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Abstract: Background. Metabolic syndrome (MetS) is a complex condition encompassing a constel- 40 
lation of cardiometabolic abnormalities. Oxylipins are a superfamily of lipid mediators regulating 41 
many cardiometabolic functions. Plasma oxylipin signature could provide a new clinical tool to 42 
enhance the phenotyping of MetS pathophysiology. Methods. A high-throughput validated mass 43 
spectrometry method allowing the quantitative profiling of over 130 oxylipins was applied to iden- 44 
tify and validate the oxylipin signature of MetS in two independent nested case/control studies in- 45 
volving 476 participants. Results. We identified an oxylipin signature of MetS (coined OxyScore) 46 
including 23 oxylipins and having high performances of classification and replicability (cross-vali- 47 
dated AUCROC of 89%, 95% CI: 85%-93% and 78%, 95% CI: 72%-85% in the Discovery and Replica- 48 
tion studies, respectively). Correlation analysis and comparison with a classification model incor- 49 
porating the MetS criteria showed that the oxylipin signature brings consistent and complementary 50 
information to the clinical criteria. Being linked with the regulation of various biological processes, 51 
the candidate oxylipins provide an integrative phenotyping of MetS regarding the activation and/or 52 
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negative feedback regulation of crucial molecular pathways. This may help identify patients at 53 
higher risk of cardiometabolic diseases. Conclusion. The oxylipin signature of patients with meta- 54 
bolic syndrome enhances MetS phenotyping and may ultimately help to better stratify the risk of 55 
cardiometabolic diseases. 56 

Keywords: oxylipins; lipid mediators; lipidomics; metabolic syndrome; metabolic phenotyping 57 
 58 

1. Introduction 59 
Metabolic syndrome (MetS) is a serious global public health concern. It is reaching 60 

epidemic proportions with a global prevalence estimated to be about one quarter of the 61 
world population [1]. It is a progressive and heterogeneous condition encompassing a 62 
constellation of cardiometabolic abnormalities including central obesity, elevated blood 63 
pressure, hypertriglyceridemia, low high density lipoprotein cholesterol (HDLc) and dys- 64 
glycemia [2], when associated, culminate in a 5-fold and 3-fold increased risk of type 2 65 
diabetes mellitus and cardiovascular diseases, respectively [3]. Mechanisms underlying 66 
MetS are complex and incompletely understood but there is epidemiological evidence 67 
showing strong associations with inflammation, oxidative stress, alteration of insulin sen- 68 
sitivity and thrombosis as well as endothelial, renal and hepatic dysfunctions [4].  69 

From a clinical perspective, it is crucial to provide a more complete view of the mo- 70 
lecular pathways involved in the onset and development of MetS to better understand, 71 
stratify, and ultimately prevent the risk of cardiometabolic diseases [5]. In this field, 72 
metabolomics and lipidomics are powerful tools that can capture the complexity of MetS 73 
and inform on underlying mechanisms at the metabolite level [6]. Untargeted data-driven 74 
metabolomics has proven its utility to comprehensively characterize the metabolic 75 
changes observed in MetS [7, 8]. However, the coverage of untargeted assays is often lim- 76 
ited to the most abundant metabolites (such as building blocks of cell membrane and 77 
“fuel” metabolites involved in energy production and storage) and does not inform on 78 
signaling metabolites that are present at lower concentrations [9]. Moreover, the partial 79 
mapping of the metabolome and annotation uncertainties limit biological interpretation 80 
[7]. To circumvent this limitation while keeping a systemic approach, we have targeted a 81 
specific class of lipid mediators called oxylipins (including eicosanoids) arising from the 82 
oxygenation of polyunsaturated fatty acids (PUFAs) through the coordinated action of 83 
over 50 unique and cell-specific enzymes [10]. Oxylipins are produced in abundance dur- 84 
ing inflammation and oxidative stress, two underlying processes in the pathogenesis of 85 
MetS [11]. Moreover, oxylipins are involved in the regulation of a vast array of biological 86 
processes related to cardiometabolic health including blood clotting, endothelial permea- 87 
bility, blood pressure, vascular tone, adipogenesis, along with glucose homeostasis and 88 
insulin signaling [10, 12, 13]. Based on this, we hypothesized that comprehensive oxylipin 89 
profiling could identify relevant biomarker patterns of the MetS to be used in clinics to 90 
enhance the phenotyping of MetS pathophysiology. A high-throughput validated mass 91 
spectrometry method allowing the quantitative profiling of over 130 oxylipins [14, 15] was 92 
applied to identify the oxylipin signature of MetS in a case-control study nested in the 93 
Polish branch of the Prospective Urban and Rural Epidemiological (PURE) cohort. We 94 
then replicated the study in an independent population, namely the French NutriNet- 95 
Santé cohort, allowing external validation of the newly discovered oxylipin signature. 96 

2. Results 97 
2.1. Baseline characteristics of participants 98 

As shown in Table 1, differences between Cases (i.e. participants with ≥3 criteria of 99 
MetS including obesity, high blood pressure, hypertriglyceridemia, low HDL-c and hy- 100 
perglycemia as described in [3]) and Controls (participants with <3 criteria of MetS) were 101 
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comparable for both the Discovery and the Replication studies, except for the level of ed- 102 
ucation, the localization and the level of low density lipoprotein cholesterol (LDLc) that 103 
were significantly different only between Case and Control participants of the Discovery 104 
study. Moreover, when looking at deviation from the mean of the cardiometabolic criteria  105 
(Figure 1), differences between Case and Control participants were slightly more pro- 106 
nounced in the Discovery study than in the Replication study. The contrast between both 107 
studies was particularly apparent for the MetS-z-score (z-score integrating the five criteria 108 
of MetS [16]) and HDLc. 109 

 110 
Figure 1. Baseline cardiometabolic differences between the Control and MetS participants of the 111 
Discovery and the Replication studies. Volcano plots showing baseline differences of MetS status 112 
(a) between Case and Control participants of the Discovery study and (b) between Case and Control 113 
participants of the Replication study. Differences between Case and Control are expressed in stand- 114 
ard deviation (SD) and were assessed using Wilcoxon signed-rank test followed by multiple tests 115 
correction (BH). Dash line represents the significant threshold (p-value BH =0.0005). HDLc: high 116 
density lipoprotein cholesterol, TG: triglycerides, fast. Glc: fasting glucose, waist circ: waist circum- 117 
ference, DBP and SBP: diastolic and systolic blood pressure. 118 

2.2. Lipidomic profiling identifies consistent oxylipin signatures of metabolic syndrome between 119 
the Discovery and the Replication studies 120 

In order to validate the consistency of the oxylipin signature discriminating partici- 121 
pants with or without MetS, we performed two independent oxylipin selections in the 122 
Discovery and Replication studies respectively (Figure S1). The bootstrap-enhanced Elas- 123 
tic-net selection made in the Discovery study identified 23 oxylipins consistently linked 124 
to the outcome. These candidate oxylipins include 4 epoxy-PUFAs (i.e. 9(10)-epoxy-stearic 125 
acid, 9(10)-EpOME, 11(12)-EpETrE and 11(12)-EpETE), 2 ketone-PUFAs (9- and 13-oxo- 126 
ODE), 12 mid-chain hydroxyl-PUFAs (10- and 12-HODE, 5- and 15-HETrE, 5-, 15- and 16- 127 
HETE, 5- and 8-HEPE, 4-, 7- and 11-HDHA) and 5 vicinal dihydroxy-PUFAs (9,10-Di- 128 
HOME, 9,10-DiHODE, 5,6- and 14,15-DiHETrE, and 7,8-DiHDPE). The replication of the 129 
bootstrap-enhanced Elastic-net selection in the Replication study identified 17 candidate 130 
oxylipins including 5 epoxy-PUFAs (9(10)-epoxy-stearic acid, 12(13)-EpODE, 14(15)- 131 
EpEDE, 11(12)-EpETrE and 11(12)-EpETE), 2 ketone-PUFAs (9- and 13-oxo-ODE), 8 mid- 132 
chain hydroxy-PUFAs (9-, 13- and 15-HODE, 5- and 12-HETrE, 5-HEPE, 7- and 11-HDHA)  133 

 134 
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Table 1. Baseline characteristics of the population selected for the Discovery and Replication studies. 135 
 DISCOVERY study1 REPLICATION study2 

Variables Controls (n=137) Cases (n=137) p-value3 Controls (n=101) Cases (n=101) p-value3 

Men, N (%) 53 (38.7) 53 (38.7) NS 36 (35.6) 36 (35.6) NS 

Age, mean (SD) 53.8 (8.4) 53.8 (8.3) NS 61.1 (8.4) 61. 2 (8.3) NS 

Education level (primary/secondary/superior), N (%) 6/71/60 

(4.4/51.8/43.8) 

25/80/32 

(18.2/58.4/23.4) 

<0.001 5/35/61 

(4.9/34.7/60.4) 

