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Abstract

Background and aim: Triglyceride-rich lipoproteins (TRLs) can have an im-
portant role in atherosclerosis development due to their size and ability to pen-
etrate the endothelium. While high plasma triglyceride (TG) levels and chronic
inflammation are relevant in metabolic diseases, it remains unclear whether TGs
are atherogenic or which TRL-TG-derived metabolites are responsible for inflam-
mation. Here, we aimed to study the lipidome modifications of TRL particles
enriched in TG in patients with hyperlipidemia and their associations with a pro-
inflammatory status both in vivo and in vitro.

Methods: Using proton nuclear magnetic resonance (‘"H-NMR), we analysed the
plasma levels of glycoprotein acetyls and the TRL lipidomic profile of 307 patients
with dyslipidemia. THP-1-derived macrophages were used as an in vitro model to
explore the molecular inflammatory effects mediated by TRL.

Results: In vivo, higher TRL-TG levels were associated with higher circulating
levels of NMR-measured glycoproteins (Glyc-A, Glyc-B and Glyc-F; p<.001).
Lipidomic analysis showed that TRL-TG enrichment led to decreased cholesterol
and phospholipid content (p <.01), an increase in omega-9, and a decrease in
saturated fatty acids (p<.001). THP-1 macrophages exposed to increasing TRL
particle concentrations augmented the secretion of IL-1p and TNF-«, which var-
ied based on particle composition. Particles with higher cholesterol and phospho-
lipid contents exerted higher cytokine secretion. The activation of MAPK, Akt/
NFxkB, and caspase-1 was concurrent with this proinflammatory response.
Conclusions: High TRL-TG levels are associated with a higher systemic in-
flammatory status and increased particle concentrations. In vitro, higher parti-
cle numbers increase proinflammatory cytokine secretion, with cholesterol and
phospholipid-rich TRL being more proinflammatory.
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1 | INTRODUCTION

Evidence from epidemiological, genetic, pathology and
clinical intervention studies has shown that low-den-
sity lipoproteins (LDLs) are causal in atherogenesis, a
chronic inflammatory disease that triggers most car-
diovascular events."? However, despite the efficacy of
LDL-lowering therapies, residual cardiovascular risk
remains, which can be partly associated to high tri-
glyceride (TG) levels.” Plasma TG concentration is a bio-
marker of a family of lipoproteins, the triglyceride-rich
lipoproteins (TRLs). The TRLs are a spectrum of hetero-
geneous particles that comprise chylomicrons (present
postprandially or in pathological conditions), VLDL
and their remnants (including intermediate-density li-
poproteins or IDLs). Chylomicrons and VLDL (TRLs)
are assembled in the small intestine and in the liver, re-
spectively. Their rate of generation, the efficiency with
which TG content is removed by lipolysis, and hepatic
clearance will affect plasma levels of TRL.* Predisposing
genetic factors as well as modifiable risk factors, such
as insulin resistance and changes to unhealthy high-car-
bohydrate diets (among others), may promote obesity
and detrimental metabolic effects, characterised in part
by an elevation in TRLs.” These events contribute to an
overproduction and/or a decline in their catabolism that
causes the accumulation of TRLs.

Increased numbers of these particles can have an
important role in the development and progression
of atherosclerosis. This can be attributed to their size
(<70nm). This group of lipoproteins can penetrate the
artery wall across the endothelium and be retained in
the subendothelial layer.>® The biochemical composi-
tion of these lipoproteins is critical for arterial retention
and subsequent events, since larger TRL particles can
contain up to four times higher cholesterol content per
particle than LDL particles, even though TGs are their
main component.” Additionally, the enriched presence
of apolipoprotein (Apo) C-1IT and Apo E in TRLs is im-
plicated in their binding and retention.®® Recent genetic
research supports the causality of TRLs in cardiovascu-
lar risk, implicating various genes related to lipoprotein
lipase (LPL) function, a key enzyme in TG hydrolysis
and clearance that thus regulates plasma TG concen-
trations, such as APOA5, APOC3, ANGPTL3, ANGPTL4
and LPL itself."” Additional studies have shown that in-
creases in TG levels are accompanied by increased levels
of C-reactive protein (CRP, a marker of low-grade in-
flammation), an effect possibly attributed to some of the
TRL components.11

