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Abstract

The increased cardiovascular risk in RA (theumatoid arthritis) cannot be explained by common quantitative circulating lipid param-
eters. The objective of the study was to characterize the modifications in HDL phosphosphingolipidome in patients with RA to identify
qualitative modifications which could better predict the risk for CVD. Nineteen patients with RA were compared to control subjects
paired for age, sex, BMI, and criteria of metabolic syndrome. The characterization of total HDL phosphosphingolipidome was
performed by LC-MS/MS. RA was associated with an increased HDL content of lysophosphatidylcholine and a decreased content
of PC (phosphatidylcholine), respectively, positively and negatively associated with cardiovascular risk. A discriminant molecular
signature composed of 18 lipids was obtained in the HDL from RA patients. The detailed analysis of phospholipid species showed that
molecules carrying omega-3 FA (fatty acids), notably docosahexaenoic acid (C22:6 n-3), were depleted in HDL isolated from RA
patients. By contrast, two PE (phosphatidylethanolamine) species carrying arachidonic acid (C20:4 n-6) were increased in HDL from
RA patients. Furthermore, disease activity and severity indexes were associated with altered HDL content of 4 PE and 2 PC species. In
conclusion, the composition of HDL phosphosphingolipidome is altered during RA. Identification of a lipidomic signature could
therefore represent a promising biomarker for CVD risk. Although a causal link remains to be demonstrated, pharmacological and
nutritional interventions targeting the normalization of the FA composition of altered phospholipids could help to fight against RA-
related inflammation and CVD risk.
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Key points

* RA induced alterations in phospholipid and sphingolipid composition of

HDL

* Phospholipids carrying omega-3 fatty acids were depleted during RA

« HDL lipidome was associated with disease activity and severity

* A signature composed of 18 lipids allowed to discriminate patients and
controls
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Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory dis-
ease characterized by progressive joint destruction, dis-
ability and premature death with an increased CVD mor-
tality due to accelerated atherosclerosis [4]. The CVD
mortality is increased by 50% and the risk of major ad-
verse cardiovascular events by 48% in the RA population
compared to the general population [5]. RA itself is an
independent CVD risk factor that carries as much weight
as type 2 diabetes [21]. The reasons resulting in CVD risk
excess are still to be clarified. Traditional CVD risk fac-
tors (hypertension, metabolic syndrome, smoking, age)
only partly explain the increased CVD risk in rheumatic
diseases [23, 25]. Chronic inflammation promotes athero-
sclerosis, exacerbates the effects of established CVD risk
factors, and contributes to the alterations in lipid profiles.
Hence, in the context of inflammatory arthritis, the tradi-
tional atherogenic lipid profile characterized by increased
low-density lipoprotein-cholesterol (LDL-C) and de-
creased high-density lipoprotein-cholesterol (HDL-C)
levels is not observed. Paradoxically, an inverse relation-
ship between CVD risk and lipid levels, also termed the
“lipid paradox”, was reported during active RA leading to
reduced levels of total cholesterol, LDL-C, and HDL-C,
though the CVD risk was enhanced [24], suggesting lipo-
protein dysfunctions in addition to quantitative abnormal-
ities [3, 14, 17]. Hence, inflammation may lead to modi-
fications in the lipoprotein composition, thereby altering
protective functions of HDL such as antioxidative proper-
ties and cholesterol efflux capacities. A more relevant
diagnostic tool of CVD risk consisting in the determina-
tion of the composition of small atherogenic HDL parti-
cles was recently proposed [14]. Alterations in the
lipidome (PA, PI, and PG contents) of small and dense
HDL particles were already described in a small sample
population of RA patients suggesting specific alterations
in some subfractions. However, isolation of small HDL
subpopulations is, however, laborious and cannot be read-
ily employed in clinical studies. Identification of specific
biomarkers in the total HDL fraction could therefore rep-
resent a useful predictive tool.

