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Abstract

Objective.—Eicosanoids modulate inflammation via complex networks involving different
pathways and downstream mediators, including oxylipins. Although altered eicosanoids are linked
to rheumatoid arthritis (RA), suggesting that metabolization is enhanced, the role of oxylipins in
disease stratification remains unexplored. This study was undertaken to characterize oxylipin
networks during the earliest stages of RA and evaluate their associations with clinical features and
treatment outcomes.
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Methods.—In total, 60 patients with early RA (according to the American College of
Rheumatology/European League Against Rheumatism 2010 criteria), 11 individuals with
clinically suspect arthralgia (CSA), and 28 healthy control subjects were recruited. Serum samples
were collected at the time of onset. In the early RA group, 50 patients who had not been exposed
to disease-modifying antirheumatic drug (DMARD) or glucocorticoid treatment at the time of
recruitment were prospectively followed up at 6 and 12 months after having received conventional
synthetic DMARD:s. A total of 75 oxylipins, mostly derived from arachidonic, eicosapentanoic,
and linoleic acids, were identified in the serum by liquid chromatography tandem mass
spectrometry.

Results.—Univariate analyses demonstrated differences in expression patterns of 14 oxylipins
across the RA, CSA, and healthy control groups, with each exhibiting a different trajectory.
Network analyses revealed a strong grouping pattern of oxylipins in RA patients, whereas in
individuals with CSA, a fuzzy network of oxylipins with higher degree and closeness was found.
Partial least-squares discriminant analyses yielded variable important projection scores of >1 for
22 oxylipins, which allowed the identification of 2 clusters. Cluster usage differed among the
groups (P = 0.003), and showed associations with disease severity and low rates of remission at 6
and 12 months in RA patients who were initially treatment-naive. Pathway enrichment analyses
revealed different precursors and pathways between the groups, highlighting the relevance of the
arachidonic acid pathway in individuals with CSA and the lipooxygenase pathway in patients with
early RA. In applying distinct oxylipin signatures, subsets of seropositive and seronegative RA
could be identified.

Conclusion.—Oxylipin networks differ across stages during the earliest phases of RA. These
distinct oxylipin networks could potentially elucidate pathways with clinical relevance for disease
progression, clinical heterogeneity, and treatment response.

INTRODUCTION

Rheumatoid arthritis (RA) is an immune-mediated rheumatic condition characterized by
chronic inflammation and joint destruction (1). Early diagnosis and prompt treatment guided
by treat-to-target goals is crucial to ensure long-term disease control (2). Interventions
during the early phase of RA are associated with higher rates of remission, probably due to
pathogenic mechanisms occurring at this point (3). Therefore, research into the early disease
phase is of utmost scientific relevance. The development of RA is a multistep process, in
which different phases can be distinguished (4). The recognition of the symptomatic phase
preceding clinical arthritis, referred to as clinically suspect arthralgia (CSA), represents the
first opportunity to identify patients at risk for progression to RA (5). This stage serves not
only to open a window for characterization of the changes underlying the shift from
systemic autoimmunity to overt joint synovitis, but also to delineate potential targets for
prevention of disease progression (5,6). Although the cellular and proteomic characterization
of these stages have been extensively pursued, the metabolomics, and mainly the lipidomics,
have received less attention.

In the “omics” era, lipids are emerging as pivotal mediators for several biologic processes
(7). Polyunsaturated fatty acids (PUFASs) and eicosanoids form one of the most complex
networks in biology, controlling many physiologic and pathologic processes, often in
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opposing directions (8). The role of eicosanoids in RA dates back to the 1970s and
mid-1980s, with the description of the cyclooxygenase (COX) and lipooxygenase (LOX)
pathways (9). However, the presence of these enzymes could not be used to fully account for
the underlying pathologic processes, and despite profound improvements in the clinical
management of RA, these pathways were observed to remain active even after treatment (8).
Consequently, a knowledge plateau was reached, in part due to technical limitations. It was
not until recently that the CYP450-derived lipid species were described (10), although their
role is still poorly characterized.

Lipidomics and high-throughput approaches have started a new investigative period aimed at
attaining a better understanding of the control of local inflammation in RA and its
progression to either resolution or chronification (11). A number of novel lipid mediators,
such as oxylipins, are now recognized as active players in either controlling the resolution of
the disease or fueling inflammation (11-13). Oxylipins have been reported to promote
migration of polymorphonuclear cells, enhance vascular permeability, control cytokine
production, and modulate oxidative stress species (11). Thus, oxylipins may be considered
attractive candidate biomarkers for further clarifying the mechanisms of tissue injury and
disease aggravation.

Previous results from our group revealed altered levels of different PUFAs in patients with
RA (14), which may reflect an accelerated metabolization toward their downstream
mediators, including oxylipins. It is plausible that applying new analytical technologies will
allow us to answer the question as to whether PUFA-derived oxylipin networks are altered in
RA, and help us to comprehensively analyze how disturbed oxylipin networks may be
associated with the clinical phenotype of the earliest stages of the disease. Therefore, the
aims of the present study were to 1) analyze oxylipin levels and networks during the earliest
stages of RA, including the preclinical CSA stage, 2) evaluate whether oxylipin expression
patterns may help identify patients with specific clinical features and treatment responses,
and 3) evaluate whether profiling of oxylipins may identify pathways related to disease
heterogeneity.