The described events that favour TRL uptake induce
macrophage foam cell formation without the need for
structural modifications of the lipoproteins.> Particle

in situ degradation during lipolysis in the artery wall re-
leases free fatty acids and bioactive lipids that lead to en-
dothelial dysfunction and inflammation. In obese adipose
tissue, TG-laden macrophages stimulate the release of
proinflammatory cytokines via the polarisation of macro-
phages to the classically activated M1 phenotype, which
can aggravate the inflammatory status of atherosclerotic
lesions.'” Whether TG can directly exert atherogenic ef-
fects or which specific TRL-triglyceride (TRL-TG) lipoly-
sis-derived products are implicated in inflammation is
a matter of current research. In addition, LPL and TRL
lipolysis anti-inflammatory products exist, suggesting a
complex balance of pro- and anti-inflammatory effects
mediated by TRL lipolysis."*

Proton nuclear magnetic resonance (‘"H-NMR) is a
useful tool to detect inflammatory patterns since it can
detect acetyl groups linked to plasma acute-phase glyco-
proteins (Glyc-A and Glyc-B). We and others have recently
reported these glycans as stable biomarkers of chronic in-
flammation.'*1° Additionally, '"H-NMR can be used for
the detection and quantification of different lipid families
and species, such as those contained within the TRL frac-
tion. Therefore, NMR technology may be used to investi-
gate specific lipidomic signatures or profiles linked to the
molecular processes that TRLs modulate during athero-
genic inflammation.

In the present study, we aimed to investigate whether
increasing the TG content within the TRL fraction of pa-
tients with hyperlipidemia and subsequent changes in
the lipidome of these lipoproteins were associated with a
proinflammatory status both in vivo and in vitro. To test
this hypothesis, "H-NMR was used to study the metab-
olomic profile of 307 individuals and for the lipidomic
analysis of the TRL fraction of the participants, which was
further used to investigate the inflammatory effects medi-
ated by this fraction in macrophages.

2 | MATERIALS AND METHODS

2.1 | Study population and study design

We conducted a cross-sectional study including 307 indi-
viduals willing to participate. Participants were attending
the Lipid Unit of the Sant Joan de Reus University Hospital
due to lipid metabolism disturbances and associated dis-
orders, such as obesity, type 2 diabetes (T2DM) and meta-
bolic syndrome (Met-S). Based on medical guidelines, we
identified obesity as a body mass index (BMI) of 30kg/m2
or greater, T2D as fasting plasma glucose levels >126 mg/
dL, or glycated haemoglobin (HbAlc) levels >6.5%, or
the use of hypoglycaemic medication. Hypertension was
defined as a systolic blood pressure >140mm Hg, or a
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diastolic blood pressure >90mm, or under antihyperten-
sive drugs. Additionally, we recognised Met-S based on
the criteria from the Adult Treatment Panel III (ATPIII).
Subjects with chronic lung, renal, or cancer diseases were
excluded. Patients taking lipid-lowering medications were
subjected to a 6-week wash-out period (8 weeks if they
were on fibrates).

The Ethical and Clinical Investigation Committee
of the Pere Virgili Institute for Health Research (IISPV)
authorised this study, which adhered to standards of the
Helsinki Declaration. All participants signed a written
consent form.

2.2 | Clinical and standard biochemical
determinations

Data on physical examination, complete anamnesis and
anthropometric data were recorded. Body mass index
(BMI) was calculated from the weight and height meas-
urements (kg/m?). Using a MyLab 60-X Vision sonog-
rapher (Esaote), the carotid intima-media thickness
(cIMT) of the right and left common carotid arteries was
measured in all participants. The mean cIMT was calcu-
lated by averaging the readings of both carotid arteries.
Plaques were classified as an IMT of more than 1.5mm
or protrusions into the lumen that were 50% thicker than
the surrounding IMT. Fasting blood samples were taken
from each participant. Prior to usage, aliquots were pre-
pared for rapid storage at —80°C in our center's BioBank.
Biochemical parameters, including lipids, apolipoproteins
(apoAl, apoB100 and apoClIII), and hsCRP, were assessed
using colorimetric, enzymatic and immunoturbidimetric
assays (Spinreact; Horiba), which were adapted to the
Cobas Mira Plus Autoanalyser (Roche Diagnostics).

2.3 | TRL isolation and pools of TRL-TG
TRL from each individual was obtained from plasma
samples by sequential preparative ultracentrifugation,
as described by Havel et al.,'” The TRL fraction, contain-
ing VLDL and IDL (d<1.019g/mL), was obtained in a
Kontron rotor at 45.6 in an Optima XPN-100 ultracen-
trifuge (Beckman Coulter). After the biochemical deter-
mination of the triglyceride concentration in the isolated
TRL fractions, samples were divided into four quartiles ac-
cording to their TG content. One hundred and forty-four
representative samples from each quartile were pooled
for in vitro experiments. Sample pools were placed in
semipermeable dialysis membranes (MW: 12-14,000 Da;
Medicell) and subjected to a two-step dialysis of 1 h rotat-
ing in PBS pH 7.4 at 4°C.

