schmitz, G. Plasma Ceramide and Lysophosphatidylcholine Inversely Correlate with Mortality in Sepsis Patients. J. Lipid Res. 2003, 44, 754–761. [Google Scholar] [CrossRef] [PubMed]

	



Treede, I.; Braun, A.; Sparla, R.; Kühnel, M.; Giese, T.; Turner, J.R.; Anes, E.; Kulaksiz, H.; Füllekrug, J.; Stremmel, W.; et al. Anti-inflammatory Effects of Phosphatidylcholine. J. Biol. Chem. 2007, 282, 27155–27164. [Google Scholar] [CrossRef] [PubMed]

	



Hartmann, P.; Szabó, A.; Erős, G.; Gurabi, D.; Horváth, G.; Németh, I.; Ghyczy, M.; Boros, M. Anti-Inflammatory Effects of Phosphatidylcholine in Neutrophil Leukocyte-dependent Acute Arthritis in Rats. Eur. J. Pharmacol. 2009, 622, 58–64. [Google Scholar] [CrossRef]

	



Han, M.S.; Park, S.Y.; Shinzawa, K.; Kim, S.; Chung, K.W.; Lee, J.-H.; Kwon, C.H.; Lee, K.-W.; Lee, J.-H.; Park, C.K.; et al. Lysophosphatidylcholine as a Death Effector in the Lipoapoptosis of Hepatocytes. J. Lipid Res. 2008, 49, 84–97. [Google Scholar] [CrossRef] [PubMed]

	



Erős, G.; Ibrahim, S.; Siebert, N.; Boros, M.; Vollmar, B. Oral Phosphatidylcholine Pretreatment Alleviates the Signs of Experimental Rheumatoid Arthritis. Thromb. Haemost. 2009, 11, R43. [Google Scholar] [CrossRef]

	



Wettstein, M.; Eich, W.; Bieber, C.; Tesarz, J. Pain Intensity, Disability, and Quality of Life in Patients with Chronic Low Back Pain: Does Age Matter? Pain Med. 2019, 20, 464–475. [Google Scholar] [CrossRef]

	



Oliviero, F.; Nigro, A.L.; Bernardi, D.; Giunco, S.; Baldo, G.; Scanu, A.; Sfriso, P.; Ramonda, R.; Plebani, M.; Punzi, L. A Comparative Study of Serum and Synovial Fluid Lipoprotein Levels in Patients with Various Arthritides. Clin. Chim. Acta 2012, 413, 303–307. [Google Scholar] [CrossRef]

	



Pan, F.; Tian, J.; Cicuttini, F.; Jones, G. Metabolic Syndrome and Trajectory of Knee Pain in Older Adults. Osteoarthr. Cartil. 2020, 28, 45–52. [Google Scholar] [CrossRef]

	



Li, H.; George, D.M.; Jaarsma, R.L.; Mao, X. Metabolic Syndrome and Components Exacerbate Osteoarthritis Symptoms of Pain, Depression and Reduced Knee Function. Ann. Transl. Med. 2016, 4, 133. [Google Scholar] [CrossRef] [PubMed]








[image: Biomolecules 13 00342 g001 550] 