The main objective of this study was to investigate
qualitative and quantitative changes in phospholipid (PL)
and sphingolipid (SL) composition of HDL by lipidomic
analysis in a RA population in comparison to age- and
sex-matched control subjects. The secondary objective
was to correlate PL and SL profiles in HDL to disease’s
characteristics and CVD risk. This is a pilot study aiming
to identify a phenotype using the lipidome associated with
elevated CVD risk in these populations, thereby improv-
ing the physiopathological understanding and the risk pre-
diction for these patients.

@ Springer

Materials and methods
Description of RA population

Patients over 18 years old with RA and starting first biologic
disease-modifying anti-rheumatic drugs (DMARD) were in-
cluded from 2014 in the longitudinal cohort of RCVRIC an-
alyzing cardiovascular risk and chronic inflammatory rheuma-
tism (PHRC RCVRIC AOI 2014 N° ID-RCB-A01847-40).
The patients fulfilled the 2010 RA classification criteria [2]
and had active disease as defined by disease activity score in
28 joints (DAS28) >3.2.

Standard demographic data, disease and imaging char-
acteristics, and cardiometabolic profile of patients were
recorded at inclusion. The duration, extra articular man-
ifestations, the presence of rheumatoid factor and/or anti-
CCP antibodies, and biological markers of inflammation
(erythrocyte sedimentation rate (ESR; mm/h) and circu-
lating concentration of C-reactive protein (CRP; mg/l))
were recorded. RA activity was evaluated by the DAS
28VS/CRP. All treatments were registered: conventional
or biological DMARDs, steroids, nonsteroidal anti-
inflammatory drugs (NSAIDs). Radiographic erosions
were recorded on baseline feet and hands X-ray.

Patients were questioned for common cardiovascular
risk factors including age, sex, family, or personal his-
tory of cardiovascular disease, such as stroke, myocar-
dial infarction or sudden death, type 2 diabetes or im-
paired fasting glucose, past and current smoking, history
of hypertension, dyslipidemia (plasma LDL-C, HDL-C,
and TG), familial dyslipidemia. Blood pressure, body
weight, body height, and waist circumference were mea-
sured. Ten-year CVD risk was calculated using the
Systematic COronary Risk Evaluation (SCORE) equa-
tion [1].

Common clinical blood parameters were evaluated and re-
corded, including blood cell count, ESR, C-reactive protein
(CRP), fasting blood glycemia, insulin, and creatinine.

Patients with pathologies or treatments which could inter-
fere with lipid profile (hereditary dyslipidemia, thyroid dis-
ease, kidneys and/or liver deficiency, dyslipidemia treatment,
diabetes mellitus, pregnancy, chronic infections, active neo-
plasia, ethanol consumption of > 30 g a day) were excluded.

Control subjects

Non-RA controls were recruited in the RESOLVE (REverse
metabolic SyndrOme by Lifestyle and Various Exercises) trial
between May 2009 and October 2011 [10] and matched with
RA patients for age, sex, BMI, and criteria of metabolic syn-
drome. For matching, BMI was categorized as <25 kg/m?,
25-30 kg/m?, and > 30 kg/m?.
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Blood samples and analysis

Plasma was collected at inclusion for each patient and control
subject, aliquoted and stored at — 80 °C until analyses. Plasma
levels of TG, glucose, total cholesterol, HDL-C, and apolipo-
proteins Al (apoAl) and B (apoB) were quantified on
KONELAB analyzer (ThermoFisher Scientific,
Massachusetts, USA). Circulating insulin was evaluated using
an enzyme-linked immunosorbent assay (ELISA) according
to the manufacturer instructions (kit reference KAQ1251,
Fisher Scientific, Illkirch, France). Each assay was performed
in duplicate with an intra-assay variation < 10%. Insulin resis-
tance was evaluated using the HOMA-IR homeostatic model
[(fasting insulin X fasting glucose) / 22.5].