WILEY- 22

2.4 | Lipoprotein, gllycoprotein and TRL
lipidomic analysis by "H-NMR

The Liposcale test®, a new generation 2D-"H-NMR test
developed in collaboration with our group,'® was used
to quantify the TRL particle number concentrations (P)
and size (Z) of three different subtypes of TRLSs, as pre-
viously described.’”*® As well, following previously pub-
lished protocols, plasma glycoprotein (Glyc-A, Glyc-B and
Glyc-F) analysis was subjected to the same processing
prior to NMR analysis."?

After isolation by ultracentrifugation of the TRL frac-
tion from the plasma of the patients, samples were pro-
cessed for the lipidomic study using NMR. With this
technique, after extraction of the lipidic phase of the sam-
ples, up to 20 lipidic classes could be identified. Briefly,
lipid extraction was performed using the BUME method.*
This technique begins with a one-phase extraction of the
samples in a butanol:methanol (BUME) mixture (3:1v/v),
followed by a two-phase extraction into heptane:ethyl ac-
etate (3:1v/v) using deionized water as a buffer. Because
the approach is based on organic solvents with low den-
sity, the lipids are located in the upper phase, enabling
their recovery and reducing the risk of contamination
prior to NMR analysis. The NMR spectra were obtained in
a Bruker Avance III 600 operating at 600.2 MHz frequency.
The spectra processing was performed with the LipSpin
software, a tool that can also deconvolute the lipid signals,
obtaining the corresponding area (concentration) of each
lipid class. (Figure S1).

2.5 | Culture of THP-1 monocytes and
TRL stimulation conditions

Human THP-1 monocytes were obtained from ATCC and
maintained in RPMI 1640 (Biowest Laboratories) supple-
mented with 10% (v/v) foetal bovine serum (FBS, Biowest
Laboratories) and 1mM penicillin-streptomycin. Cells
were seeded at a cell density of 6x10° cells/well and dif-
ferentiated into macrophages by incubation with 200nM
phorbol 12-mystrate 13-acetate (PMA, Sigma) for 72h at
37°C with 5% CO,. Before initiation of the experiments,
cells were washed with PBS, followed by a 24-h incubation
in RPMI 1640 10% FBS-supplemented medium.
Differentiated macrophages were then incubated in the
presence of the isolated TRL-TG pools in serum-free me-
dium: 10% v/v (increasing particle concentration) or the
same particle concentration (40nmol/L for per-particle
cytokine secretion testing and 149.8 nmol/L for western
blot experiments) at 4 and 24 h. TRL-induced cytotoxicity
was tested with LDH assays (Roche) and was unaffected
by TRL incubation. Lipopolysaccharide (LPS) at 10 ng/mL
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in serum-free medium was used as a positive control as an
inflammatory stimulus in the indicated experiments.

2.6 | Nile red staining

Cells were exposed to 100 ng/mL of the lipophilic fluores-
cent dye Nile Red (9-diethylamino-5H-benzo[a]phenoax-
azine-5-one, Sigma-Aldrich) diluted in PBS for 5min at
room temperature without prior fixation to visualise in-
tracellular lipid droplets. Cell images were captured using
an inverted microscope (Olympus IX71). To detect differ-
ences in lipid droplet accumulation after incubation with
increasing quartiles of TRL-TG, fluorescence intensity
was measured and quantified after adding 1% cholic acid
(Sigma) in methanol for 1h. Supernatants containing the
solubilized fluorescence staining were placed in a fluores-
cence reader (Sinergy HT reader, Biotek), and intensity
was detected at A, 485/20 and A, 590/35.

2.7 | Cytokine quantification

The cell culture supernatant was stored at —80°C for
later enzyme-linked immunosorbent assays (ELISAs).
Following the corresponding manufacturer's instructions,
ELISA kits for human IL-1p and TNF-a (R&D Systems)
were used to measure the levels of these cytokines in the
cell culture medium. A Sinergy HT reader (Biotek) was
used to measure the absorbance at 450 nm.

2.8 | Quantitative real-time PCR

Total RNA was extracted from the differentiated mac-
rophages using a PureLink RNA Mini Kit (Invitrogen).
Following the manufacturer's instructions, the extracted
RNA was reverse-transcribed to cDNA using random hex-
amers and the PrimeScript RT Reagent Kit (Takara Bio).
Real-time PCR amplifications in a LightCycler 96 (Roche)
for human IL-1f, TNF-a, IL-6 and CD206 were performed
using TagMan (Life Technologies) primers that were
acquired from validated and predesigned Assays-on-
Demand kits (Applied Biosystems). The 244t was calcu-
lated to estimate the mRNA expression for each gene and
sample, and GAPDH was used as a housekeeping gene to
normalise the results of the genes of interest.