PATIENTS AND METHODS

Study participants.

The study was approved by the local institutional review board (Comité de Etica de
Investigacion Clinica del Principado de Asturias) in compliance with the Declaration of
Helsinki. All study subjects gave written informed consent.

Our study involved 60 patients with early RA, diagnosed according to the American College
of Rheumatology (ACR)/European League Against Rheumatism (EULAR) 2010
classification criteria (15), from the early arthritic clinic in the Department of Rheumatology
at Hospital Universitario Central de Asturias in Oviedo, Spain. Patients were recruited at the
time of disease onset. A complete clinical examination (see Supplementary Methods,
available on the Arthritis & Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.41537/abstract) was performed on all patients during the recruitment
appointment. Composite measures of disease activity were calculated, including the Disease
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Activity Score in 28 joints using the erythrocyte sedimentation rate (DAS28-ESR) (16) and
the Simplified Disease Activity Index (SDAI) (17). Patients who had not been exposed to
any disease-modifying antirheumatic drugs (DMARDS) or glucocorticoids at the time of
recruitment were considered to be treatment-naive (n = 50), and this group was prospectively
followed up with complete clinical examinations at 6 months (n = 46) and 12 months (n =
40) after having received treatment with conventional synthetic DMARDSs (csDMARDS).

Clinical management was performed according to the EULAR recommendations for the
management of RA with synthetic and biologic DMARDs (18). Clinical response was
evaluated using the EULAR response criteria (19) at 6 and 12 months of follow-up, and
patients exhibiting a good response were considered to be responders, whereas those with
moderate or no response were classified as nonresponders. Patients switching to a different
csDMARD during the first 12 months were also classified as nonresponders.

Individuals with CSA were recruited from the same clinic. These individuals were
considered to have CSA if they met >4 of the criteria in the EULAR definition of arthralgia
suspicious for progression to RA (5), which allows a sensitivity of 70% and specificity of
93.6%. Subjects without arthritis were recruited as healthy controls among age- and sex-
matched individuals from the same population of subjects who were without a diagnosis of
inflammatory rheumatic disease.

Exclusion criteria applied to all of the groups included presence of a preexisting
autoimmune or inflammatory condition, medical prescription for nonsteroidal
antiinflammatory drugs or coxibs, usage of fish oil supplements, or history of cancer or
recent infection (within 3 months of study recruitment). A fasting blood sample was
collected from all individuals by venipuncture, and serum samples were transferred to the
laboratory, processed under controlled, standardized procedures, and stored at —80°C within
2 hours of processing. Plasma samples from a subgroup of subjects (n = 6) were collected
and processed in parallel.

Lipid extraction and liquid chromatography tandem mass spectrometry (LC-MS/MS)
measurement of oxylipins.

All serum samples obtained at baseline were thawed once and immediately used for
isolation of free fatty acids and oxylipins as described previously (20,21). In brief, 50 pl of
serum was spiked with a cocktail of 26 deuterated internal standards that also included some
selected PUFAs, brought to a volume of 1 ml with 10% methanol. Thereafter, the samples
were purified by solid-phase extraction on a Strata-X column (see Supplementary Methods
[http://onlinelibrary.wiley.com/doi/10.1002/art.41537/abstract]).

Oxylipins in the sera were analyzed and quantified by LC-MS/MS as described previously
(20,21) (see Supplementary Methods [http://onlinelibrary.wiley.com/doi/10.1002/art.41537/
abstract]). Oxylipins and free fatty acids were quantitated using the stable isotope dilution
method. Identical amounts of deuterated internal standards were added to each sample and
to all of the primary standards used to generate standard curves (see Supplementary Methods
[http://onlinelibrary.wiley.com/doi/10.1002/art.41537/abstract]). The levels of oxylipins are
expressed in pmoles/ml.
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Statistical analysis.

RESULTS

Continuous variables are presented as the mean + SD or median with interquartile range,
whereas categorical variables are summarized as the number (percentage) of subjects. For
each oxylipin, the fatty acid precursor and pathway (first enzyme acting on the precursors)
were retrieved from the literature. If a nonenzymatic mechanism was described in the
literature, regardless of the experimental setting, it was included as well, in a conservative
approach.

Nonparametric tests were used to evaluate differences in oxylipin profiles across the groups,
and the Pvalues obtained were adjusted for multiple testing using the Benjamini-Hochberg
procedure (22). Linear regression models were used to control comparisons for potential
confounders. Oxylipin levels were log-transformed, normalized to the median value, and
scaled using the range-scaling method (23).

Correlograms and network analyses were built to analyze the correlations among the
oxylipins across conditions. Centrality measures were calculated for each metabolite and
condition (24). Partial least-squares discriminant analysis (PLS-DA) was used to identify
discriminant metabolites, with the analyses controlled for multicollinearity, and cross-
validation accuracy and permutation model statistics were retrieved. Oxylipins contributing
to group discrimination in the PLS-DA were selected on the basis of having a variable
important projection (VIP) score of >1 (24). VIP-selected metabolites were used in
unsupervised cluster analyses.