5/45/51 

(4.9/44.6/50.5) 

NS 

Localization (rural/urban), N (%) 30/107 

(21.9/78.1) 

69/68 

(50.4/49.6) 

<0.001 28/73 

(27.7/72.3) 

26/75 

(25.7/74.3) 

NS 

Smoking status (never/former/current), N (%) 76/32/29 

(55.5/23.4/21.2) 

66/42/29 

(48.2/30.7/21.2) 

NS 46/50/5 

(45.5/49.5/5.0) 

46/50/5 

(45.5/49.5/5.0) 

NS 

Physical activity (low/moderate/intense), N (%) 0/37/100 

(0/27.0/73.0) 

0/32/105 

(0/23.4/76.6) 

NS 14/41/46 

(13.9/40.6/45.5) 

14/41/46 

(13.9/40.6/45.5) 

NS 

Season of blood draw (winter/spring/summer/fall), N (%) 37/25/15/60 

(27.0/18.2/10.9/43.8) 

24/26/25/62 

(17.5/19.0/18.2/45.3) 

NS 28/34/14/25 

(27.7/33.7/13.9/24.8) 

28/34/14/25 

(27.7/33.7/13.9/24.8) 

NS 

Menopausal status (NA/non menop/menop), N (%) n.d. n.d. n.d. 36/5/60 

(35.6/5.0/59.4) 

36/5/60 

(35.6/5.0/59.4) 

NS 

AHEI4 score, mean (SD) 47.8 (8.9) 44.9 (8.2) <0.001 53.9 (12.1) 47.7 (11.6) <0.01 

Waist circumference (cm), mean (SD) 81 (10) 100 (14) <0.001 82 (13) 96 (10) <0.001 

SBP (systolic blood pressure, mmHg), mean (SD) 139 (20) 152 (19) <0.001 130 (18) 143 (16) <0.001 

DBP (diastolic blood pressure, mmHg), mean (SD) 83 (10) 90 (10) <0.001 77 (10) 83 (9) <0.001 

Fasting glucose (mg/dL), mean (SD) 90.0 (10.7) 108.5 (21.1) <0.001 89.3 (7.6) 100.7 (12.5) <0.001 

TG (triglycerides, mg/dL), mean (SD) 85.3 (34.3) 160.7 (79.0) <0.001 90.6 (37.9) 144.9 (60.8) <0.001 

HDLc (high density lipoprotein cholesterol, mg/dL), mean (SD) 66.9 (15.1) 50.8 (15.8) <0.001 65.7 (13.5) 55.9 (13.3) <0.001 

MetS-z-Score5, mean (SD) -0.7 (0.6) 0.7 (0.7) <0.001 -0.7 (0.6) 0.3 (0.5) <0.001 

Weight (kg), mean (SD) 67 (12) 85 (17) <0.001 65 (16) 81 (15) <0.001 
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BMI (body mass index, kg/m2), mean (SD) 25 (4) 31 (5) <0.001 24 (4) 29 (5) <0.001 

Hip circumference (cm), mean (SD) 98 (7) 109 (10) <0.001 96 (9) 105 (10) <0.001 

Total cholesterol (mg/dL), mean (SD) 192.9 (31.3) 198.7 (38.9) NS 230.8 (39.5) 226.5 (44.2) NS 

LDLc (low density lipoprotein cholesterol, mg/dL), mean (SD) 109.5 (29.9) 116.5 (34.2) <0.05 146.9 (34.3) 141.6 (36.1) NS 

Visceral fat (kg), mean (SD) n.d. n.d. n.d. 8 (4) 11 (4) <0.001 

Visceral mass on body trunk (%) n.d. n.d. n.d. 24 32 <0.001 

Fat mass (kg), mean (SD) n.d. n.d. n.d. 17 (8) 27 (10) <0.001 

Fat mass on body trunk (kg), mean (SD) n.d. n.d. n.d. 9 (5) 14 (5) <0.001 

Waist circumference, N (%) 32 (23.4) 133 (97.1) <0.001 34 (33.7) 95 (94.1) <0.001 

High blood pressure, N (%) 89 (65.0) 129 (94.2) <0.001 50 (49.5) 98 (97.0) <0.001 

Hypertriglyceridemia, N (%) 5 (3.6) 75 (54.7) <0.001 6 (5.9) 49 (48.5) <0.001 

Low HDLc, N (%) 2 (1.5) 50 (36.5) <0.001 1 (1.0) 27 (26.7) <0.001 

Hyperglycemia, N (%) 10 (7.3) 103 (75.2) <0.001 8 (7.9) 63 (62.4) <0.001 
 136 

Control group: participants with <3 criteria of MetS, Case group: participants with ≥3 criteria of MetS (obesity, high blood pressure, hypertriglyceridemia, low HDL- 137 
c and hyperglycemia). 138 
n.d. for not determined. 139 
1Selected participants were matched on sex, age (2 y classes), smoking status (never+former vs current) and physical activity (low vs moderate+intense) 140 
2Selected participants were matched on sex, age (2 y classes), smoking status (never/former/irregular/current), physical activity (low/moderate/intense), meno- 141 
pausal status (NA/yes/no) and season of blood draw (winter/spring/summer/fall) 142 
3Differences between Case and Control for each parameter was assed using univariate analysis and taking into consideration the matching of participants. The non- 143 
parametric Wilcoxon signed-rank test was used for quantitative variables (expressed in mean +/- SD) whereas the contingency Fisher test was used for qualitative 144 
variables. NS for non-significant when the p-value is >0.05. 145 
4AHEI score (Alternative Healthy Eating Index) was used to estimate the quality of diet, this score considering the recent knowledge on foods/nutrients predictive 146 
of chronic disease risk (range from 0 for non-adherence to 110 for perfect adherence103 147 
5MetS-z-score is a derived z-score which assessed the severity of the MetS and was calculated as: Y + a*waist - b*HDLc + c*SBP + d*log(TG) + e*glucose, with the 148 
coefficients Y, a, b, c, d and e which are specific according sex, ethnicity and age (adults vs teenager) 149 
 150 
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and 2 vicinal dihydroxy-PUFAs (9,10-DiHODE and 5,6-DiHETrE). Among these 17 ox- 152 
ylipins, 11 were in common with the 23 candidate oxylipins already selected in the Dis- 153 
covery study (Figure 2) supporting the consistency of the identified oxylipin signature. 154 
When considering the oxylipins independently selected in the Discovery and the Replica- 155 
tion studies, we uncovered 29 oxylipins discriminating MetS with 11 being consistently 156 
selected in both studies. 157 

 158 
Figure 2. Consistency of the oxylipin signature discriminating MetS participants independently se- 159 
lected in the Discovery and the Replication studies. Venn diagram showing the common and spe- 160 
cific oxylipins selected in the Discovery and Replication studies. 161 

2.3. The identified candidate oxylipins provide a subtle and integrative phenotype of MetS 162 
The 29 identified candidate oxylipins (highlighted in red, green or grey, Figure 3) 163 

include 12 octadecanoids, 13 eicosanoids and 4 docosanoids (i.e. oxylipins respectively 164 
derived form 18-, 20- or 22-carbons PUFAs). Among them, 18 were derived from omega- 165 
6 PUFAs (including 9 from linoleic acid (LA/C18:2ω6), 3 from dihomo-γ-linolenic acid 166 
(DGLA/C20:3ω6) and 6 from arachidonic acid (AA/C20:4ω6), Figure 3a), 9 from omega-3 167 
PUFAs (including 2 from α-linolenic acid (ALA/C18:3ω3), 3 from eicosapentaenoic acid 168 
(EPA/C20:5ω3) and 4 from docosahexaenoic acid (DHA/C22:6ω3), Figure 3b), and 2 from 169 
oleic acid (OA, C18:1ω9, Figure 3c). Regarding the pathways of biosynthesis, 3 candidate 170 
oxylipins (8-HEPE, 10- and 12-HODE) arise from the free-radical mediated pathway, 13 171 
(9- and 13-HODE and their oxo-derivatives, 5-, 12- and 15-HETrE, 5- and 15-HETE, 5- 172 
HEPE, 4-, 7- and 11-HDHA) from enzymatic pathways involving the lipoxygenases (5-, 173 
12 or 15-LOX) and 13 (9(10)-EpOME, 9,10-DiHOME, 15-HODE, 14(15)-EpEDE, 5,6- and 174 
14,15-DiHETrE, 11(12)-EpETrE, 16-HETE, 9,10-DiHODE, 12(13)-EpODE, 11(12)-EpETE, 175 
7,8-DiHDPE and 9(10)-Ep stearic acid) from the cytochrome P450 (CYP) and soluble epox- 176 
ide hydrolase, (sEH) pathway. Of note, some oxylipins may have dual origins: all LOX 177 
products (especially 9-HODE and 13-HODE) could also be produced by free-radical me- 178 
diated reactions [17] while 12-HETrE could arise from 12-LOX or CYP [18]. The exact bi- 179 
ological origin is impossible to certify, as we do not have evidence for the stereochemistry 180 
of the molecules identified. No prostanoids (i.e. cyclooxygenase (COX)-derived eico- 181 
sanoids) were included in the candidate oxylipins but it should be noted that alkaline 182 
conditions applied to liberate esterified oxylipins destroy the β-hydroxy-keto prostanoids 183 
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(e.g. PGEs, PGDs) and thromboxanes [19]. When looking at the differences in concentra- 184 
tion between cases and controls in the Discovery study (respectively highlighted in red or 185 
green for higher and lower concentration in Cases vs Controls, Figure 3 and Table S1), 186 
the first striking observation is related to the HODEs derived from the LOX and free-rad- 187 
ical mediated pathways that were all significantly lower in those with MetS than in Con- 188 
trols.  189 