2.9 | Western blot analysis

Cells were lysed in RIPA buffer (0.1% SDS, 150 mM NacCl,
1% Nonidet P40, 50mM Tris—HCI, 0.5% deoxycholate)

containing phosphatase and protease inhibitors (Roche
Diagnostics). Protein concentrations were measured using
a Bradford Assay Kit (Bio-Rad). The iBlot® Dry Blotting
System (Life Technologies) was used to transfer 20 pg of
total protein to nitrocellulose membranes after separation
on 10% SDS-PAGE gels (Cell Signaling Technology, Inc.).
Antibodies against phospho P38 MAPK (Thr180/Tyr182),
total P38 MAPK, phospho 44/42 MAPK (Thr202/Tyr204
and Thr185/Tyr187), total MAPK (Erkl1/2), phospho
NFkB P65, total NFkB P65, phospho-AKT (Ser473), total
AKT, caspase-1 and GAPDH (Cell Signaling Technology,
Inc.) were used. Membranes were incubated with the cor-
responding HRP-conjugated secondary antibodies (Dake),
and bands were visualised using ECL detection reagents
(Amersham™). Utilising ImageJ software, band intensi-
ties were measured, and densities were normalised to
the total nonphosphorylated protein or GAPDH when
corresponding.

2.10 | Statistical analysis

The Kolmogorov-Smirnov test was used to assess normal-
ity. For the clinical data presented, categorical variables
are given as percentages, and nonnormally distributed
continuous variables are shown as medians, 25th and 75th
percentiles (IQR), or means and standard deviations (SD)
when normally distributed. Differences between groups
were analysed using the y” test for categorical variables and
the t-test and Kruskal-Wallis test for continuous variables.
Additionally, Bonferroni correction for multiple compari-
sons was used when indicated. For the in vitro experimen-
tal analysis, the results are shown as the mean and SEM of
at least three separate experiments. Bonferroni or Dunn's
multiple comparisons tests were used to compare quartile
differences (the corresponding analyses are shown in each
figure legend). IBM SPSS Statistics (version 28.0.0.0) and
GraphPad Prism 6.01 software (GraphPad Software Inc.)
were used to conduct all statistical analyses. Statistically
significant differences were indicated by p <.05.

3 | RESULTS

3.1 | Participant characteristics

The clinical, anthropometric and biochemical charac-
teristics of the individuals included in the study, which
were divided into quartiles of increasing TRL-TG con-
centrations, are summarised in Table 1. The group of
patients with high concentrations of TRL-TG included
younger participants, fewer women and more patients
with obesity, T2DM and hypertension. The slight
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TABLE 1 Clinical, anthropometric and biochemical characteristics of the 307 individuals of the study grouped by quartiles of TRL-TG.

Quartiles of TRL-TG

Q1 Q2 Q3 Q4
Number of participants 78 76 77 76
TRL-TG concentration
range, mmol/L .08-0.61 .62-0.97 .98-1.65 1.66-14.85
TRL-TG concentration
range, mg/dL 7.09-54.03 54.91-85.91 86.8-146.14 147.03-1315.37
Clinical, anthropometrical and imaging data p Values  Adjusted

p values

Age, years 61 (52-66) 63 (56-68) 60 (50-65) 55 (49-62) <.001 =
‘Women, % 53.8 68.4 42.9 32.9 <.001 -
Obesity, % 42.9 56.6 69.7 65.8 .004 -
Type 2 diabetes, % 64.1 75 72.7 84.2 .042 -
Hypertension, % 42.3 60 64.5 54.1 .035 -
Cardiovascular disease, % 9 17.1 13 14.5 511 677
Plaque, % 31.1 34.2 44.6 39.7 337 936
IMT, mm 72 (.64-0.78) .69 (.64-.8) .69 (.64-.76) .68 (.61-.79) .806 352
Physical measurements
BMI, kg/m? 28.91 (26.36-33.73) 30.67 (28.2-36.5)  31.59 (29.47-36.94)  32.68 (29.16-35.8)  <.001 .288
Waist circumference (cm) 98 (90.5-108) 105 (95-116) 104 (101-113) 109 (100-114) <.001 .054
Systolic BP, mmHg 132 (125-147) 135 (125-149) 139 (130-150) 141 (131-153) 014 115
Diastolic BP, mmHg 79 (71-83) 79 (70-83) 82 (77-90) 84 (78-90) <.001 074
Biochemical data
Total cholesterol, mmol/L  5.01 (4.42-5.64) 5.57 (4.89-6.35)  5.8(5.15-7) 6.56 (5.52-7.55) <.001 <.001
Triglycerides, mmol/L .92 (.76-1.07) 1.5(1.36-1.71)  2.18 (2.02-2.65) 4.33(3.47-5.48) <.001 <.001
VLDL-C, mmol/L 4(.29-.5) .74 (.6-.88) 1.11 (.93-1.25) 1.74 (1.34-2.44) <.001 <.001
LDL-C, mmol/L 3.35+.89 3.8+1 3.84+1.15 3.15+1.23 <.001 .001
HDL-C, mmol/L 1.29 (1.06-1.55) 1.18 (.95-1.34) 1.06 (.91-1.21) 1.01 (0.86-1.18) <.001 <.001
Apo B-100, mg/dL 100 (84-117) 118 (101.5-138) 127 (108-149) 126.5(101.5-156)  <.001 <.001