For comparisons between 2 groups, orthogonal PLS-DA (OPLS-DA) models were
constructed to evaluate group discrimination. These models enhance the interpretation and
discrimination based on intra- and interclass information, without a significant effect on
prediction power (25). Cross-validation of the OPLS-DA models was performed by
permutation analyses, and Q2 Pvalues were computed. Correlation analyses against
prespecified patterns were assessed, and correlation coefficients (determined using
Spearman’s rank correlation test), Pvalues, and false discovery rates were computed.

Pathway enrichment analyses were performed using the KEGG human genome library, with
a global test for pathway enrichment. Pathway topology analysis was used to assess
betweenness centrality. Raw P values (adjusted), Holm’s Pvalues, and pathway impact were
obtained for each pathway. Statistical analyses were carried out using R version 3.6.3 and
MetaboAnalyst version 4.0.

Serum oxylipin levels during the earliest stages of RA.

Serum oxylipins were measured in 60 patients with early RA (including 50 treatment-naive
patients), 11 individuals with CSA, and 28 matched healthy controls (characteristics of the
subjects are listed in Supplementary Table 1, available on the Arthritis & Rheumatology
website at http://onlinelibrary.wiley.com/doi/10.1002/art.41537/abstract). A total of 74
oxylipins derived from arachidonic acid (AA) (n = 39), docosahexanoic acid (DHA) (n =
13), linoleic acid (LA) (n = 7), eicosapentanoic acid (EPA) (n = 7), dihomo-y-linolenic acid
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(DHGLA) (n = 3), a-linolenic acid (ALA) (n = 2), and oleic acid (OA) (n = 2) were
identified by LC-MS/MS in the serum from patients with early RA (a complete list of the
identified oxylipins is shown in Supplementary Table 2, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/10.1002/art.41537/abstract). In
subgroup analyses, a good correlation was observed between the oxylipin levels measured in
the serum and oxylipin levels measured in the plasma (median Spearman’s R = 0.870, range
0.750-1.000).

Moreover, the peaks corresponding to leukotriene B4 (LTB,4) and 5S,12S-
dihydroxyeicosatetraenoic acid (5S,12S-diHETE) were compared in the serum samples from
patients with RA. Both metabolites showed similar fragmentation patterns by MS, but
showed baseline separation under the LC conditions employed, thus excluding the
possibility of a potential overlap in the chromatogram. Furthermore, a comparative analysis
of both analytes allowed us to exclude the possibility of a significant platelet—neutrophil
activation matrix during sample collection and preparation (see Supplementary Figure 1,
available on the Arthritis & Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.41537/abstract), as 5S, 12S-diHETE is considered a product of activated
platelets and neutrophils.

A total of 14 oxylipins exhibited different serum levels across the groups (see
Supplementary Table 3, available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.41537/abstract). Oxylipins exhibited different
trajectories, with some showing peaking levels in patients with RA, whereas others showed
peaking levels in individuals with CSA or healthy controls (see Supplementary Figure 2,
available on the Arthritis & Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.41537/abstract). The change was not always gradual across the groups, thus
pointing to the existence of complex, individual patterns requiring a global approach. No
associations with age, sex, body mass index, or traditional cardiovascular risk factors were
observed in any of the study groups (all > 0.05). Similarly, exclusion of patients who were
receiving medications at the time of recruitment (n = 10) did not change these results.
Oxylipin levels were not observed to parallel the extent of disease activity in RA patients (all
P> 0.05). It must be noted that most of the patients had a status of high disease activity.

Correlograms showing the associations among the oxylipins (Figure 1A) provided evidence
of more defined oxylipin groupings in healthy controls and patients with RA, in contrast to a
more widespread pattern in individuals with CSA. Network graphs were generated to
analyze the interactions among the oxylipins (Figure 1B). These analyses confirmed that the
different clinical stages were hallmarked by distinct oxylipin profiles. Healthy controls
exhibited a well-defined group of oxylipins that were closely associated with each other,
comprising mostly AA-derived and DHA-derived oxylipins, the latter being in a central
location. Overall, a relatively clear grouping pattern by precursors could be distinguished.

In patients with RA, a smaller group of oxylipins could be observed. These oxylipins were
strongly correlated with each other, were located in an eccentric location, and included
EPA-, DHA-, and AA-derived species, although a more diverse grouping was noted.
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Moreover, some nodes served as links between this group and smaller groups within the rest
of the network.

Finally, the oxylipin network in individuals with CSA exhibited a fuzzy pattern, with less
clear groupings, a more heterogeneous distribution of nodes, and a higher number of
connections among them. Values for each centrality measure (degree, expected influence,
betweenness, and closeness) supported these findings, since higher degree and closeness was
observed in individuals with CSA, whereas specific compounds exhibited higher
betweenness in patients with RA (see Supplementary Figure 3, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/10.1002/art.41537/abstract).
These results confirm that quantitative and qualitative differences in oxylipin levels were
present during the earliest phases of RA, even at the preclinical stage of arthralgia.