Isolation of HDL from plasma

Plasma lipoproteins were separated according to their respec-
tive densities using serial ultracentrifugation using a Beckman
Coulter LE-80k ultracentrifugation system and a Type 100 Ti
rotor (Beckman Coulter France, Villepinte, France). For the
first ultracentrifugation, 400 ul of plasma was deposited in a
2-ml quick seal tube (Beckman Coulter France), supplement-
ed with 1000 pl of a potassium bromide (KBr) solution of a
density of 1.006 g/ml for a total volume of 1400 ul. Then,
448 ul of a KBr solution of a density of 1.24 g/ml was added
to obtain a final density of 1.063 g/ml. Ultracentrifugation was
performed at 80,000 rpm (512,312 g) for 8.5 h at 15 °C,
allowing HDL to be separated from the other lipoproteins.
Very low and low-density lipoproteins located in the upper
half of the tube were discarded. The lower half (approx
850 pl) containing HDL was recovered and mixed with
1086 ul of a new KBr solution of a density of 1.34 g/ml to
obtain final density of 1.21 g/ml. This solution was then cen-
trifuged at 80,000 rpm for 14.5 h at 15 °C to isolate HDL
particles. Finally, 725 pl of the upper phase containing HDL
was recovered. The samples were extensively dialyzed against
PBS. After three changes of dialysis buffer (every 5-8 h),
samples were stored in cryotubes at — 80 °C until lipidomic
analyses.

Lipidomics analysis of HDL

HDL lipidomic analysis was performed by LC-MS/MS to
assess the composition in phospholipid (PL) and sphingolipid
(SL) subclasses and their corresponding molecular species,
specifically those of phosphatidylcholine (PC),
lysophosphatidylcholine (LPC), phosphatidylethanolamine
(PE), phosphatidylinositol (PI), phosphatidylserine (PS),
phosphatidylglycerol (PG), phosphatidic acid (PA),
sphingomyelin (SM), and ceramides (Cer).

Lipids were isolated using the modified Folch’s method
[19]. Briefly, 0.8 ml of water was added to 30 pg of

enzymatically quantified phospholipids before adding 0.8 ml
of acidified methanol containing a mixture of internal stan-
dards and 0.8 ml of chloroform. The suspension was vortexed
for 1 min and centrifuged at 3600g for 10 min at 4 °C. Lipids
were recovered and dried before dissolution into LC/MS sol-
vent. Internal standards were purchased from Avanti Polar
Lipids (Alabaster, AL, USA). LC-MS-grade solvents were
used without further purification and obtained from Sigma-
Aldrich (St Louis, MO, USA). Lipids were quantified by
LC-ESI/MS/MS using a Prominence UFLC (Shimadzu,
Tokyo, Japan) and QTrap 4000 mass spectrometer (AB
Sciex, Framingham, MA, USA) equipped with a turbo spray
ion source (450 °C) combined with an LC20AD HPLC sys-
tem, a SIL-20AC autosampler (Shimadzu, Kyoto, Japan), and
the Analyst 1.5 data acquisition system (AB Sciex,
Framingham, MA, USA).

Quantification of PL and SL molecular species was per-
formed in positive ion mode. Sample (4 ul) was injected to a
Kinetex HILIC 2.6-pum 2.1 x 150-mm column (Phenomenex,
CA, USA) maintained at 45 °C. Lipid species were detected
using scheduled multiple reaction monitoring (sSMRM)
reflecting the head group fragmentation of each lipid class.
Typically, PC, LPC, and SM species were detected as product
ions of m/z 184, PE, PI, PS, PG, and PA as neutral losses of,
respectively, m/z 141, 277, 185, 189, and 115 as described
previously [29]. Nitrogen was used as nebulization and colli-
sion gas. Air was used for exhaust.