Apo A-I, mg/dL 131 (106-144) 121.5 (104-140.5)

Apo C-TIT, mg/dL 7.8 (5.2-10) 10.8 (8.3-13.4)
Glucose, mg/dL 119.5 (95-158) 123.6 (106-148.5)
HbAlc, % 6.95 (5.6-7.7) 6.3(5.5-7)
hsCRP, mg/L 1.65 (1.06-3.76) 2.24 (1.4-3.64)

120 (106-131) 116 (106.5-129.5) .060 239

14.74 (11.9-17.8)  22.15(18-25.7) <.001 <.001
132 (111-165) 152.1 (125.5-188.6) <.001 026
6.3(5.6-7.3) 6.3 (5.7-7.4) 152 153
2.34 (1.42-3.46) 2.44 (1.28-3.75) 321 942

Note: Data are presented as percentages (%) for categorical variables, means + SDs for normally distributed continuous variables or medians (interquartile

range) for nonparametric continuous variables. Statistical analysis: p values from the y* test for categorical variables and the ¢ test or Kruskal-Wallis test for
continuous variables. Adjusted p values were controlled by age, sex, obesity, diabetes and hypertension.

Abbreviations: Apo A-I, apolipoprotein AI; Apo B-100, apolipoprotein B100; Apo C-III, apolipoprotein CIII; BMI, body mass index; diastolic BP, diastolic blood
pressure; HbAlc, glycated haemoglobin; HDL-C, HDL cholesterol; hsCRP: high-sensitivity C-reactive protein; IMT, intima-media thickness; LDL-C, LDL

cholesterol; systolic BP, systolic blood pressure; VLDL-C: VLDL cholesterol.

increase in the number of patients with T2DM was ac-
companied with similar HbAlc levels. In addition, pa-
tients with T2DM using hypoglycaemic drugs were 84%,
83%, 79% and 70% according to quartiles of increasing
TRL-TG (p=.266). In addition, patients in the high-
est quartile of TRL-TG exhibited greater BMI, waist

circumference, systolic blood pressure (SBP) and dias-
tolic blood pressure (DBP); these associations were lost
when adjusting the p values by age, sex, obesity, T2DM
and hypertension. There were no statistical differences
in the prevalence of cardiovascular disease, carotid
atherosclerotic plaque and IMT. Plasma biochemical
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examination revealed an increase in total cholesterol,
TGs, VLDL-C, Apo B-100, Apo C-IIT and glucose in the
highest TRL-TG groups. In these groups, patients had
lower LDL-C and HDL-C levels. These biochemical as-
sociations remained robust after adjusting for the men-
tioned covariates. A trend towards higher hsCRP levels
was observed, but this association was not significantly
different between groups.

3.2 | Plasma and TRL characterization
by NMR

The NMR-determined metabolomic profile of the individ-
uals grouped by quartiles of TRL-TG is shown in Figure 1.
Growing quartiles of TRL-TG showed an increase in the
plasma concentrations of all the different NMR-measured
TRL particles (large, medium, small and total TRL par-
ticles) with respect to each quartile after Bonferroni-
adjusted multiple comparisons (p <.001, Figure 1A), with
statistically positive Spearman correlations (p=.848 for
large TRL-P, p=.858 for medium TRL-P, p=.862 for small
TRL-P and p=.865 for total TRL-P; p<.001). Regarding
NMR-measured TRL particle diameter, larger diameters
were observed in Q1 and Q4, and Q4 had the largest diam-
eter values (p <.001, Figure 1A). However, these correla-
tions were not statistically significant (p=.105, p=.067).
Comparable to TRL particles, a higher content of TG
on TRL was associated with increasing plasma levels of
NMR-measured glycoprotein acetyls (Glyc-A, Glyc-B and
Glyc-F, p<.05, Figure 1B), which are markers of chronic
inflammation, and all of these associations had a posi-
tive Spearman correlation (p=.785 for Glyc-A, p=.530
for Glyc-B and p=.795 for Glyc-F; p <.001). Only a slight,
significant correlation was found between TRL particle
diameter and Glyc-F (p=.159; p=.005). Additionally, we
analysed the association between TRL-TG and glycopro-
teins according to presence or absence of atherosclerotic
plaque. The results did not reveal significant differences
between those with atherosclerotic plaque than those
without. This might be due to the relatively small sam-
ple size within each group and the low prevalence of
outcomes.