Identification of clinically relevant clusters by oxylipin profiling.

Multivariate approaches were conducted to capture the global picture of oxylipin
disturbances. A PLS-DA with all identified metabolites (12.1% of the total variance
explained, R? = 0.461, 71.0% cross-validation accuracy, and empirical permutation =5 x
1074) achieved a partial discrimination among the groups (Figure 2A), although a certain
overlap existed. Interestingly, the PLS-DA findings in the CSA group revealed an
intermediate oxylipin profile, falling between the profiles of the healthy control and RA
groups. These findings indicate that oxylipin profiles may not be useful for accurate
prediction of group classification, but do suggest that oxylip-in-based group similarities may
exist.

A total of 22 oxylipins had a VIP score of >1 (Figure 2B). This finding was used for
heatmap visualization and cluster analysis (including all study subjects). A group-averaged
heatmap (Figure 2C) confirmed the previous global differences in oxylipin levels, with an
intermediate, “transitional” profile observed in individuals with CSA, although some CSA-
specific disturbances were also noted. Interestingly, the RA and CSA groups showed a close
similarity of profiles.

Results of the cluster analysis (Figure 2D) allowed the identification of 2 oxylipin clusters
(cluster 1 and cluster I1). Cluster usage differed among the groups (= 0.003) (Figure 2E),
thus confirming the differences observed in network analyses and the partial overlap
observed in the PLS-DA model. These findings point to a potential clinical relevance of the
oxylipin profiles.

Whereas the healthy controls mostly had groupings in cluster I, individuals with CSA and
patients with RAwere observed to have groupings in both cluster I and cluster 11. Therefore,
we analyzed whether the different oxylipin clusters were related to specific clinical features
in RA. Patients with RA exhibiting cluster | had higher scores on visual analog scales (VAS)
for patient global assessment (2= 0.016) and patient assessment of pain (2= 0.003) as
compared to the scores from their cluster Il counterparts, whereas no between-cluster
differences in other RA features were noted (Table 1).
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The clinical response to csDMARD treatment (low-dose glucocorticoids and methotrexate)
was compared between clusters among the RA patients who were initially treatment-naive.
Interestingly, at 6 months following csDMARD treatment, cluster | patients were less likely
to achieve a EULAR good response compared to their cluster Il counterparts (5 [31.2%] of
16 patients in cluster | versus 21 [70.0%] of 30 patients in cluster |1 classified as responders;
P=0012). Equivalent results were observed when the response at 6 months was assessed as
achievement of DAS28 remission (4 of 16 patients in cluster | versus 20 of 30 patients in
cluster Il; £=10.007) and SDAI remission (3 of 13 patients in cluster I versus 14 of 29
patients in cluster 1I; 2= 0.05). Furthermore, differences in response between the 2 clusters
were also seen at 12 months, according to the frequency of a EULAR good response (4 of 13
patients in cluster | versus 17 of 27 patients in cluster Il; = 0.056) and achievement of
remission based on the DAS28 criteria (4 of 13 patients in cluster | versus 17 of 27 patients
in cluster 1I; A= 0.056). Two patients in cluster | and 3 patients in cluster Il were switched to
a different csDMARD at 12 months. No patients were switched to a biologic DMARD.

All of these results suggest that oxylipin profiling can delineate disease clusters that could be
differentiated across conditions, with CSA showing an intermediate profile. Moreover, these
profiles are associated with clinical features and early treatment response in RA. Thus, our
findings support the role of oxylipins in shaping the early RA clinical phenotype.

Identification of pathways with clinical relevance for arthritis using oxylipin signatures.

We next aimed to identify whether oxylipins could delineate metabolic pathways related to
disease progression or clinical heterogeneity at the onset of RA. First, an OPLS-DA method
was carried out to evaluate whether oxylipins can discriminate between healthy controls and
individuals with CSA (Figure 3A) (permutation empiric Q2 P=0.014). Since a
discrimination was achieved, a correlation analysis against the prespecified transition pattern
of healthy control—CSA was performed to identify those oxylipins showing a linear
increase in absolute levels in individuals with CSA relative to healthy controls (Figure 3B).
A group of 8 oxylipins showing this pattern was identified, deriving from AA (4 oxylipins),
LA (2 oxylipins), DHA (1 oxylipin), and DHGL4 (1 oxylipin) precursors, and from the LOX
(4 oxylipins), CYP (3 oxylipins), and COX (1 oxylipin) pathways (see Supplementary Table
4, available on the Arthritis & Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.41537/abstract).

A similar discriminant analysis for the pattern of CSA—RA (permutation empiric Q2 P=
0.054) was carried out, resulting in identification of 5 species of significance in
discriminating patients with early RA, derived from LA (2 oxylipins), EPA (1 oxylipin), AA
(1 oxylipin), and DHGLA (1 oxylipin), with almost all (4 of the 5) originating from the LOX
pathway (Figures 3C and D) (see also Supplementary Table 5, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/10.1002/art.41537/abstract).