 190 
Figure 3. Biological origin of the candidate oxylipins discriminating participants with MetS. Meta- 191 
bolic pathway showing all oxylipins (n=54) and the fatty acids (n=25) (represented by circles and 192 
squares, respectively) measured in the Discovery and Replication cross-sectional studies. Pathways 193 
of oxylipins biosynthesis derived from omega-6 PUFAs (a), omega-3 PUFAs (b) and SFA/MUFAs 194 
(c). The oxylipins selected in the Discovery and Replication studies (candidates oxylipins n=29) are 195 
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highlighted in color. Differences in concentration between controls and MetS participants in the 196 
Discovery study are highlighted in red (higher concentration in CardMetS group vs Control), green 197 
(lower concentration in CardMetS group vs Control) or grey (no difference). Size of nodes represents 198 
the fold change between the two groups. Significant oxylipins from Wilcoxon signed-rank are rep- 199 
resented by a star. LA: Linoleic Acid; GLA: γ-Linolenic Acid; DGLA: Dihomo-γ-Linolenic Acid; AA: 200 
Arachidonic Acid; AdA: Adrenic Acid; DPA: Docosapentaenoic Acid; ALA: α-Linolenic Acid; EPA: 201 
Eicosapentaenoic Acid; DHA: Docosahexaenoic Acid; PUFA: PolyUnsaturated Fatty Acids; SFA: 202 
Saturated Fatty Acids; MUFA: MonoUnsaturated Fatty Acids. 203 

More precisely, in comparison to Controls, 9-HODE, 13-HODE and their oxo-deriv- 204 
atives (9-oxo-ODE and 13-oxo-ODE) in the MetS participants were lower by 11.0%, 22.2%, 205 
49.4% and 34.1% respectively while the 10-HODE and 12-HODE (derived from singlet 206 
oxygen oxidation [20]) were lower by 21.4% and 42.7% respectively. In contrast, CYP-de- 207 
rived epoxy-PUFAs were systematically higher in the MetS participants in comparison 208 
with Controls, notably 14(15)-EpEDE, 12(13)-EpODE and 9(10)-epoxy-stearic acid that 209 
were significantly higher by 16.8%, 30.6% and 16.7% respectively. The concentrations of 210 
vicinal dihydroxy-PUFAs were mostly lower in MetS participants in comparison with 211 
Controls with 9,10-DiHOME, 14,15-DiHETrE and 7,8-DiHDPE being respectively lower 212 
by 15.7% (p<0.01), 5.1% (ns) and 30.4% (p<0.01). The 5-LOX pathway showed mixed and 213 
modest findings with two oxylipins tending to be higher (i.e. 5-HETrE and 7-HDHA) and 214 
three tending to be lower (i.e. 5-HETE, 5-HEPE and 4-HDHA) in MetS participants. The 215 
12-LOX derivative of DGLA (i.e. 12-HETrE) also tended to be lower in MetS participants 216 
while 15-LOX derivatives of long chain PUFAs (i.e.  15-HETrE and 15-HETE) tended to 217 
be higher. In the Replication study, differences between those with MetS and Controls 218 
were similar for 19 oxylipins out of the 29 (i.e. 66%) to the differences observed in the 219 
Discovery study (Table S1). Notably, except for 9(10)-EpOME, all epoxy-PUFAs were 220 
higher in MetS participants. However, results were different between the Discovery and 221 
Replication studies regarding ten candidate oxylipins (i.e. 34%). Among these, three LA 222 
metabolites (i.e. 9-HODE, 13-HODE, 9-oxo-ODE) changed in the opposite direction while 223 
9(10)-EpOME tended to be higher in the MetS group. For the vicinal dihydroxy-PUFAs, 224 
the striking difference concerns 9,10-DiHODE that was lower by 41% (p<0.01) in MetS 225 
cases in comparison with Controls. For the 5-LOX pathway, there were higher concentra- 226 
tions of 2 oxylipins in MetS participants, namely 5-HETE (+9.8%, p<0.05) and 5-HEPE 227 
(+15.1%, p<0.05) and the difference in 5-HETrE became significant (+35.3%, p<0.001). Fi- 228 
nally, the 12-LOX derivative of DGLA (i.e. 12-HETrE) and the CYP-ω metabolites (i.e. 15- 229 
HODE and 16-HETE) were found in lower (-31.8%, p<0.05) or higher concentration 230 
(+16.0%, p<0.05) in MetS participants.  231 

A Sankey plot based on the literature was constructed (Figure 4) to highlight the as- 232 
sociations of the candidate oxylipins (in color) with the main underlying processes in- 233 
volved in MetS, namely blood clotting, vascular tone, inflammation, endothelial integrity, 234 
glucose homeostasis and adipogenesis. All processes were represented supporting the po- 235 
tential of the oxylipin signature to provide a fine and integrative phenotyping of the MetS 236 
molecular pathways. Inflammation was the most enriched biological process with sixteen 237 
linked oxylipins followed by vascular tone (linked to eleven oxylipins) and glucose ho- 238 
meostasis (linked to ten oxylipins). Blood clotting and endothelial integrity are both linked 239 
to seven oxylipins. Adipogenesis was less well represented, being only linked to two can- 240 
didate oxylipins. Eight candidate oxylipins have no function described so far. 241 
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 242 
Figure 4. Biological functions of the candidate oxylipins discriminating participants with MetS. San- 243 
key plot showing the relationships between the 54 oxylipins of the Discovery and Replication stud- 244 
ies and the biological functions related to MetS (i.e. inflammation, vascular tone, blood clotting, 245 
endothelial permeability, adipogenesis and glucose homeostasis). The oxylipins selected in the Dis- 246 
covery and Replication studies (n=29) have their links highlighted in color. Relationships were es- 247 
tablished based on a systematic manual literature search including 110 references (~2 studies/ox- 248 
ylipin). For 47% of these studies, experiments were realized using human in vitro models whereas 249 
5.4% used in vivo human experiments and 27% were realized using in vivo animal experiments. 250 
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The package R “stringr” was used to establish the links between the oxylipins and the cardiometa- 251 
bolic functions, then the package “googleVis” was used to generate the Sankey plot. 252 