The NMR-determined lipidomic analysis of the iso-
lated TRL-containing fraction of the participants grouped
in TRL-TG quartiles is shown in Figure 2. The per-par-
ticle relative composition of each quartile of patients
showed changes in their lipid distribution. TRL-TG en-
richment was accompanied by a significantly reduced
relative content of cholesterol (both free and esterified;
p<.001) and phospholipids (including sphingomyelin,
phosphatidylcholine, lysophosphatidylcholine and glyc-
erophospholipids; p<.01) present in TRLs (Figure 2A).

The NMR lipidomic analysis of the fatty acid families
present in this fraction showed that particles become sig-
nificantly enriched in omega-9 fatty acids (p <.001) and
depleted in SFAs (p<.001) as the TRL-TG content in-
creases (Figure 2B). Additionally, the relative particle con-
tent in oleic acid increased (p<.001) as the linoleic acid
and ARA+EPA content in particles decreased (p <.001,
Figure 3C).

3.3 | TRL uptake by differentiated
macrophages and cytokine secretion

TRLs isolated from 144 representative individuals in the
Q1, Q2, Q3 and Q4 groups were pooled for incubation with
THP-1-derived macrophages. In vitro, macrophages were
treated with 10% v/v TRL-TG pools, and Nile red stain-
ing was performed. Accumulation of lipid droplets after
24h of incubation was imaged by phase contrast and fluo-
rescence microscopy (Figure 3A). There was an increase
in the number of cytoplasmic lipid droplets in the cells
treated with the TRL-TG pools (black arrows and orange-
yellow fluorescent droplets in Figure 3A). Cytoplasmic
lipid content quantification after dye extraction with
cholic acid (graph in Figure 3A) showed an increase in the
accumulation of lipids within the cells incubated with the
TRL-TG pools (TRL pools RFU versus untreated control
cells, p<.05), and there were no differences between each
group after multiple comparisons analysis.

After TRL internalisation, THP-1-derived macro-
phages exposed to growing TRL-TG pools demonstrated
an increase in the secretion of cytokines into the extra-
cellular media (Figure 3B). At the time points tested, the
4-h incubation with TRL pools did not result in a signif-
icant increase in the release of the pro-inflammatory cy-
tokines IL-1p and TNF-a compared to that in untreated
control cells, but their secretion was induced by LPS. After
24h of treatment, there was a time-dependent response
of IL-1p and TNF-a secretion compared to 4h (#p<.05)
when stimulated by LPS and three of the TRL pools. At
this 24-h time point, increased secretion was also observed
in LPS- and TRL-treated cells compared to control cells
(*p<.05). Multiple comparison tests showed that there
were differences between pools in the release of both cyto-
kines after 24 h of incubation (*p <.05 indicated by boxes
in Figure 3B). The mean particle concentration (TRL-P)
in each pool is indicated in the table of Figure 3B. Next,
the expected per-particle secretion of cytokines in the
TRL-treated cells was calculated by correcting for total
TRL particles measured with NMR (that is, picograms of
each secreted cytokine divided by nmol of TRL particles
on each pool). On this basis, both IL-1 and TNF-a se-
creted levels were higher in the pools containing a lower
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FIGURE 1 NMR-measured plasma TRL and glycoprotein concentrations of the study participants grouped into quartiles of TRL-TG.

The plasma concentrations of all-sized and total TRL and TRL diameter (A) and different glycoproteins (B) in the study participants grouped

by TRL-TG quartiles are shown in the boxplots. All parameters shown were measured by NMR. Statistical differences between quartiles are

indicated by different letters (a, b, c and d) above the boxplots from Bonferroni adjustment for multiple comparisons of the Kruskal-Wallis
test: a, p<.05vs. Ql; b, p<.05vs. Q2; ¢, p<.05vs. Q3;d, p<.05vs. Q4. *p <.001 indicates the adjusted total differences between quartiles
controlled by age, sex, obesity, type 2 diabetes and hypertension. Glyc-A: glycoprotein A; Glyc-B: glycoprotein B; Glyc-F: glycoprotein F.
Quartiles of TRL-TG in mmol/L: Q1, .08-.61; Q2, .62-.97; Q3, .98-1.65; Q4, 1.66-14.85.

percentage of TG and a higher percentage of cholesterol
and phospholipids (Figure 3C).