An in-house developed R script adapted from Ejsing CS
et al. [11] was used to correct for isotopic contribution to
MRM signals. Lipids were quantified using 37 calibration
curves specific for the 16 individual lipid subclasses and up
to 12 fatty acid (FA) moieties. More abundant lipid species
which displayed non-linear response in non-diluted extracts
(typically PC and SM) were quantified from a 20-fold diluted
sample. Structural determination of major PL chains was per-
formed by LC/MS/MS using a reversed-phase separation onto
a symmetry shield RP8 50 mm x 2.1 mm, 3.5-um column
(Waters Corporation, Milford, MA, USA) as previously de-
scribed [7] and negative ionization using precursor ion scans
(PIS) of FA chains.

Statistical analysis

Sample size was estimated according to (i) the CONSORT
2010 statement, extension to randomized pilot and feasibility
trials [12] and (ii) Cohen’s recommendations [8], which define
effect-size bounds as follows: small (ES: 0.2), medium (ES:
0.5), and large (ES: 0.8, “grossly perceptible and therefore
large”). We were able to collect data and perform biochemical
explorations on 19 RA patients. To maximize the sample size
in RA group, one control was paired with two patients. The
characteristics of the 19 RA patients and 18 control subjects
are shown in Table 1. With 19 paired subjects per group, a
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Table 1 Demographic, cardiometabolic, and disease characteristics of patients and control subjects

RA Controls p value
Age (years) 55.73+10.91 58.28 +4.80 0.44
Gender (M/F) (% F) 1/18 (94.7%) 1/17 (94.5%) 1
Weight (kg) 63.71+£16.13 59.56+£9.44 0.82
BMI (kg/m?) 2422 +£4.81 22.13£2.92 0.22
High blood pressure Y/N (%) 4/15 21%) 0/18 (0%) 0.05
Diabetes mellitus Y/N (%) 0/18 (0%) 0/18 (0%) 1
Smoking Y/N (%) 5/14 (26%) * 0/18 (0%) 0.05
Dyslipidemia Y/N (%) 6/13 (32%) 0/18 (0%) 0.02
Total cholesterol (g/1) 2.16+0.44 2.34+0.27 0.15
LDL-C (g/l) 1.36+£0.37 1.45+0.25 0.21
HDL-C (g/) 0.59+0.19 0.72+0.21 0.11
Atherogenic index 3.99+1.49 3.51+1.00 0.27
TG (g/1) 1.05+0.53 0.81+£0.32 0.13
Apoal (mg/l) 1.50+0.25 1.60+0.30 0.67
ApoB (mg/l) 0.99+0.24 0.97+0.15 0.95
ApoB/ApoAl 0.67+0.15 0.63+0.15 0.43
Glycemia (g/1) 0.83+0.21 0.85+0.09 0.17
Insulinemia (nUI/pl) 13.61 +7.39 12.14+6.82 0.54
HOMA-IR 0.50+0.26 0.46+0.26 0.81
SCORE CV 1.08+1.16 0.56+0.78 0.15
CRP (mg/l) 31.16+43.98 0.80+£0.72 <0.001
Disease duration (years) 6.68£6.33
Rheumatoid factor or anti-cyclic citrullinated antibodies Y/N (%)  18/1 (95%) -
DAS 28 VS score 4.94+1.57 -
DAS 28 CRP score 4.56+1.45 -
Radiographic erosions Y/N (%) 11/8 (58%) -
Current steroid treatment Y/N (%) 10/9 (53%) -
Steroid dose -
< 10 mg per day 8 (80%) -
[10-20 mg] per day 2 (20%) -
NSAIDs Y/N (%) 9/10 (47%) -
Methotrexate use Y/N (%) 15/4 (79%) -