2.4. The OxyScore includes 23 candidate oxylipins and has high performances of classification 253 
and replicability 254 

Using the 29 candidate oxylipins selected in both the Discovery and the Replication 255 
studies and the participants of the Discovery study, we have constructed a Least Absolute 256 
Shrinkage and Selection Operator (LASSO)-penalized conditional logistic regression 257 
model to reduce the oxylipin list to a minimal necessary set from a discriminative point 258 
of view. It selected 23 of the 29 candidate oxylipins and allowed the definition of the Ox- 259 
yScore that estimates the probability of having MetS. The 23 oxylipins selected for the 260 
definition of the OxyScore are: 8-HEPE, 9(10)-Ep-stearic acid, 16-HETE, 12(13)-EpODE, 261 
12-HETrE, 7-HDHA, 9,10-DiHOME, 5-HETE, 9-HODE, 14,15-DiHETrE, 9,10-DiHODE, 5- 262 
HETrE, 15-HODE, 13-oxo-ODE, 11(12)-EpETrE, 9-oxo-ODE, 4-HDHA, 13-HODE, 12- 263 
HODE, 7,8-DiHDPE, 9(10)-EpOME, 15-HETE, 5-HEPE. The predictive performance (i.e. 264 
specificity and sensibility) of the OxyScore was assessed using cross-validated Area Un- 265 
der the Receiver Operating Characteristic Curves (AUCROC). It reached a value of 89% 266 
(95% confidence interval (CI) 85-93%) in the Discovery study (Figure 5a) and a value of 267 
78% (95% CI 72-85%) in the Replication study (Figure 5b). In the Discovery study (i.e. 268 
training set), the OxyScore correctly classified 83% of the participants, while 72% of the 269 
participants were correctly classified in the Replication study. The Case and Control par- 270 
ticipants of the Replication study being slightly less contrasted than those in the Discovery 271 
study (see Volcano plot Figure 1); this may have contributed to the lower precision of 272 
classification rate in the Replication study. A Figure summarizing variables selection and 273 
model building/validation is available in supplemental (Figure S2).  274 
By a combined effect, the 23 oxylipins retained in the OxyScore all contribute to the esti- 275 
mation of MetS risk. An additional analysis of odd ratios in the 23-oxylipins based model 276 
(as represented in the Circos plot in Figure 5c and Table S2) shows that the variation in 277 
concentration of some of the oxylipins had a significant individual impact on the model’s 278 
estimation of risk. Specifically, in this model, MetS risk was positively associated with 8- 279 
HEPE (odd ratio (OR) = 1.837, 95% CI: 1.54-2.19, p <0.001), 9(10)-epoxy-stearic acid (OR = 280 
1.179, 95% CI: 1.10-1.26, p <0.001), 16-HETE (OR = 1.182, 95% CI: 1.11-1.26, p <0.001), and 281 
12(13)-EpODE (OR = 1.092, 95% CI: 1.02-1.18, p = 0.021) and negatively associated with 5- 282 
HEPE (OR = 0.595, 95% CI: 0.50-0.70, p <0.001), 15-HETE (OR = 0.805, 95% CI: 0.74-0.88, p 283 
<0.001), 9(10)-EpOME (OR = 0.882, 95% CI: 0.81-0.96, p = 0.007), 7,8-DiHDPE (OR = 0.865, 284 
95% CI: 0.82-0.91, p <0.001), and 4-HDHA (OR = 0.805, 95% CI: 0.68-0.97, p = 0.030). 285 
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 286 
Figure 5. Optimization and external validation of the oxylipin signature of MetS. Based on the ox- 287 
ylipins selected in the Discovery and Replication cross-sectional studies (n=29 oxylipins), a LASSO- 288 
penalized conditional logistic regression model including 23 oxylipins was constructed with the 289 
participants of the Discovery study. The performances of the LASSO model were assessed in (a) the 290 
Discovery and (b) Replication cross-sectional studies using the Area Under the Receiver Operating 291 
Characteristic Curve (AUC and error rate were 10-fold cross-validated). Sensitivity is the percentage 292 
of Case correctly predicted (“True Positive”) and specificity is the percentage of Control correctly 293 
predicted (“True Negative”). TP: True Positive, FP: False Positive, TN: True Negative and FN: False 294 
Negative with Positive corresponding to CardMetS and Negative to Control. Circos plot (c) showing 295 
the odd ratios (OR) associated with each oxylipin selected in the LASSO model. * represent signifi- 296 
cant effect of oxylipins (p-value <0.05) in the LASSO model. OR are for 1SD-increment of oxylipin 297 
absolute concentration. Line colors indicate if OR are >1 (orange) or <1 (blue). Line thickness repre- 298 
sent the relative values of OR in the model. 299 

2.5. The OxyScore is consistent and complementary with the MetS-z-score and the clinical 300 
criteria of MetS 301 

The OxyScore (i.e. probability of having MetS according to the selected 23 candidate 302 
oxylipins) was computed for all participants of the Discovery study and correlated with 303 
the MetS-z-score (i.e. probability of having MetS according to the 5 criteria of MetS: waist 304 
circumference, triglycerides (TG), HDLc, blood pressure and fasting glucose) (Figure 6). 305 
The strength of the correlation informs on the consistency and the complementarity of the 306 
information brought by the OxyScore in comparison with the MetS criteria. The correla- 307 
tion between the OxyScore and the MetS-z-score was strong (r = 0.7) suggesting that a 308 
large part of the information provided by the OxyScore is consistent with the information 309 
provided by the MetS-z-score. However, the OxyScore also brings some information that 310 
is not captured by the MetS-z-score, if not we would have expected a coefficient closer to 311 
1 despite possible technical variability . 312 
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  313 
Figure 6. Relationships between the OxyScore and the Met-z-score. The OxyScore (i.e. probability 314 
of having MetS according to the identified and validated oxylipin signature, see Supp. Table 2) was 315 
computed for all participants of the Discovery cross-sectional study. Spearman correlation was es- 316 
tablished between the computed OxyScore and the Met-z-score. The Spearman correlation coeffi- 317 
cient (r) was highly significant (p-value<0.001). The red line represents the linear orientation of the 318 
relation. 319 

To go further in the assessment of the complementarity of the information provided 320 
by the oxylipin signature, we built a new LASSO model including the 5 MetS criteria ad- 321 
ditionally to the candidate oxylipins for the selection step (Table 2). All MetS criteria were 322 
selected in the new LASSO model consistently with the use of the MetS criteria as criteria 323 
of participant selection (see study design). More importantly, the new LASSO model also 324 
included most of the candidate oxylipins as only 6 candidate oxylipins (i.e. 9(10)-epoxy- 325 
stearic acid, 12-HETrE, 7-HDHA, 9,10-DiHOME, 9,10-DiHODE and 9(10)-EpOME) out of 326 
the 23 provided were not selected in the new LASSO model. This supports that most can- 327 
didate oxylipins provide a characterization of MetS participants complementary to the 328 
MetS criteria.  329 

In order to assess if the oxylipin signature was preferentially linked to one criterion 330 
of MetS, further correlation analysis and adjusted models were performed (see supple- 331 
mental tables and figures). The correlation analysis show noticeable correlations between 332 
the OxyScore and waist circumference (r=0.57), fasting blood glucose (r=0.48), TG (r=0.60) 333 
and HDLc (r=0.51), but not with systolic and diastolic blood pressure (r=0.27) (Figure S3). 334 
This may suggest that among the 23 candidate oxylipins used to predict the risk of having 335 
MetS, some of them provide information shared with waist circumference, fasting blood 336 
glucose, TG or HDLc. Correlations between each candidate oxylipins and each MetS cri- 337 
teria (Figure S4) were mostly below 0.50, the strongest correlations (>0.30) being observed 338 
with the MetS-z-score and with TG: 12-HODE (-0.34 and -0.33 with MetS-z-score and TG 339 
respectively), 12,13-EpODE (0.41 with TG only) and 9(10)-epoxy-stearic acid (0.32 and 0.48 340 
with MetS-z-score and TG respectively). Finally, additional fitting of LASSO model was 341 
performed adjusting with each MetS criterion (one at a time), providing insights about 342 
information complementarity. Some oxylipins were no longer selected in some of the 343 
models (e.g. 12-HETrE, 7-HDHA and 9-HODE in the Waist-adjusted model, see Table S3) 344 
suggesting that they were bringing similar information than the included MetS criterion 345 
(e.g. waist circumference). On the contrary, in the LASSO model adjusted with systolic or 346 
diastolic blood pressure, no oxylipin were excluded suggesting that the differences of 347 
blood pressure between Cases and Controls were not captured by the candidate oxylipins. 348 

Table 2. Odd ratios (OR) associated with the variable selected in the LASSO models constructed 349 
from the candidate oxylipins and/or the MetS criteria. Two new LASSO models were constructed 350 
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with the participants of the Discovery study using either only the 5 criteria of MetS (i.e. waist cir- 351 
cumference, blood pressure, fasting glucose, triglycerides and HDLc, LASSO model N°2) or the 5 352 
criteria of MetS and the 23 candidate oxylipins (column 3, LASSO model N°3). Of note, the 5 MetS 353 
criteria were the criteria of selection of MetS participants. The predictive performance of these two 354 
LASSO models reached a cross-validated AUC of 93% (95% CI: 90-96%) and 95% (95% CI: 90-96%) 355 
respectively. Six candidate oxylipins (i.e. 9(10)-Ep-stearic acid, 12-HETrE, 7-HDHA, 9,10-DiHOME, 356 
9,10-DiHODE and 9(10)-EpOME) out of the 23 provided were not selected in the LASSO model N°3. 357 

 
Odd ratios associated with the variables selected in the LASSO 

models 

 
LASSO model N°2 

(using only the 5 MetS 
criteria) 