Furthermore, pathway enrichment analyses confirmed a higher impact of AA metabolism for
the healthy control versus CSA comparison, whereas LA metabolism was ranked as the
pathway with the highest impact for the CSA versus RA comparison (see Supplementary
Tables 6 and 7, available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.41537/abstract). Interestingly, analysis of the
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healthy control—CSA—RA pattern identified a group of 18 species, mostly deriving from
AA (12 species) and from the COX pathway (8 species) (see Supplementary Figures 4A and
B, available on the Arthritis 6 Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.41537/abstract).

In addition, we evaluated whether oxylipin expression patterns can reveal differences
between the seropositive RA (rheumatoid factor [RF]—positive/anti—citrullinated protein
antibody [ACPA]-positive) subset and the seronegative RA (RF-negative/ ACPA-negative)
subset. An OPLS-DA of the oxylipin profiles revealed a good discrimination between
healthy controls and patients with seronegative RA (permutation empiric Q2 £=0.05)
(Figure 4A). Correlation analyses identified a group of 7 oxylipins that were differentially
expressed (Figure 4B), mostly deriving from AA (3 oxylipins) and OA (2 oxylipins), with
the COX pathway (3 oxylipins) and nitration pathway (2 oxylipins) being the most important
(see Supplementary Table 8, available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.41537/abstract). An OPLS-DA of the oxylipin
profiles also revealed that healthy controls could be discriminated from patients with
seropositive RA (permutation Q2 empiric 2= 0.054), although a partial overlap was noted
(Figure 4C). In this case, a higher number of oxylipins (13 oxylipins) was found to be
significant in the correlation analysis (Figure 4D), with AA (9 oxylipins) and 5-LOX (6
oxylipins) being the most common precursors and pathways retrieved, respectively (see
Supplementary Table 9, available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.41537/abstract). Accordingly, pathway enrichment
analyses revealed a higher relevance of the AA metabolism pathway in the seropositive RA
subset than in the seronegative RA subset (see Supplementary Tables 10 and 11, available on
the Arthritis & Rheumatology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.41537/abstract).

Thus, oxylipin profiling may help define the relevant pathways related to disease
heterogeneity in patients with RA. We found that different species were related to the
different disease stages underlying the early phase of RA. Similarly, the oxylipin profiles
revealed divergent pathways between seronegative and seropositive RA.

DISCUSSION

A growing body of studies supports the use of lipidomics to gain a greater understanding of
complex diseases and unveil pathogenic circuits linked to disease progression and new
targets. The results herein support, for the first time, the occurrence of alterations in PUFA-
derived oxylipins during the earliest phases of arthritis. Oxylipin profiling can identify
subsets of patients with different clinical features and treatment responses, and may
elucidate specific metabolic pathways that are differentially expressed between disease
subsets. Based on our findings, oxylipin profiling could be considered an attractive source of
biomarkers and potential targets for the early phase of inflammatory arthritis.

A remarkable finding from our study was the noticeable disturbance in oxylipin networks
across the groups, which delineated distinct global patterns among the healthy controls,
individuals with CSA, and patients with RA. Importantly, these patterns could not be
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attributed to class-specific (w-3— or w-6-derived) general impairments, but rather, might be
attributed to distinct patterns for each individual compound. This notion has already been
previously documented by our group (14) and by others (26) at the level of fatty acid
precursors, thus underlining the need for complex, global approaches to account for the
heterogeneity of these species and for a simultaneous assessment of the main pathways
involved. Equivalent results were obtained in synovial fluid (27), thereby supporting this
notion. Moreover, oxylipin levels were not related to demographic features or traditional
cardiovascular risk factors in any of the study groups, consistent with previously reported
findings. Furthermore, our findings in the cohort of treatment-naive patients with early RA
rule out the possibility of the influence of disease duration and treatment exposure, thus
pointing to oxylipin networks as playing an active role in the disease, as opposed to being
innocent bystanders.

The most interesting result from our study was the identification of alterations in oxylipins
during the earliest stages of RA, including early RA as well as CSA. Preventive
interventions at the CSA stage (28) are limited because of the poor characterization of the
underlying pathogenic mechanisms. Although previous studies have identified some
metabolites (29), the lipid compartment has been largely neglected. Our results support the
role of oxylipins as potential factors in this setting. These findings are in line with studies
showing lower w-3—derived PUFA levels in individuals at high risk of developing RA (30),
and demonstrating changes in gene expression related to lipid metabolism at this stage (31).
Moreover, we have recently reported that reduced circulating DHA, EPA, and AA levels can
be found in patients with RA at the time of disease onset (14), suggesting that lipid
metabolism is potentially disturbed in RA. The results herein reinforce this hypothesis, and
go further by identifying the actual species altered in the arthralgia stage downstream of the
main PUFA precursors.