Figure 1. Relative abundances of analyzed lipids in human synovial fluids (HSF) of a cohort of patients suffering from joint pain associated with different rheumatic diseases. Analysis of lipid species in HSF samples was carried out by a direct infusion into mass spectrometry (MS) using an electrospray ionization source (ESI) in positive ion mode. (a) Relative abundances of lipid classes (PhosphatidylCholine PC, LysoPhosphatidylCholine LPC and plasmalogen PC PCp). (b) Relative abundances of PC species. (c) Relative abundances of LPC species showing a high level of LPC 16:0. (d) Relative abundances of the different PCp species. 
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Figure 2. Comparison between lipid levels in HSF samples of the cohort of patients suffering from joint pain associated with different rheumatic diseases (Patients) and post-mortem controls (Controls). Lipids were extracted from HSF samples and the levels of PC, LPC and PCp species were measured based on ESI-MS analysis after the addition of lipid internal standards. The comparison between the total amount of each lipid class between the patients and the controls was based on an unpaired t-test, while the two-way ANOVA test was performed to compare multiple lipid species within each lipid class. (a,d) Histogram representing the comparison of the total PC concentration and individual PC species concentrations (µM) in HSF between patients and controls. (b,e) Histogram representing the comparison of total LPC concentration and individual LPC species concentrations between patients and controls. (c,f) Histogram representing the comparison of total PCp concentration and of individual PCp species concentrations between patients and controls. ns: not significant p > 0.05, *: 0.01 < p < 0.05, **: 0.001 < p < 0.01 and ***: p < 0.001. 
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Figure 3. Correlation of lipid levels in HSF with the body mass index (BMI) and age of patients. (a), Table of Spearman correlation between lipid levels in HSF and BMI. (b,c) Correlation plots of BMI with LPC16:0 and LPC18:0, respectively. (d) Table of Spearman correlation between lipid levels in HSF and the age of patients regardless of joint pathologies. (e,f) Correlation plots of age with LPC16:0 and LPC18:0, respectively. ns: not significant p > 0.05, *: 0.01 < p < 0.05, and **: 0.001 < p < 0.01. 
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Figure 4. Evaluation of lipid concentrations in the synovial fluid of patients according to the rheumatic diseases associated with chronic joint pain. (a–d) Concentrations (in µM) of PC, PCp, LPC16:0, and LPC18:0, respectively, in the synovial fluid of patients depending on joint pathologies: (RA, n = 6), (Gout, n = 5), (CCA, n = 12), (PA, n = 4), (SPA, n = 5), (OA, n = 18) and controls n = 10. The comparison between lipid concentrations in the individual joint pathologies was based on the one-way analysis of variance completed with Bonferroni’s Multiple Comparisons Test. ns: not significant p > 0.05, *: 0.01 < p < 0.05, **: 0.001 < p < 0.01 and ***: p < 0.001. 
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Figure 5. Lipid concentrations in the synovial fluid of patients according to the inflammatory state of the patients. Circulating C-Reactive Protein (CRP mg/l) was considered as an indicator of systemic inflammation. (a) Table of Spearman correlation results of circulating CRP with LPC16:0, LPC18:0, PC and PCp levels. (b–d), Correlation plots of CRP level with LPC16:0, LPC18:0, and PC levels, respectively. (e) Concentration (in mg/L) of circulating CRP according to the different joint diseases showing higher CRP levels in microcrystalline arthropathies patients. One-way analysis of variance completed with the Bonferroni’s Multiple Comparisons Test were performed to compare CRP concentrations in the individual joint pathologies; ns: not significant p > 0.05, *: 0.01 < p < 0.05, **: 0.001 < p < 0.01. 
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Figure 6. Evaluation of phospholipase A2 (PLA2) role in the variation of LPC16:0 levels in the synovial fluid of patients. (a) Represents the structure of LPC16:0. (b,c) Represents the concentration (in µM, left panel) and the structure (right panel) of PC(16:0/20:4) and FA20:4, respectively, in the different rheumatic diseases compared to controls. A one-way analysis of variance completed with the Bonferroni’s Multiple Comparisons Test were performed to compare lipid concentrations in the individual joint pathologies; ns: not significant p > 0.05, **: 0.001 < p < 0.01. 
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Figure 7. Assessment of potential associations between the number of cellular elements in human synovial fluids and the variation of lipid levels. (a) Table of Spearman correlation between the number of cellular elements per mm3 of synovial fluids and lipid concentrations (in µM) in the synovial fluids. (b–g) Correlation plots of the number of cellular elements with LPC16:0, LPC18:0, FA20:4, PC, PCp and C-Reactive Protein levels, respectively. ns: not significant p > 0.05, **: 0.001 < p < 0.01 and ***: p < 0.001. 






Figure 7. Assessment of potential associations between the number of cellular elements in human synovial fluids and the variation of lipid levels. (a) Table of Spearman correlation between the number of cellular elements per mm3 of synovial fluids and lipid concentrations (in µM) in the synovial fluids. (b–g) Correlation plots of the number of cellular elements with LPC16:0, LPC18:0, FA20:4, PC, PCp and C-Reactive Protein levels, respectively. ns: not significant p > 0.05, **: 0.001 < p < 0.01 and ***: p < 0.001.
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Table 1. Results of the Spearman correlative study between plasmatic concentrations of (cholesterol, HDL, LDL, TG and glucose), and lipid levels in the synovial fluids of the same patients irrespective of the rheumatic diseases.






Table 1. Results of the Spearman correlative study between plasmatic concentrations of (cholesterol, HDL, LDL, TG and glucose), and lipid levels in the synovial fluids of the same patients irrespective of the rheumatic diseases.





	

	
Synovial Fluid Lipids




	
LPC 16:0

	
LPC 18:0

	
LPC

	
PC

	
PCp






	
Plasma lipids

	
Cholesterol g/L

	
Spearman r

	
0.7088

	
0.6588

	
0.6971

	
0.4853

	
0.02059




	
p value

	
0.0021

	
0.0055

	
0.0027

	
0.0567

	
0.9397




	
p value summary

	
**

	
**

	
**

	
ns

	
ns




	
HDL g/L

	
Spearman r

	
0.6577

	
0.6220

	
0.6434

	
0.3628

	
0.1948




	
p value

	
0.0077

	
0.0133

	
0.0097

	
0.1838

	
0.4866




	
p value summary

	
**

	
*

	
**

	
ns

	
ns




	
LDL g/L

	
Spearman r

	
0.5754

	
0.6196

	
0.5946

	
0.4268

	
0.09860




	
p value

	
0.0197

	
0.0105

	
0.0151

	
0.0992

	
0.7164




	
p value summary

	
*

	
*

	
*

	
ns

	
ns




	
TG

	
Spearman r

	
0.5063

	
0.3297

	
0.4474

	
0.2693

	
−0.2870




	
p value

	
0.0454

	
0.2124

	
0.0823

	
0.3131

	
0.2812




	
p value summary

	
*

	
ns

	
ns

	
ns

	
ns




	
Blood glucose plasma

	
Spearman r

	
−0.4476

	
−0.5245

	
−0.5035

	
−0.2727

	
−0.5105




	
p value

	
0.1446

	
0.0800

	
0.0952

	
0.3911

	
0.0899




	
p value summary

	
ns

	
ns

	
ns

	
ns

	
ns








ns: not significant p > 0.05, *: 0.01 < p < 0.05, **: 0.001 < p < 0.01.
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