RA rheumatoid arthritis, BMI body mass index, LDL-C low density lipoprotein cholesterol, FDL-C high density lipoprotein cholesterol, 7G triglycerides,
Apo apolipoprotein, HOMA-IR homeostasic model assessment of insulin resistance, SCORE systematic coronary risk evaluation, CRP C reactive

protein, NSAID nonsteroidal anti-inflammatory drugs

Atherogenic index was calculated by dividing total cholesterol by HDL-C

Data are means + SD or numbers with relative percentage (%)

minimal effect size greater than 0.8 could be highlighted, for a
two-sided type I error at 1% (correction due to multiple com-
parisons) and a statistical power at 80%. All statistical analy-
ses were performed using Stata software (version 13,
StataCorp, College Station, TX) and R software (https://
cran.r-project.org/, with ADE4 package). The analyses were
carried out for a two-sided type I error at 5%. Continuous
variables were presented as mean and standard deviation
(SD) or median and interquartile range. The assumption of
normality was evaluated using the Shapiro-Wilk test. Then,
quantitative variables were compared between groups by
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Student’s ¢ test or Mann-Whitney test if assumptions of # test
were not met (normality, homoscedasticity analyzed using
Fisher-Snedecor test). The results were expressed as effect
size (ES) and 95% confidence interval. For categorical vari-
ables, comparisons between groups were done by Chi-squared
or when appropriate by Fischer’s exact test. Random-effects
models were added to statistical plan in order to measure and
model possible effect of matching (between and within pair
variability, as random-effect). Finally, multivariable analyses
were performed using multiple regression models to take into
account possible confounding variables determined according
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to the results of univariate analyses and to the clinical rele-
vance: age, tobacco consumption, steroids use. The normality
of residuals was checked for all models. When appropriate, a
logarithmic transformation was applied to access the normal-
ity of the distributions of dependent variables. To take into
account multiple comparisons, correction of type I error pro-
posed by Benjamini-Hochberg was applied.
Multidimensional analyses as factorial mixed data analysis
(FMDA) were used in order to analyze assets as elements of
qualitative and quantitative variables. This method allows to
(1) uncover the underlying relationships and structures of the
measured variables and (2) to aggregate subjects into clusters.
When quantitative and categorical data are studied together,
quantitative variables were transformed and categorized to
generate an exploratory multiple correspondence analysis.

Results

Characteristics of rheumatoid arthritis patients
and matched non-rheumatoid arthritis controls

The characteristics of control and RA subjects could be found
in Table 1. RA patients had inflammatory active disease as
defined by a DAS28 higher than 3.2 and high CRP levels. The
disease had been evolving for several years and was severe,
associated with erosive destruction of cartilage and bone in
more than a half of the patients and with rheumatoid factor or
anti-cyclic citrullinated protein antibodies in the majority of
them. Current treatment with steroids was reported in 53% of
patients and with methotrexate in 79% of patients. RA patients
had more CVD risk factors and exhibited a non-significant
elevation of their CVD risk (SCORE equation) compared to
controls. In contrast, plasmatic parameters related to lipid me-
tabolism (cholesterol, LDL-C, TG, apoAl, apoB) did not dif-
fer between controls and RA patients (Table 1). Only HDL-C
was marginally, but not significantly, reduced in RA patients.
Atherogenic index, as defined by the total cholesterol to HDL-
C ratio, did not differ between the groups. As indexes of met-
abolic status, the concentration of insulin and glucose in plas-
ma was not affected in RA patients. Thus, HOMA index was
also similar between RA and control groups (Table 1).

Lipidome of HDL particles in RA patients compared
to controls

Statistical analyses of lipidomic data were performed after
adjustments for age, sex, smoking status, and the use of corti-
costeroid therapy. Among the main phospholipid classes, a
reduced proportion of PC (—2.4% vs control, p <0.05) and
an increased proportion of LPC (+30% vs control, p < 0.05)
were observed in RA patients (Fig. 1). Proportions of PE, PI,
PA, SM, LPC, and LPE in HDL were similar between RA

patients and controls. As shown in Table 2, we identified 18
molecular species in HDL which were significantly affected
by RA (p < 0.05 vs control group). The highest magnitudes of
variation (as illustrated by the size effect) were observed for
PC 40:8 (18:2 22:6), LPC 16:0, and LPC 18:0 (Table 3). The
elucidation of the FA composition of these phospholipids in-
dicated a reduced levels of the omega-3 fatty acids
docosahexaenoic acid (DHA, C22:6 n-3) in PC compared to
controls (Table 4). The complete list of these species and their
relative abundance in RA and control subjects is provided in
Supplementary Table S1. The detailed chemical characteriza-
tion of the most abundant PL species can be found in
Supplementary Table S2. A hierarchical clustering of subjects
using significant PL. showed a good separation of patients and
control subjects (Fig. 2).