To confirm the per-particle cytokine secretion, THP-1-
derived macrophages were incubated for 24 h with pools
containing the same TRL particle concentrations (40 nmo-
1/L) but different TG, cholesterol and phospholipid con-
tents (percentage). The cytokine release of both IL-13 and

TNF-a was increased in the pools with a lower TG per-
centage and higher cholesterol and phospholipid percent-
ages (Figure S2).

To confirm that these cytokine release effects were not
due to cell death upon TRL incubation, cytotoxicity was
tested by LDH release into the medium, which was unal-
tered by the TRL pools (data not shown).
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FIGURE 2 NMR lipidomic characterization of the TRL-containing fraction isolated from the grouped study participants. The mean
per-particle TRL relative lipidomic composition is shown. Bars on the left panels represent the mean percentage of the indicated lipid of the
total lipid content within the fraction (A), the mean percentage of the indicated fatty acid families (B), and the indicated fatty acids species
(C). Tables on the right show the Bonferroni-corrected p values for multiple comparisons of the Kruskal-Wallis test between quartiles
(Q1-Q4). p<.05 was considered statistically significant, and those variables with significant changes are written in bold. ARA + EPA,
arachidonic acid and eicosatetraenoic acid; DHA, docosahexaenoic acid; EC, esterified cholesterol; FC, free cholesterol; Linoleic, linoleic
acid; LPC, lysophosphatidylcholine; Oleic, oleic acid; PC, glycerophospholipids; PL, phosphatidylcholine; SFA, saturated fatty acids; SM,
sphingomyelin; TGs, triglycerides; Q-3, omega-3 fatty acids; Q6+ 7, omega-6 + 7 fatty acids; Q-9, omega-9 fatty acids. Quartiles of TRL-TG in

mmol/L: Q1, .08-.61; Q2, .62-.97; Q3, .98-1.65; Q4, 1.66-14.85.

3.4 | mRNA expression of inflammatory
genes and pathways implicated

Incubation of THP-1-derived macrophages with TRL
pools modified the expression of different proinflamma-
tory. A 4-h incubation with TRL pools increased the ex-
pression of the proinflammatory genes IL1B and TNFA,
(*p<.05 compared to untreated control cells). TNFA
was also significantly upregulated by LPS stimulation,
(Figures 4A,B). For the two pro-inflammatory genes
(Figure 3A-C), time differences were observed after
24-h incubation. At this time point, gene expression
was reduced compared to 4h (#p <.05) and compared
to its control (*p <.05). After multiple comparisons, no
differences were observed between TRL-treated cells in
the expression of any of the genes tested at any of the
time points.

Next, we tested whether the TRL-induced inflamma-
tory responses were partially mediated by TRL-4-related
Akt/NF-xB and MAPK activation (Figure 4C). Four hours
of treatment with LPS (10ng/mL) induced the phosphor-
ylation of Erk1/2 (*p <.05 compared to control), whereas
incubation with TRL did not modify the intracellular
phosphorylation of any of the proteins investigated. The
24-h incubation with LPS diminished Erk1/2 activation
(#p<.05 compared to 4-h treatment) and induced the
activation of p38, NF-kB-p65 and Akt (*p <.05 compared
to untreated control cells). At this time point, incubation
with TRL elicited the phosphorylation of p38, NF-kB-p65
and Akt (p <.05 compared to control cells), and the phos-
phorylation of Erk1/2 decreased over time (#p <.05 com-
pared to 4-h treatment).

Inflammasome activation is the likely mechanism
underlying IL-1p secretion; hence, the expression of
caspase-1 was examined to test inflammasome stimula-
tion (Figure 4D). A 4-h LPS treatment induced the expres-
sion of mature caspase-1 (p20), which was unaltered by
TRL treatment. After 24 h, LPS induced the expression of
both pro-caspase-1 (p45) and p20, whereas TRL treatment
only induced the expression of p45 (*p <.05 compared to
control cells).