Individuals with CSA exhibited a genuine widespread oxylipin network with higher degree
and betweenness. This may be the result of a transitional status in which a high number of
metabolic interactions are operating, or also a consequence of group heterogeneity. CSA
itself is a very heterogeneous stage of arthritis, with a number of possible clinical outcomes
reported (32), from resolution to chronification. The fact that individuals with CSA were
equally represented in the 2 oxylipin clusters identified and that there was overlap in the
PLS-DA findings between the healthy control and RA groups support this idea. More
importantly, absolute levels of oxylipins also revealed specific alterations in the CSA group
that were not present in patients with RA or healthy controls. Furthermore, an important
number of oxylipins exhibited decreased levels in individuals with CSA, with a certain
degree of recovery observed in patients with RA, although other trajectories were also noted
(see Supplementary Figure 2, [http://onlinelibrary.wiley.com/doi/10.1002/art.41537/
abstract]), and therefore further research is warranted.

Correlation analyses comparing healthy controls to individuals with CSA or individuals with
CSA to patients with RA led to insights into the potential changes occurring in the multistep
development of RA. First, the analysis comparing healthy controls to individuals with CSA
identified 8 differentially expressed species originating from 4 different precursors and
major pathways, whereas the comparison of individuals with CSA to patients with RA
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yielded fewer differentially expressed species, mostly derived from LAs and the LOX
pathway. Pathway analyses supported these differences. Overall, these findings suggest that
distinct oxylipin alterations are associated with the different stages along the course of RA.
A more diverse picture is evident in the earlier preclinical arthralgia stage, which is
consistent with the different risk factors and mechanisms associated with the first events in
the triggering of RA (33), while a more convergent effect is evident when comparing
individuals with CSA to patients with RA, in which mechanisms are thought to be shared
among disease subsets (34,35). Importantly, these discrepancies may be the result of the
natural regulation of eicosanoid pathways, hallmarked by an initial production of
proinflammatory species (mostly AA-derived) that prompt a class-switch to an
antiinflammatory, homeostatic response (36,37). However, antiinflammatory and
proresolving functions are not equivalent (38), and it is plausible that a stronger shift toward
proresolution may be needed to control the phase of CSA transitioning to RA.

Oxylipins showing a significant difference between individuals with CSA and patients with
RA may be conceived as potential therapeutic targets to prevent disease progression.
Actually, the LOX pathway has been recently described to be up-regulated at the synovial
level in patients with RA in comparison to patients with osteoarthritis, while other enzymatic
pathways remain unchanged (27). Due to the relevance of LOX-derived species in this
setting, LOX inhibition may be an attractive therapeutic candidate. In fact, zileuton-mediated
LOX inhibition has already been studied in patients with RA, although no clinical efficacy
was demonstrated in those with established disease (39). However, in light of our results,
further research on the effect of LOX inhibition on disease progression, rather than on
management of the disease, must be considered. This is supported by studies in animal
models in which treatment was administered very early (40). The fact that LOX expression
is persistent along the disease course, remaining unchanged by conventional treatments (41),
emphasizes the need to initiate earlier intervention. Alternatively, and due to the synergistic
effects among the oxylipins, dual COX/LOX inhibitors may also be considered (42).

Importantly, differences were noted between the 2-step analyses (healthy controls versus
individuals with CSA and individuals with CSA versus patients with RA) and the global
analyses (healthy controls versus individuals with CSA versus patients with RA). Although
the latter global approach mostly supported the role of AA and LOX as a whole, a
compartmentalization was noted in the 2-step process, which aligns with the different
oxylipin trajectories and allows for the identification of potential targets for tailored
strategies, the main goal of personalized medicine (43), thus supporting the rationale of our
analyses.

Our results shed new light on the potential role of oxylipins in early RA. Decreased EPA and
DHA levels, which were linked to the altered levels of their derived species, were observed
at the time of disease onset, thereby strengthening our previous findings (14). Cluster
analyses revealed that 2 oxylipin profiles could be distinguished among RA patients. One of
the clusters was predominantly present in healthy controls, which may be a more
homeostatic profile, whereas the other cluster identified a group of RA patients with more
severe clinical features, including higher VAS pain scores. This is aligned with previous
evidence from clinical trials assessing fish oils and omega-3 supplements, in which a
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protective effect on pain was demonstrated in patients with RA (44,45). Importantly,
eicosanoid metabolites are known to activate nociceptive pathways (46), but the actual
mediators are unknown. Moreover, this cluster was also associated with csDMARD
treatment outcomes. Since early remission is an important aim in treat-to-target strategies
(47,48), oxylipin networks should be further studied either for their role as biomarkers or for
their actionable mechanisms, to facilitate clinical management.

Finally, oxylipin profiling led us to identify differences between seronegative and
seropositive RA. Although previous metabolomics studies have shown distinct metabolomic
signatures in seronegative RA patients, the exact compounds have not been elucidated (49).
Our results confirm that whereas both subsets could be distinguished from controls based on
oxylipin signatures, the precursors and pathways greatly differed between them. These
results underscore the differences between these 2 RA subsets and add another layer of
complexity by identifying oxylipin networks as potential contributors. Whereas AA
metabolism clearly dominated the oxylipin signature in seropositive RA patients, less impact
was observed in seronegative RA patients, as demonstrated in the correlation and pathway
analyses. Importantly, OA-derived nitrooleates, which are strong antiinflammatory lipids
(50), and DHA- and EPA-derived species, in addition to COX products, were associated
with seronegative RA. Due to the complexity of the seronegative subset of the disease, these
findings warrant further research into these pathways.