Associations between HDL phospholipid profile,
disease’s characteristics, and CVD risk

A multidimensional analysis was performed to identify asso-
ciations between HDL lipidome and clinical parameters. As
shown in Fig. 3, we observed an association between HDL
abundances of total LPC, LPC 16:0, LPC 18:0, LPE 18:0,
atherogenic index, apoB to apoAl ratio, plasma triglycerides,
and RA population. Phospholipid species for which abun-
dance in HDL was the most strongly associated with RA
activity (DAS28, CRP) and severity (erosion, seropositivity
for rheumatoid factors or anti-CCP) included PE 38:4 and PE
36:4 carrying arachidonic acid (C20:4 n-6), PE 34:2, PE 38:3,
PC 38:3, and PC 40:4. Abundances of those PL were also
associated with traditional CVD risk factors, such as high
blood pressure (hbp), tobacco use, insulin level, and NSAID
use. By contrast, abundances of PC 40:7 and PC 40:8, which
contain 50% of C22:6 n-3 fatty acid, and HDL-C exhibited
inverse associations with RA indexes (Fig. 3).

Discussion

The present study aimed to determine a molecular lipid signa-
ture in the total HDL from a population of RA patients in
comparison to control subjects matched for age, sex, and
BMI. Because classical risk factors could not be used as the
most relevant predictors of mortality due to CVD [15], the
HDL lipidomic signature would help to better predict the
CVD risk in RA patients. We then explored a more qualitative
view of HDL composition and observed that RA induced
specific alterations in the HDL lipidome. The analysis of the
main PL and SL classes in HDL showed an enrichment of
LPC and a depletion of PC in RA patients. LPC and PC were,
respectively, positively and negatively associated with cardio-
vascular risk. No other major PL fractions were globally al-
tered. HDL was proposed to be able to trap LPC in order to
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Fig. 1 Comparison of major HDL PL and SL classes between RA and control subjects Results are expressed in mol% of total PL + SL of HDL (mean +

SD). p values were adjusted for age, sex and steroid use;* means p < 0.05

prevent LDL from oxidative damage [18]. A higher degree of
LDL oxidation in RA patients in the present study remains to
be demonstrated, but this hypothesis could explain the in-
creased percentage of LPC in HDL from RA patients. A sec-
ond hypothesis would be an increased degradation of PC lead-
ing to a higher generation of LPC from PC. Hence, an in-
creased activity of Lp-PLA2 which catalyzes the hydrolysis
of oxidized PC to generate LPC and oxidized non-esterified
FA has been proposed as a biomarker of chronic inflammation
and a predictor of CVD [20, 28]. Finally, a third hypothesis
would link the decrease in HDL PC content and a reduction in
PC synthesis from PE by PEMT, notably in the liver. PC with
long polyunsaturated FA is preferentially synthetized by this
pathway [9]. The activity of the enzyme is sensitive to indi-
vidual’s status in vitamins of the B family and homocysteine

Table 2 HDLs lipid species significantly (p <0.05) affected in RA
patients as compared to controls