LASSO model N°3 
(using both the 23 candidate oxylipins and 

the 5 MetS criteria) 
TG 1.13 1.11 
SBP 1.04 1.02 
DBP 1.02 1.04 

Waist 
circumference 

1.18 1.13 

Fasting glucose 1.15 1.10 
HDLc 0.96 0.96 

8-HEPE -- 1.53 
16-HETE -- 1.16 

12(13)-EpODE -- 1.01 
5-HETE -- 0.11 
9-HODE -- 1.01 

14,15-DiHETrE -- 1.02 
5-HETrE -- 0.95 
15-HODE -- 0.96 

13-oxo-ODE -- 0.93 
11(12)-EpETrE -- 0.95 

9-oxo-ODE -- 1.01 
4-HDHA -- 0.92 
13-HODE -- 0.95 
12-HODE -- 0.91 

7,8-DiHDPE -- 0.96 
15-HETE -- 0.86 
5-HEPE -- 0.71 

3. Discussion 358 
Over the last decades, metabolomics and lipidomics have emerged as very relevant 359 

and powerful tools to capture the complexity of cardiometabolic disturbances and to in- 360 
form on underlying mechanisms [6]. Contrary to previous studies using data-driven ap- 361 
proaches [7, 8], we have targeted a specific class of lipid mediators, namely oxylipins, 362 
which were hypothesized as being potential biologically relevant to enhance the pheno- 363 
typing of MetS physiopathology. Our hypothesis-driven approach was combined with a 364 
high-throughput methodology allowing the quantitative profiling of over 130 different 365 
oxylipins. Through a rigorous process of selection and replication in two independent 366 
nested case-control studies involving 476 participants, we identified a panel of 29 ox- 367 
ylipins discriminant of MetS that provide a unique phenotyping of MetS not revealed by 368 
the usual clinical criteria. The model based on a refined signature of 23 oxylipins (coined 369 
as OxyScore and including 8-HEPE, 9(10)-Ep-stearic acid, 16-HETE, 12(13)-EpODE, 12- 370 
HETrE, 7-HDHA, 9,10-DiHOME, 5-HETE, 9-HODE, 14,15-DiHETrE, 9,10-DiHODE, 5- 371 
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HETrE, 15-HODE, 13-oxo-ODE, 11(12)-EpETrE, 9-oxo-ODE, 4-HDHA, 13-HODE, 12- 372 
HODE, 7,8-DiHDPE, 9(10)-EpOME, 15-HETE, 5-HEPE) yielded excellent performances of 373 
classification and replicability(i.e. specificity/sensitivity of the OxyScore to classify Case 374 
and Control participants from both the Discovery and Replication studies). 375 

In order to capture the full information brought by circulating oxylipins, we have 376 
analyzed total oxylipins (i.e. free and esterified). Integrating esterified oxylipins is im- 377 
portant when investigating cardiometabolic health as they are found in lipoproteins (es- 378 
pecially epoxy- and hydroxy-PUFA) [21, 22] that are involved in many cardiometabolic 379 
processes such as inflammation, oxidative stress or endothelial activation. Moreover, es- 380 
terified oxylipins represent the major pool of circulating oxylipins. These may also arise 381 
from the secretion of blood cells (i.e. immune cells and platelets) or endothelium and they 382 
circulate unbound (free) or bound to plasma proteins such as albumin [23, 24]. Other po- 383 
tential vectors of circulating oxylipins in plasma include extracellular vesicles that are 384 
both carriers and producers of oxylipins [25, 26].  385 

The biological interpretation of circulating oxylipins requires consideration into their 386 
origin and biological functions. In the Discovery study, the oxylipin signature highlighted 387 
lower levels of linoleic acid (LA) derived oxylipins (i.e. HODEs including 9- and 13-HODE 388 
and their oxo-derivatives as well as 10- and 12-HODE) in the MetS group. These 18 carbon 389 
oxylipins can arise from the LOX pathways and/or from free-radical mediated oxidation 390 
[27], or from singlet oxygen pathways for 10- and 12-HODE [20]. In terms of biological 391 
activities, 9- and 13-HODE have been described as potent regulators of monocytes/mac- 392 
rophages and neutrophils in which they stimulate lipid uptake [28, 29] and induce apop- 393 
tosis [30]. Concerning the inflammatory response, 13-HODE inhibits the production of the 394 
chemoattractant LTB4 by isolated human neutrophils [31, 32] while 9-HODE induces the 395 
expression of the pro-inflammatory mediators TNFα and MIP-2α in RAW264.7 macro- 396 
phages [33]. Both HODEs were also showed to prevent the activation of endothelial cells 397 
[34-37]; to decrease the secretion of the fibrinolytic inhibitor plasminogen activator inhib- 398 
itor-1 (PAI-1) [38] and to inhibit platelet aggregation [32, 39, 40]. Neither the biological 399 
activities nor the formation route of 10- and 12-HODE have been precisely described in 400 
humans but high levels of 10- and 12-HODE have been associated with insulin resistance 401 
[20]. Our results are consistent with a previous clinical trial showing lower levels of 9- and 402 
13-HODE in very low density lipoproteins (VLDL) and in LDL from MetS subjects (n=17) 403 
in comparison with healthy controls (n=14) [41]. Another small clinical trial reported 404 
higher levels of 9- and 13-HODE in LDL of MetS participants in comparison with healthy 405 
controls [42]. However, the technical approach to quantify HODEs (i.e. thin-layer chro- 406 
matography vs liquid chromatography coupled with tandem mass spectrometry (LC- 407 
MS/MS)) and the absence of antioxidant during sample preparation may have induced 408 
artificial production of HODEs [43]. Altogether, the low levels of HODEs in the oxylipin 409 
signature of the MetS participants of the Discovery study may reflects a decreased LOX 410 
activity and/or a well-controlled systemic oxidative stress that could be linked to the acti- 411 
vation of the antioxidant systems. Further exploration would be needed to confirm this 412 
hypothesis. Considering the important regulatory functions of 9- and 13-HODEs, their 413 
low levels in MetS participants may indicate that inflammation, endothelial and platelet 414 
functions were under control.  415 

The oxylipin signature of MetS was also characterized by high levels of epoxy-PUFAs 416 
and low levels of vicinal dihydroxy-PUFAs (i.e. metabolites of epoxy-PUFAs produced by 417 
the sEH) reflecting an activation of the CYP pathway and a reduced activity of sEH. No- 418 
tably, in the Discovery study, MetS participants exhibited higher levels of 12(13)-EpODE, 419 
14(15)-EpEDE and 9(10)-epoxy-stearic acid while 9,10-DiHOME and 7,8-DiHDPE were 420 
significantly lower. In general, epoxy-PUFAs are reported to be protective in regards to 421 
cardiometabolic disease while activation of sEH is usually associated with metabolic 422 
stress [44]. CYP enzymes are highly expressed in the liver but they are also found in the 423 
kidney, heart, skeletal muscle, pancreas, adipose tissue, endothelium, leucocytes and 424 
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platelets [45, 46]. So far, the biological activities of epoxy-PUFAs have been mainly re- 425 
ported for those derived from AA such as 11(12)-EpETrE. This oxylipin has important 426 
roles in the regulation of cardiometabolic health as it has been showed to improve glucose 427 
homeostasis [47-54] and endothelial function [55-59], to induce vasodilatation [59-66], to 428 
modulate platelet aggregation [67-69] and adipogenesis [50, 65, 70] and to inhibit leuco- 429 
cyte adhesion to the vascular wall [71]. The effects of 11(12)-EpETE derived from EPA and 430 
9(10)EPOME derived from LA are also partly documented: the former was shown to in- 431 
hibit platelet aggregation [69] and induce vasodilatation [72] while the latter enhanced 432 
insulin signaling in HepG2 cells [73]. To the best of our knowledge, the biological activities 433 
of 12(13)-EpODE and 14(15)-EpEDE have not been investigated so far. High levels of 434 
9(10)-epoxy-stearic acid may induce lipid accumulation and oxidative stress in HepG2 435 
cells [74, 75]. Among the vicinal dihydroxy-PUFAs that were substantially and signifi- 436 
cantly reduced in MetS participants, 9,10-DiHOME was shown to increase coronary re- 437 
sistance [76] and to attenuate insulin signaling [73] but no information is available for 7,8- 438 
DiHDPE. Vicinal dihydroxy-PUFAs derived from AA (i.e. 5,6-DiHETrE and 14,15-Di- 439 
HETrE) have been shown to facilitate chemoattraction of monocytes [77], to induce vaso- 440 
relaxation in canine microcirculation and mouse arteries [60, 61] but less potently than 441 
their corresponding epoxide, and to attenuate insulin signaling [73]. Changes in the 442 
CYP:sEH axis in the favor to epoxy-PUFAs in MetS participants might seem counterintu- 443 
itive, but it was already reported in a clinical trial comparing healthy volunteers to pa- 444 
tients with coronary artery disease (CAD) associated or not with obesity [78]. The higher 445 
Epoxy-PUFAs:Diols ratios in CAD patients was suggested to be a compensatory response 446 
to the presence of advanced cardiovascular disease. Similarly, it can be hypothesized that 447 
MetS participants have activated CYP and decreased sEH activity to compensate for their 448 
cardiometabolic disturbances. In a clinical trial comparing Controls vs MetS participants, 449 
this compensatory mechanism was not observed [79]. However, it is worth mentioning 450 
that age was a major confounding factor in this study and the significantly lower mean 451 
age of the Control participants (32 vs 51 y) could have contributed to the higher epoxide 452 
levels independently of the absence of MetS [80].  453 