In summary, the results of this study demonstrate that serum oxylipin levels were altered
during the earliest stages of RA, and specific alterations were found even at the arthralgia
stage, which may reflect an altered PUFA metabolism. Oxylipin networks at the time of
onset of RA were related to the clinical phenotype of the disease and can be predictive of the
response to treatment. More importantly, oxylipin profiling helped to identify metabolic
pathways relevant to the heterogeneity of the disease.

Our study has key strengths, such as the comprehensive recruitment of the study subjects as
well as characterization of the subjects from a clinical point of view, the use of a robust
targeted metabolomics platform, and the use of a robust and well-adjusted multiparametric
statistical approach. Yet, this study has some limitations that must be noted, including the
cross-sectional design, which did not allow for prospective follow-up of the subjects with
CSA, and lack of information on other lipid species. Although our approach included cross-
validation and permutation tests, an important limitation of our findings is the lack of an
external validation cohort. Under these circumstances, it is unclear whether the results could
be generalized beyond the patient cohort recruited.

The potential effect of diet may also be a factor that should be considered, although our
previous results failed to demonstrate a significant effect of diet on PUFA levels (51,52).
Moreover, the effect of the sample type (serum versus plasma) must be taken into account to
ensure comparability with other studies.

Finally, pathway assignment was based on information from the existing literature. Whether
a promiscuous oxylipin production by other enzymes or by nonenzymatic reactions exists in
pathologic conditions cannot be totally ruled out. However, data on the involvement of

Arthritis Rheumatol. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rodriguez-Carrio et al. Page 13

nonenzymatic pathways were extracted from the broad literature, and it has not been proven
that these pathways were the main mechanisms in the setting of RA; therefore, its relevance
needs to be evaluated with caution. Nevertheless, the use of pathway enrichment analyses
and a well-recognized genome library confers some degree of validation to our results.

Taken together, these findings should notably improve our understanding of the eicosanoid
networks in very early RA and should pave the ground for future, larger, multicentric and
prospective studies to address this topic. However, studies in larger external cohorts of
patients are needed to ensure the generalizability of our findings. In addition, to assess
underlying metabolic changes in the inflamed joint, future research should also focus on the
synovial membrane, as has been the focus in studies by other groups (27), including analysis
of paired serum and synovial samples from RA patients. Expanding the lipid spectra to be
investigated in patients with RA and conducting a global integration of the lipid layer with
the rest of the clinical and biologic data are key steps that should be implemented as part of
the research agenda.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Analyses of correlations among oxylipins. A, Correlation matrices among oxylipins were