Lipid species RA Controls

LPC 16:0 3.06+1.10 1.64+0.55

LPC 18:0 2.07+0.75 1.21+0.35

LPE 18:0 0.06+0.02 0.04+0.01

LPE 18:3 0.02+0.01 0.03+0.01

PC 30:0 0.18+0.04 0.24+0.09
PC38:3 2.13+0.35 1.76 £0.33

PC 404 0.24+0.05 0.21+0.03

PC 40:7 0.30+0.09 0.40+0.10

PC 40:8 0.06+0.02 0.09+0.02

PE 34:2 0.11£0.03 0.09+0.02

PE 36:4 0.10+0.03 0.08+0.02

PE 38:3 0.04+0.01 0.02+0.01

PE 38:4 0.21+£0.06 0.16+£0.04

PG 38:6 8.0E-05 +4.0E-05 12E-05 + 5E-05
PI38:2 1.8E-02 +5.0E-03 2.2E-02 +5.0E-03
PI140:7 5.2E-03 £1.4E-03 6.1E-03 £1.2E-03
PS 40:6 1.8E-03 +7.8E-04 3.3E-03 £2.2E-03

Cer d18:1/26:0 6.4E-04 = 1.9E-04 9.1E-04 +£3.5E-04

Results are expressed in mol% of total PL + SL and represented as means
+SD

@ Springer

[27]. This hypothesis would require complementary investi-
gations because the prevalence of vitamin B12 deficiency
could be slightly increased in RA patients [13]. Very high
levels of CRP are frequently observed in RA patients and
are strongly associated with CVD risk [15]. We confirmed
the association between plasma CRP, DA28, and some risk
factors for CVD index in RA patients. Moreover, these
markers of RA activity were associated with an enrichment
in four molecular species of PE, two molecular species of PC,
and a depletion of three other molecular species of PC in the
total HDL fraction. The detailed analysis of PL species
showed that molecules carrying omega-3 FA, notably
docosahexaenoic acid (C22:6 n-3), were depleted in HDL

Table 3 Summary of statistical analysis for lipid species whose
abundance in HDL was significantly different in RA patients compared
to matched controls

p value Pair Size effect
Total PC 0.005 1 0,75 (0,07:1,41)
PC 30:0 0.009 1 0,92 (0,24:1,6)
PC 38:3 <0.001 0.2 - 1,08 (—1,77: —0,38)
PC 40:4 <0.001 1 -0,86 (—1,53: —0,18)
PC 40:7 0.002 0.08 1,07 (0,38:1,76)
PC 40:8 <0.001 1 2,03 (1,22:2,82)
PE 34:2 0.01 1 -0,82 (—1,48:-0,14)
PE 36:4 0.002 1 -0,88 (—1,55:-0,19)
PE 38:3 <0.001 1 -1,3(=2,01: —0,58)
PE 38:4 0.001 1 —0,97 (- 1,65: —0,29)
PG 38:6 0.041 0.06 0,92 (0,23:1,59)
PI38:2 0.002 1 0,71 (0,04: 1,37)
PI140:7 0.008 0.005 0,72 (0,052:1,38)
PS 40:6 0.004 1 0,9 (0,22:1,57)
Total LPC 0.005 1 =0,77 (= 1,44: = 0,09)
LPC 16:0 <0.001 1 -1,62 (—2,35: -0,86)
LPC 18:0 <0.001 1 = 1,46 (—2,19: —0,73)
LPE 18:0 <0.001 1 - 1,11 (-1,8: -0,41)
LPE 18:3 0.055 0.26 0,68 (0,01:1,34)
CER 18:1-26:0 0.033 1 0,89 (0,29:1,66)
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Table 4 Fatty acid composition of phospholipids whose HDL
abundance was altered by RA

PL species Major fatty acids % Alteration in RA
PC(30:0) (14:0_16:0) 100 Decrease
PC(38:3) (18:0_20:3) 97 Increase
PC(40:4) (18:0 22:4) 100 Increase
PC(40:7) (18:1 22:6) 100 Decrease
PC(40:8) (18:2_22:6) 68 Decrease
(20:4_20:4) 32 Decrease
PE(34:2) (16:0_18:2) 98 Increase
PE(36:4) (16:0_20:4) 100 Increase
PE(38:3) (18:0_20:3) 92 Increase
PE(38:4) (18:0 20:4) 100 Increase