Finally, the oxylipin signature of the MetS participants in the Discovery study also 454 
suggested modification of the metabolism of long chain PUFAs (i.e. ≥ 20 carbons) by LOX 455 
enzymes. Concerning the eicosanoids (i.e. oxylipins derived from the 20 carbons PUFAs), 456 
the 5-LOX products of AA and EPA (i.e. 5-HETE and 5-HEPE) were lower while 15-LOX 457 
products (15-HETrE and 15-HETE) were higher in MetS. Interestingly, these differences 458 
support the hypothesis of a compensatory mechanism since 5-LOX products are rather 459 
detrimental to cardiometabolic health via the induction of inflammation [81-84], vasocon- 460 
striction [85], endothelial dysfunction [85] and platelet aggregation [86] while 15-LOX 461 
products have resolving action by reducing polymorphonuclear leukocyte (PMN) activa- 462 
tion [87] and chemotaxis [31, 81] possibly via negative feedback regulation of 5-LOX [88]. 463 
Effects of MetS on the 5-LOX products of DHA (i.e. 4-HDHA and 7-HDHA) were incon- 464 
sistent with one found higher and the other lower. Of note, the biological activities of these 465 
oxylipins remain poorly described except for their binding capacity to peroxisome prolif- 466 
erator-activated receptor gamma (PPARγ) [89, 90] and a potential antiangiogenic effect of 467 
4-HDHA [91]. Lower amount of the DGLA product 12(S)-HETrE were found in MetS par- 468 
ticipants. This metabolite can be formed by platelet 12-LOX or CYP hydroxylase [92] and 469 
has been associated with anti-thrombotic effects [93, 94] .  470 

Although it might seem counterintuitive, the oxylipin signature of the MetS partici- 471 
pants of the Discovery study may reflect the implementation of compensatory mecha- 472 
nisms including (i) the control of oxidative stress, (ii) the modulation of the CYP:sEH axis 473 
in favor of the protective epoxy-PUFAs and (iii) the production of regulatory oxylipins 474 
such as the 15-LOX products of long chain PUFAs to negatively regulate the 5-LOX path- 475 
way. These mechanisms could be naturally implemented or induced by medications that 476 
are used in the management of MetS. It should also be noted that the oxylipin signature 477 



Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 11 of 28 
 

 

could be partially linked to other environmental factors such as diet, which is another 478 
factor known to influence MetS development. 479 

The oxylipin signature of MetS identified in the Discovery study was highly replica- 480 
ble in the Replication study. To the best of our knowledge, no metabolomic or lipidomic 481 
signature of the MetS has been externally validated so far [6]. Moreover, the differences 482 
of oxylipin concentrations between Cases and Controls were mostly similar in both stud- 483 
ies. Basically, in the Replication study, we also observed modulations of the CYP:sEH axis 484 
indicating a higher Epoxide:Diol ratio in MetS participants as a potential compensatory 485 
mechanism for the cardiometabolic disturbances. However, in the Replication study, the 486 
levels of 9- and 13-HODE were not lower in the MetS participants but rather tended to be 487 
higher. Another difference concerns the mid-chain alcohols derived from DGLA, AA and 488 
EPA (i.e. 5-HETrE, 5-HETE and 5-HEPE) that became significantly higher suggesting an 489 
active perturbation of cardiometabolic health associated with inflammation, vasocon- 490 
striction, endothelial dysfunction and platelet aggregation. Finally, the pathway involving 491 
the CYP ω-hydroxylase remains perturbed in the Replication study but in the opposite 492 
direction and more profoundly with 15-HODE levels being substantially lower while 16- 493 
HETE became significantly higher. The biological function of 15-HODE is unknown but 494 
16-HETE has been described as an anti-inflammatory mediator via the inhibition of human 495 
PMN adhesion and aggregation and of LTB4 synthesis [95]. The high levels 9- and 13- 496 
HODE associated with the higher production of 15- and 16-HETE could reflect the imple- 497 
mentation of compensatory mechanisms. However, contrary to what was observed in the 498 
Discovery study, it does not seem sufficient to counterbalance the activation of the detri- 499 
mental 5-LOX pathway. Of note, this pathway is known to be activated with aging [96] 500 
and MetS participants of the Replication study were significantly older than those of the 501 
Discovery study. This could have contributed to this impaired control of the 5-LOX path- 502 
way and may indicate an increased risk of cardiometabolic diseases.  503 

We acknowledge limitations of our study. A first potential limitation concerns the 504 
sample size of the studies that does not allow stratifying the analysis for example to look 505 
at the results among younger and older participants. We also lacked information about 506 
the use of medication (e.g. NSAIDs) that could be interesting to integrate in future analy- 507 
sis. Another technical limitation concerns the lack of chiral analysis hampering to pre- 508 
cisely determine the exact origin (i.e. enzymatic or not) of some oxylipins. Finally, it 509 
should be noted that even though having two independent cohorts was a strength, this 510 
has highlighted differences between the two studies regarding the absolute concentration 511 
of several oxylipins (Table S1). However, the selection of the candidate oxylipins was in- 512 
dependent and showed that differences between Cases and Controls within each studies 513 
was consistent. This supports that the differences of absolute concentrations observed be- 514 
tween the studies did not affect the selection of the candidate oxylipins within each stud- 515 
ies.  516 

4. Materials and Methods 517 
4.1. Discovery and Replication cohorts 518 

The discovery cohort was the Polish branch of the Prospective Urban and Rural Epi- 519 
demiological cohort (n = 2036, aged 30-70 y) launched in 2009 [97]. For the Polish branch 520 
of the PURE cohort, the recruitment of participants took place between 2007 and 2010. 521 
During the visit, socio-demographic (i.e. education, localization) and lifestyle question- 522 
naires (including smoking habits, physical activity), medical tests (i.e. electrocardiogram, 523 
blood pressure), anthropometric measurements (i.e. weight, height, waist and hips cir- 524 
cumference) and biochemical tests (fasting blood glucose, total cholesterol, HDLc, LDLc 525 
and TG) were realized. Moreover, at baseline, a 134 item food frequency questionnaire 526 
(FFQ) was completed by each participant. The study was approved by the Institutional 527 
Review Board of the Wroclaw Medical University (IRB number: KB-443/2006). 528 
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Independent external replication was conducted with participants from the web- 529 
based prospective French Nutrinet-Santé cohort [98] launched in 2014 and still ongoing 530 
(www.etude-nutrinet-sante.fr). The cohort included 160 000 participants (aged ≥18 y) but 531 
for the independent external validation the selection was made only from the participants 532 
having blood specimens (n =19 772, aged 30-70 y). Participants of the French Nutrinet- 533 
Santé cohort are asked to complete every year questionnaires to collect information re- 534 
garding socio-demography (education and localization), lifestyle (including smoking hab- 535 
its, physical activity), health (disease history, menopausal status, anthropometric self-as- 536 
sessment) and dietary habits (3 x 24h dietary records including >3300 food items). Blood 537 
samples were collected at baseline and were used for the biochemical tests (fasting blood 538 
glucose, total cholesterol, HDLc, LDLc and TG). These selected participants also had a 539 
clinical examination including the assessment of blood pressure and anthropometric 540 
measurements (weight, height, waist and hip perimeters, fat mass, fat mass on body trunk 541 
and visceral fat). The study was approved by the International Research Board of the 542 
French Institute of Health and Medical research (IRB Inserm n°0000388FWA00005831) 543 
and the “Comité National Informatique et Liberté” (CNIL n°908450 and n°909216). 544 

4.2. Study design and selection of participants 545 
From the Discovery cohort (i.e. Polish branch of the PURE cohort) and the Replication 546 

cohort (i.e. French Nutrinet-Santé cohort), cross-sectional case-control studies were per- 547 
formed following similar designs. The outcome of the studies presented here was the 548 
MetS as defined by Alberti et al [3]. According to this definition, participants were con- 549 
sidered as a Case (i.e. diagnosed as having MetS) if they had at least three of the following 550 
criteria: elevated waist circumference (≥ 94 cm for men and 80 cm for women), elevated 551 
TG (≥ 150 mg/dL), reduced HDLc (< 40mg/dL for men and < 50 mg/dL for women), ele- 552 
vated blood pressure (systolic ≥ 130 and/or diastolic ≥ 85 mmHg) and elevated fasting 553 
glucose (≥ 100 mg/dL). Participants receiving pharmacotherapy for elevated TG, elevated 554 
blood pressure or hyperglycemia were considered as meeting the aforementioned criteria 555 
[3]. Participants having less than three of the aforementioned criteria were considered as 556 
a Control. These studies are case-control studies aiming at comparing participants with 557 
diagnosed MetS (i.e. ≥3 criteria) vs Control participants (<3 criteria) (Figure 7).  558 
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 560 
Figure 7. Participant’s selection for the Discovery and Replication studies. Control group: participants with <3 MetS criteria and Case group: partic- 561 
ipants with ≥3 MetS criteria (waist circumference, high blood pressure, hypertriglyceridemia, low HDL-c and hyperglycemia). To avoid the selection 562 
of incomparable Control participants between the two cohorts, the Control groups of each study were balanced according to the number of MetS 563 
criteria (i.e. 0, 1 or 2). 564 
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 565 
To select the study samples, criteria of exclusion were similar between the Discovery 566 