plotted in correlograms by group (healthy controls [HC], individuals with clinically suspect
arthralgia [CSA], and patients with rheumatoid arthritis [RA]). Tile colors represent the
proportional strength of the correlation between each pair of oxylipins. B, Network analyses
based on oxylipin concentrations were performed across study groups. Each node
corresponds to a single oxylipin (numbered 1-74). Node colors represent each precursor,
including arachidonic acid (AA), docosahexanoic acid (DHA), eicosapentanoic acid (EPA),
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linoleic acid (LA), dihomo-y-linolenic acid (DHGLA), a-linolenic acid (ALA), and oleic
acid (OA). Lines between nodes illustrate the strength (width) and type (positive [green]
versus negative [red]) of the correlations between each pair of oxylipins. The relative
position of the nodes parallels its correlation: nodes more closely correlated are located
closer to each other. 1 = thromboxane B,; 2 = prostaglandin F,.; 3 = prostaglandin Ey; 4 =
prostaglandin D,; 5 = thromboxane B1; 6 = prostaglandin E; 7 = thromboxane Bs; 8 =
prostaglandin E3; 9 = 20-hydroxy-prostaglandin Ep; 10 = 13, 14-dihydro-15-keto-
prostaglandin E,; 11 = tetranor 12-hydroxyeicosatetraenoic acid; 12 = 12-hydroxy-5,8,10-
heptadecatrienoic acid; 13 = 11-hydroxyeicosatetraenoic acid; 14 = 11-
hydroxyeicosapentaenoic acid; 15 = 13-hydroxy-docosahexaenoic acid; 16 = prostaglandin
Bo,; 17 = prostaglandin J,; 18 = 9-hydroxyeicosatetraenoic acid; 19 = 9-hydroxyeicosa-
pentaenoic acid; 20 = 16-hydroxy-docosahexaenoic acid; 21 = 20-hydroxy-docosahexaenoic
acid; 22 = leukotriene By; 23 = 20-OH-leukotriene Bg; 24 = 12-oxo-leukotriene By; 25 =
leukotriene E4; 26 = 5-hydroxyeicosatetraenoic acid; 27 = 5- hydroxyeicosa-pentaenoic
acid; 28 = 4-hydroxyoctadeca-4,7,10,12,16-pentaenoic acid; 29 = 9-hydroxy-10,12,15-
octadecatrienoic acid; 30 = 5-hydroxyicosatrienoic acid; 31 = 7,17-
dihydroxy-5,8,10,13,15,19-docosahexaenoic acid/resolvin Dg; 32 = 10,17-
dihydroxydocosahexaenoic acid/neuroprotectin Dq; 33 = 15-hydroxyeicosatetraenoic acid;
34 = 15-hydroxy-5,8,11,13,17-eicosapentaenoicacid; 35 = 17-hydroxy-docosahexaenoic
acid; 36 = 13-hydroxy-9,11-octadecadienoic acid; 37 = 13-hydroxy-10,12,15-
octadecatrienoic acid; 38 = 15-hydroxyicosatrienoic acid; 39 = 8-hydroxyeicosatetraenoic
acid; 40 = 10-hydroxy-docosahexaenoic acid; 41 = 8-hydroxyicosatrienoic acid; 42 = 12-
hydroxyeicosatetraenoic acid; 43 = 12-hydroxyeicosa-pentaenoic acid; 44 = 14-hydroxy-
docosahexaenoic acid; 45 = 11-hydroxy-docosahexaenoic acid; 46 = 9-hydroxy-9,11-
octadecadienoic acid; 47 = 12-oxoeicosa-5,8,10,14-tetraenoic acid; 48 = 9-
oxooctadeca-10,12-dienoic acid; 49 = 20-hydroxyeicosatetraenoic acid; 50 = 18-
hydroxyeicosatetraenoic acid; 51 = 17-hydroxyeicosatetraenoic acid; 52 = 16-
hydroxyeicosatetraenoic acid; 53 = 18-hydroxyeicosa-pentaenoic acid; 54 = 5,6-
epoxyeicosa-8,11,14-trienoic acid; 55 = 8,9-epoxyeicosa-8,11,14-trienoic acid; 56 = 11,12-
epoxyeicosa-8,11,14-trienoic acid; 57 = 14,15-epoxyeicosa-8,11,14-trienoic acid; 58 =
16(17)-epoxy-4,7,10,13,19-docosapentaenoic acid; 59 = 19,20-dihydroxy-4,7,10,13,16-
docosapentaenoic acid; 60 = 9,10-epoxyoctadec-12-enoic acid; 61 = 12,13-
epoxyoctadec-12-enoic acid; 62 = 5,6-dihydroxyicosatrienoic acid; 63 = 8,9-
dihydroxyicosatrienoic acid; 64 = 11,12-dihydroxyicosatrienoic acid; 65 = 14,15-
dihydroxyicosatrienoic acid; 66 = 9,10-dihydroxy-12-octadecenoic acid; 67 = 12,13-
dihydroxy-12-octadecenoic acid; 68 = arachidonic acid; 69 = adrenic acid; 70 =
eicosapentanoic acid; 71 = docosahexanoic acid; 72 = 20-carboxy-arachidonic acid; 73 = 9-
nitrooleate; 74 = 10-nitrooleate.
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Figure2.

Oxylipin profiling across study groups. A, Partial least-squares discriminant analysis (PLS-
DA) was used to assess the discriminant capacity of all identified oxylipins, based on the
amount of variance explained by the first 2 components. B, The top 25 oxylipins were
ranked based on variable important projection (VIP) scores from the PLS-DA model (left).
The heatmap indicates the concentration ranks across the different groups (right). C, A
group-averaged heatmap was constructed based on the 22 oxylipins with a VIP score >1. D,
A heatmap based on the 22 oxylipins with a VIP score >1 was used to identify 2 oxylipin
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clusters according to levels (ranging from high [shades of red] to low [shades of blue]). In C
and D, the upper key indicates group classes. E, The number (%) of individuals in each
oxylipin cluster is shown by study group. See Figure 1 for other definitions.
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Figure 3.
Oxylipin signatures associated with the earliest stages of RA. A and C, Orthagonal partial

least-squares discriminant analysis models were constructed to evaluate the discriminant
capacity of all oxylipins identified, showing comparisons between the healthy control and
CSA groups (A) or the CSA and RA groups (C). B and D, Correlation patterns were
determined for the top 25 oxylipins exhibiting the transition patterns healthy controlACSA
(B) or CSAARA (D), based on Spearman’s rank correlation test as a distance measure.
Oxylipins with statistically significant correlations are highlighted in boldface type. See

Figure 1 for definitions.
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Oxylipin signatures associated with seropositivity in early RA. A and C, Orthagonal partial
least-squares discriminant analysis models were constructed to evaluate the discriminant
capacity of all oxylipins identified, showing comparisons between the healthy control and
seronegative RA (rheumatoid factor-negative/anti-citrullinated protein antibody-negative)
groups (A) or the healthy control and seropositive RA groups (C. B and D, Correlation
patterns were determined for the top 25 oxylipins exhibiting the transition patterns healthy
control—eronegative RA (B) or healthy control—seropositive RA (D), based on
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Spearman’s rank correlation test as a distance measure. Oxylipins with statistically
significant correlations are highlighted in boldface type. See Figure 1 for definitions.
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