Structural identification of HDL phospholipids was determined by mass
spectrometry. 14:0, 16:0, and 18:0 are saturated fatty acids (FA); 18:1 is
the monounsaturated oleic acid; 18:2, 20:4, and 22:4 are omega 6 poly-
unsaturated FA; 22:6 corresponds to the omega 3 docosahexaenoic acid
(DHA). The exact FA composition of significantly altered species of PG,
PI, and PS could not be determined because of their low abundance

isolated from RA patients. By contrast, two molecular PE
species carrying arachidonic acid (C20:4 n-6) were increased
in HDL isolated from RA patients. Dietary intakes were not
recorded in this study, but it should be noted that the French
population has an inadequate intake of omega 3 FA [26].
Although we cannot completely rule out a possible different
intake of omega 3 FA between the two groups, these observa-
tions are in agreement with the anti-inflammatory and pro-
inflammatory properties of omega-3 and omega-6 FA, respec-
tively. Polyunsaturated omega-3 FA are converted to bioactive
anti-inflammatory and pro-revolving mediators called
protectins and resolvins [6]. The proinflammatory cyclooxy-
genase (COX) pathway is probably strongly involved in the
pathology of RA. Omega-3 FA are good inhibitors of this
pathway that is on the contrary activated by arachidonic acid.
It has been demonstrated that the use of fish oil, enriched in
long chain omega-3 FA, represents a relevant nutritional ther-
apy against RA-related inflammation and CVD risk [22]. On
the other hand, the levels of saturated FA-containing LPCs
were elevated during the disease. Notably, a 1.9-fold increase
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Fig. 2 Classification of subjects according to lipidomic data heatmap
representing relative amounts of discriminant lipids in plasma HDL
between RA and control (C) subjects. Variables with a very low
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Fig. 3 Multiple factorial analysis of clinical and biological characteristics
and discriminant lipids. Each subject is labeled with a dot. The left panel
shows association between variables. The right panel shows the

in LPC containing palmitic acid (C16:0) was detected in HDL
from RA patients. This PL was previously associated with
metabolic abnormalities in the liver [16].

The combined exploration of clinical and biochemical data
demonstrated the association between inflammatory markers,
CVD risk, and PL composition of HDL in RA patients. It
validates the concept that the use of HDL lipidome could be
a promising target for further validation of these biomarkers in
a larger population. It would be relevant to determine if a
normalization of the sphingolipidomic signature could be ob-
tained in patients receiving a therapy. Although the present
study has provided preliminary promising data, it has some
limitations. First, the evaluation of cardiovascular risk was
performed using blood lipid parameters in a RA population.
Other relevant biomarkers of both inflammation (haptoglobin,
SAA protein, or fibrinogen) and CVD risk together with sub-
clinical atherosclerosis assessment (vascular function and
structural remodeling), which could not be measured here,
should be determined in the future to explore their association
with HDL lipidome in a larger population of patients. This
population should also better reflect a women/men ratio of
4-5 as observed in the RA population. Finally, alterations in
HDL PL composition should also be correlated with
atheroprotective functionality of HDL particles.

Conclusion
We identified 5 PC, 4 PE, 4 lysophospholipids, 2 PI, 1 PG, 1

PS, and 1 ceramide which were differentially represented in
HDL isolated from RA patients as compared to paired control

@ Springer

segregation between RA (red) and control (blue) groups according to
the association between variables as represented on the left panel; each
dot represents a subject from RA or control groups

subjects. The use of the relative amount of these molecules for
a hierarchical clustering of subjects allowed a good separation
of RA and control groups. We identified PL species associated
with inflammation or CVD risk that were increased in HDL
from RA patients. On the contrary, omega-3 FA with anti-
inflammatory properties were depleted suggesting that nutri-
tional and pharmacological interventions aiming at modifying
PL composition of HDL could help to reduce RA-related in-
flammation and CVD risk. These results warrant to be con-
firmed with further investigations on a larger population.
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