and the Replication studies and included: participants diagnosed with cancer before and 567 
one year after blood draw, participants with cardiovascular events before blood draw 568 
(stroke, angina and heart failure), and participants with missing data for the cardiometa- 569 
bolic parameters (i.e. waist circumference, blood pressure, TG, HDLc, fasting glucose). For 570 
the Discovery study, Case and Control participants were matched according to their sex, 571 
age (2 y classes), smoking status (never+former vs current) and physical activity (low vs 572 
moderate+intense). For the Replication study, matching factors included: sex, age (2 y clas- 573 
ses), smoking status (never/former/irregular/current), physical activity (low/moderate/in- 574 
tense), menopausal status (not applicable/yes/no) and season of blood draw (win- 575 
ter/spring/summer/fall). To avoid the selection of incomparable Control participants be- 576 
tween the two cohorts, the Control groups of each study were balanced according to the 577 
number of cardiometabolic criteria (i.e. 0, 1 or 2). At completion of the selection and match- 578 
ing processes, the Discovery study included 137 Cases and 137 Controls and the Replica- 579 
tion cross-sectional study included 101 Cases and 101 Controls (Figure 7).  580 

4.3. Oxylipin and fatty acid quantification  581 
For each participant, fasting blood was collected into EDTA and used to prepare 582 

plasma. Briefly, for the PURE participants, blood samples were directly centrifuged and 583 
plasma was either stored at -20°C for up to 3 days and then stored at -80°C or directly 584 
stored at -80°C. For the Nutrinet-Santé participants, blood samples were stored at +4°C 585 
for up to 24 hours and then centrifuged and plasma stored at -80°C. Of note, the conditions 586 
of transitory storage usually only affect a very limited number of oxylipins [43] and the 587 
samples used in these studies had never been thawed during their storage.  588 

4.3.1. Extraction and MS quantitative profiling of oxylipins 589 
Samples collected in the Discovery and Replication cohorts were prepared and ana- 590 

lyzed in two different laboratories but following a harmonized standard operating proce- 591 
dure known to generate very comparable results [14]. All sample analysis was performed 592 
in a blinded fashion with regards to subject health status. Samples were randomized. The 593 
liquid chromatography coupled to mass spectrometry (LC-MS) method is described in 594 
detail in Ostermann et al. [19], Rund et al. [15] and Kutzer et al. [99]. Quality controls (QC, 595 
i.e. intra-batch QC consisting of a plasma included in each batch of sample preparation 596 
and inter-batch QC consisting of a pool of oxylipin extracts) were prepared to control for 597 
potential bias due to sample preparation or analytical drifts. Briefly, 10 µL of an antioxi- 598 
dant mixture including butylated hydroxytoluene (BHT, 0.2 mg/mL), trans-AUCB (100 599 
µM), indomethacin (100 µM) and 10 µL of an internal standard mixture (including 20 600 
deuterated standards: 100 nM of each 2H4-8-iso-PGF2α, 2H4-6-keto-PGF1α, 2H4-PGF2α, 601 
2H11-8,12-iso-iPF2α-VI, 2H4-PGB2, 2H5-LxA4, 2H5-RvD1, 2H5-RvD2, 2H4-LTB4, 2H4-9,10-Di- 602 
HOME, 2H11-11,12-DiHETrE, 2H4-13-HODE, 2H4-9-HODE, 2H6-20-HETE, 2H8-15-HETE, 603 
2H8-12-HETE, 2H8-5-HETE, 2H4-12(13)-EpOME, 2H11-14(15)-EpETrE, 2H11-8(9)-EpETrE in 604 
MeOH) were added to 100 µL of plasma. Following protein precipitation with 400 µL of 605 
cold isopropanol (LC-MS grade, Fisher Scientific) and the hydrolysis of esterified ox- 606 
ylipins with 0.6 M of potassium hydroxide (MeOH/H2O, 75/25, v/v, 60°C, 30 min), total 607 
oxylipins (i.e. free and esterified) were extracted using Bond Elut Certify II SPE cartridges 608 
(200 mg, 3 mL, Agilent Technologies). Oxylipins were eluted into glass tubes containing 609 
10 µL of 30% glycerol in MeOH using ethyl acetate/n-hexane/acetic acid (75/25/1, v/v/v). 610 
Samples were evaporated and the residue was reconstituted in 50 µL MeOH and stored 611 
at -80°C before mass spectrometry (MS) analysis. Extracted oxylipins were measured us- 612 
ing electrospray ionization in negative ion mode and multiple reaction monitoring (MRM) 613 
using the most abundant and specific precursor ion/product ion transitions to build an 614 
acquisition method capable of detecting 133 analytes and 20 isotope-labelled internal 615 
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standards. The ion spray voltage was set at −4500 V at a temperature of 40°C. Collisional 616 
activation of the oxylipin precursor ions was achieved with nitrogen as the collision gas 617 
with the declustering potential, entrance potential, and collision energy optimized for 618 
each metabolite [15, 19, 43, 99]. Oxylipins were identified by matching their MRM signal 619 
and chromatographic retention time with those of pure standards. Absolute concentra- 620 
tions are reported in the Table S1. 621 

4.3.2. Fatty acid profiling 622 
Plasma samples collected in the Discovery and Replication cohorts were prepared 623 

and analyzed in two different laboratories as described in Lillington et al. [100]. Briefly, 624 
10 µL of an internal standard (TG19) were added to 10 µL of plasma. Following the hy- 625 
drolysis with 1 mL KOH (0.5 M), the derivatization with 1 mL heptane and 1 mL BF3- 626 
MeOH (80°C, 1h) and the addition of 1 mL H2O, the fatty acids methyl esters (FAMEs) 627 
were extracted with 1 mL H2O and 2 mL of heptane, dried and dissolved in 20 µL of ethyl 628 
acetate. FAMEs were separated by gas chromatography (GC) on a Clarus 600 Perkin 629 
Elmer system using a Famewax RESTEK fused silica capillary column (30 m x 0.32 mm, 630 
0.25 µm film thickness). Oven temperature was programmed from 110°C to 220°C at a 631 
rate of 2°C/min and the carrier gas was hydrogen (0.5 bar). The injector and detector tem- 632 
peratures were at 225°C and 245°C, respectively. All of the quantitative calculations were 633 
based on the chromatographic peak area relative to the internal standard. Using these 634 
methods, the number of detected and accurately quantified fatty acids was as follows for 635 
the different studies: 21 fatty acids for the Discovery study (i.e. PURE) and 19 fatty acids 636 
oxylipins for the Replication cross-sectional study (i.e. Nutrinet-Santé). Absolute concen- 637 
trations are reported in Table S1. 638 

4.4. Statistical analysis 639 
4.4.1. Metadata statistical analysis 640 

Metadata associated with each participant selected in the Discovery (i.e. PURE) and 641 
the Replication (i.e. Nutrinet-Santé) studies included qualitative data (i.e. sex, smoking, 642 
education, localization, season of blood draw) and quantitative data (i.e. weight, body 643 
mass index (BMI), waist and hip circumference, systolic and diastolic blood pressure, fast- 644 
ing blood glucose, total cholesterol, TG, HDLc and LDLc, alternative healthy eating index 645 
(AHEI) score and plasma fatty acids) recorded or assessed at baseline. The AHEI score 646 
was calculated to estimate the quality of diet of participants and based on ten components 647 
reflecting recent dietary guidelines [101]. Based on the cardiometabolic criteria, the meta- 648 
bolic score (MetS-z-score) was calculated as described in 649 
https://github.com/metscalc/metscalc/ as follows: MetS-z-score = Y + a*waist - b*HDLc + 650 
c*SBP + d*log(TG) + e*glucose, with the coefficients Y, a, b, c, d and e being determined 651 
according sex, ethnicity and age (adults vs teenager). This derived z-score is a continuous 652 
variable providing an integrative assessment of the cardiometabolic status [16]. Differ- 653 
ences between Cases and Controls for each parameter were assessed using univariate 654 
analysis and taking into consideration the matching of participants. The non-parametric 655 
Wilcoxon signed-rank test was used for quantitative variables whereas the contingency 656 
Fisher’s Exact test was used for qualitative variables. P-values were corrected for multiple 657 
testing using the false discovery rate correction of Benjamini-Hochberg (BH). Moreover, 658 
a special emphasis was put on the cardiometabolic parameters (i.e. waist perimeter, sys- 659 
tolic and diastolic blood pressure, fasting glucose, TG, HDLc and MetS-z-score) through 660 
Volcano plot representations. Cardiometabolic variables were mean-centered and re- 661 
duced allowing comparison as the difference in variables expressed in standard deviation 662 
between Case and Control participants. Each variable was represented in the Volcano plot 663 
with the difference in standard deviation (SD) between Case and Control participants in 664 
the x-axis and the -log(p-value) of the Wilcoxon signed-rank test (BH-corrected) in the y- 665 
axis. Statistical analysis and graphical representations were generated by the R statistical 666 
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computing environment (https://www.R-project.org/) using the “EnhancedVolcano” 667 
package (https://github.com/kevinblighe/EnhancedVolcano).  668 

4.4.2. Pre-processing of MS oxylipin data 669 
MS data generated from the Discovery and the Validation studies were pre-pro- 670 

cessed following the same protocol as described in the Supplemental method document. 671 
This includes detailed information regarding MS data integration, normalization and im- 672 
putation as well as information regarding data adjustment. This latter pre-processing step 673 
aims to reduce the impact of total oxylipin levels on data variability and required discrete 674 
intensity adjustments as described in the Supplemental method. For the different studies, 675 
the number of quantified oxylipins was as follows: 88 oxylipins for the Discovery study 676 
(i.e. PURE) and 58 oxylipins for the Replication study (i.e. Nutrinet-Santé). Merging the 677 
oxylipin data matrix generated in the Discovery and the Replication studies identified 54 678 
oxylipins in common. This common matrix of 54 oxylipins was used for the selection and 679 
validation of oxylipins thereafter highlighted as ‘candidates’ (shared upon request by the 680 
corresponding author).  681 

4.4.3. Candidate oxylipins selection  682 
To leverage the case-control design of our studies and the matching of the selected 683 

participants, conditional logistic regression was used to model the association of a set of 684 
oxylipins with the odds of having a MetS diagnosis. Moreover, to overcome the high- 685 
dimensional setting of our datasets and to put oxylipins unlinked to the outcome modeled 686 
aside, the Elastic-net penalization [102] method was applied for the initial oxylipin selec- 687 
tion. This method relies on a penalization parameter that controls for the strength of se- 688 
lection by shrinking the coefficients toward zero (setting some to exactly zero thus per- 689 
forming variable selection). Contrary to methods as the LASSO penalization that tend to 690 
select only one representative from a pool of multi-collinear variables, Elastic-net penali- 691 
zation preserves all variables appearing linked to the outcome. This was considered to be 692 
important for the biological interpretation since even if oxylipins are collinear they may 693 
bring complementary information in the interpretation process. These penalization mod- 694 
els were computed using the R software with OPT2D function from the “penalized” pack- 695 
age [103]. As penalized regression may lead to unstable solutions due to its cross-valida- 696 
tion-based parameter determination process, bootstrap resampling was used to enhance 697 
the robustness of oxylipin selection. Elastic-net-penalized conditional logistic regressions 698 
were repeated on 350 bootstrapped samples; the oxylipins were ordered by decreasing 699 
percentage of selection across bootstraps and the oxylipin signature of metabolic syn- 700 
drome was focused on the oxylipins selected in ≥80% of bootstraps (“candidate ox- 701 
ylipins”) for the Discovery and Replication studies. A scoring of analytical robustness was 702 
established for each candidate oxylipin selected taking into account previously published 703 
results regarding (i) the stability during transitory and long term storage [43] and (ii) the 704 
technical and interlaboratory variabilities [14]. The scoring also takes into consideration 705 
the percentage of missing data imputation. Oxylipins with putative low score of analytical 706 
robustness were set apart from the initial selection. The process of candidate oxylipin se- 707 
lection was independently duplicated in the Discovery and Replication studies in order 708 
to (i) assess the consistency of the selected oxylipins and (ii) generate a complete list of 709 
oxylipins including common and population-specific oxylipins. 710 

4.4.4. Model construction and validation 711 
The objective was to evaluate whether a discrimination model fitted on the Discovery 712 

study could be efficient on an independent study regarding the outcome of prediction. 713 
First and foremost, in order to merge the oxylipin dataset generated in the Discovery and 714 
the Replication studies, a harmonization of the quantitative data adjustment protocol was 715 
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necessary (see supplemental methods). Then, a LASSO-penalized conditional logistic re- 716 
gression model was constructed using the participants of the Discovery study and includ- 717 
ing the oxylipins previously selected in the Discovery and in the Replication studies. The 718 
LASSO penalization was chosen to remove putative redundant oxylipins from the com- 719 
plete signature, with model classification performances assessed for both Discovery and 720 
Replication study participants using the AUCROC which were computed using 10-fold 721 
cross-validation, with confidence intervals and cross-validated error rates being calcu- 722 
lated. Analysis and representation were performed by the R software using the “glmnet” 723 
[104], “pROC” [105] and “selectiveInference” [106] packages. Odds ratios of each oxylipin 724 
of the optimized signature were estimated and plotted as Circos plot [107]. 725 

4.4.5. OxyScore calculation 726 
Based on the LASSO-penalized conditional logistic regression models created in the 727 

Discovery study and validated in the Replication study, the probability of being a Case 728 
(coined OxyScore) was calculated for each participant as follows: OxyScore = exp (𝐵𝐵∗𝑋𝑋)

1+exp (𝐵𝐵∗𝑋𝑋)
 729 

where (B*X) corresponds to a combination of b0*x0, b1*x1, …, bp*xp (p the number of ox- 730 
ylipins in the model) with bn being the adjusted coefficient of the n-th oxylipin in the 731 
LASSO regression model and xn the corresponding oxylipin concentration. 732 

4.4.6. OxyScore correlation 733 
In order to assess the consistency and the complementarity of the OxyScore with the 734 

clinical criteria of metabolic syndrome, Spearman correlations were established between 735 
the OxyScore calculated for each participant of the Discovery study and the criteria of 736 
MetS (including the MetS-z-score). Correlations were considered as significant when p 737 
<0.05 and r ≥0.5 (noteworthy link) or r ≥0.7 (strong link). 738 

4.4.7. OxyScore adjustment 739 
In order to see the impact of cardiometabolic criteria in the performances of the Ox- 740 

yScore and in the contribution of each oxylipin to the OxyScore, the LASSO-penalized 741 
conditional logistic regression model created in the Discovery study and validated in the 742 
Replication study (used for the calculation of the OxyScore) was adjusted with each car- 743 
diometabolic criterion (i.e. waist circumference, systolic and diastolic blood pressure, fast- 744 
ing glucose, TG, HDLc and BMI) one by one. Performance of the adjusted OxyScore was 745 
assessed as previously described (i.e. AUCROC computed using the 10-fold cross-valida- 746 
tion, confidence intervals and cross-validated error rate). Odds ratios of each oxylipin of 747 
the adjusted OxyScore were estimated. The impact of adding the criteria of MetS into the 748 
LASSO model on the maintenance or exclusion of the oxylipins of the model was evalu- 749 
ated. 750 

4.4.8. Univariate analysis  751 
To determine which oxylipins of the initial signature could reflect the outcome indi- 752 

vidually, Wilcoxon signed-rank test with BH multiple-tests correction were computed for 753 
the Discovery and Replication cross-sectional studies. 754 

4.4.9. Study approval 755 
Participants provided written consent to be included in the Polish branch of the 756 

PURE cohort or the web-based prospective French Nutrinet-Santé cohort. These were ap- 757 
proved by the Institutional Review Board of the Wroclaw Medical University (IRB num- 758 
ber: KB-443/2006) and by the International Research Board of the French Institute of 759 
Health and Medical research (IRB Inserm n°0000388FWA00005831) and the “Comité Na- 760 
tional Informatique et Liberté” (CNIL n°908450 and n°909216). 761 

5. Conclusions 762 
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From a clinical perspective, the oxylipin signature of MetS we have identified not 763 
only have excellent performances of classification and replicability but most importantly, 764 
it provides a unique and integrative characterization of molecular pathways of MetS. This 765 
could allow a better understanding and stratification of the risk of cardiometabolic dis- 766 
eases. More precisely, the originality of the oxylipin signature relies on the information it 767 
provides on several key molecular pathways of MetS including oxidative stress, inflam- 768 
mation and the regulation of vascular tone, blood clotting, endothelial permeability, glu- 769 
cose homeostasis and adipogenesis. This level of information is not provided by the MetS 770 
clinical criteria (i.e. WC, BP, TG, HDLc, glycaemia) and it could help to distinguish pa- 771 
tients with similar clinical diagnosis (i.e. MetS or not based on the 5 MetS criteria) but with 772 
a different level of risk of cardiometabolic diseases. In the Discovery and Replication stud- 773 
ies, the oxylipin signature suggested the implementation of compensatory mechanism of 774 
the cardiometabolic disturbances in the MetS participants that could be impaired with 775 
age.  The identified oxylipin signature of MetS requires further validation in various, 776 
larger-scale and well-phenotyped populations to confirm and extend the findings of this 777 
first investigation. Another perspective should be to investigate the capacity of the plasma 778 
oxylipin signature to predict the development of MetS though longitudinal studies. 779 
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