4 | DISCUSSION

In the present study, we explored the associations between
TRL, systemic inflammation and TRL-mediated inflam-
matory effects in macrophages according to the TRL-TG
levels of 307 individuals with hyperlipidemia at meta-
bolic risk. The burden of atherosclerotic disease (cardio-
vascular disease, carotid atherosclerotic plaque and IMT)
showed no differences across TRL-TG quartiles, probably
because of the small sample size per group and low out-
come prevalence. As expected, TG enrichment of TRL
was associated with increased plasma concentrations of
TRL particles. High TG concentrations were also associ-
ated with higher plasma levels of glycoproteins, which are
markers of chronic inflammation, as assessed by 'H-NMR.
Moreover, TRLs isolated from patients revealed changes
in the composition leading to different pro-inflammatory
cytokine secretion patterns in vitro. Macrophages treated
with TRLs that had a higher proportion of TG secreted less
IL-1p and TNF-a, whereas those containing higher cho-
lesterol and phospholipid levels demonstrated increased
cytokine release.

The mechanisms linking TRL and inflammation have
been studied recently.'®***® In our study, patients in the
highest quartile of TRL-TG showed higher levels of TRL
particles as well as Glyc-A, B and F. Recently, we and
others have provided evidence that these liver-derived
glycoproteins are reliable biomarkers of low-grade sys-
temic inflammation in different conditions, including
infectious and autoimmune diseases, T2DM, hyperten-
sion and atherosclerotic cardiovascular disease.'>®**’
The robustness of these NMR-measured glycoproteins
improves the detection of systemic inflammation to a
wider extent than single markers, such as high-sensitivity
CRP.*8 In our study, we could not detect differences in
this clinically established marker, whereas the concentra-
tions of Glyc-A, B and F increased in parallel to TRL-TG
levels. These results suggest that TRL concentrations and
composition have a significant impact on the subclinical
inflammatory status of patients with lipid metabolism
derangements.
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FIGURE 3 Incubation with isolated TRL induced lipid accumulation and cytokine secretion in THP-1-derived macrophages. (A, B)
THP-1 macrophages were incubated with 10% v/v TRL-P (nmol/L) and 10ng/mL LPS or untreated for lipid accumulation and cytokine
secretion. (A) Representative images from three experiments are shown after 24 h of incubation and Nile red staining or in the bright field
of an inverted microscope. Lipid droplets after TRL treatment with the particle concentration range indicated on top of the images were
stained in yellow-orange for Nile Red images or indicated by black arrows in bright field images photographed at 400x magnification. Lipid
accumulation after Nile red solubilization and quantification is shown on the graph. The bars represent the mean + SEM (error bars) of the
indicated treatment's relative fluorescent units (RFU) normalised to untreated control cells. *p <.05, **p <.001 from Kruskal-Wallis Dunn's
multiple comparison compared to control cells. (B) Cell culture media were analysed for IL-1p and TNF-a secretion by ELISA after 4 (grey
bars) and 24 h (black bars) of incubation. Bars represent the mean +SEM (error bars) secretion after the treatment indicated below, and the
p values from two-way ANOVA with Bonferroni multiple compassion tests are as follows: #p <.05, ##p < .01, ###p <.001 from incubation
time differences (24h vs. 4h); *p <.05, **p <.01, ***p <.001 from treatment (LPS or TRL) compared to untreated control cells. (C) Expected
IL-1p and TNF-a secretion into the cell media divided by the mean TRL particle concentration of each group is shown as the picograms of
each cytokine per nmol of TRL (pg/nmol). Bars represent the mean + SEM (error bars). Cytokine secretion and triglyceride, cholesterol and
phospholipid mean percentages contained in the particles are shown in the table below. *p <.05 from Kruskal-Wallis with Dunn's multiple
comparison test. The results from three experiments run in duplicate are shown. LPS, lipopolysaccharide; TRL-C, TRL cholesterol; TRL-P,
TRL particle concentration; TRL-PL, TRL phospholipids; TRL-TG, TRL triglycerides.
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FIGURE 4 Effects of TRL incubation on cytokine mRNA expression, protein phosphorylation and caspase-1 expression. (A-D) Fold
change in the mRNA expression of cytokines in THP-1-derived macrophages. Cells were cultured with LPS (10ng/mL) as a positive control
for the expression of proinflammatory cytokines or with pools of isolated TRL at 10% v/v (with the particle concentrations indicated) for

4 (grey bars) and 24 h (black bars). Gene expression levels of IL1B (A) and TNFA (B) were normalised to GAPDH and expressed as the
mean (bars)+ SEM (error bars) fold increase compared to untreated cells from four experiments run in duplicate. (C, D) THP-1-derived
macrophages were treated with 10ng/mL LPS or TRL (149.8 nmol/L) for 4 (light-grey bars) and 24 h (dark-grey bars). Representative
Western blot images for p38, Erk1/2, NF-kB-p65 and Akt phosphorylation (C) and procaspase-1 p45 and mature p20 caspase-1 expression
(D) are shown in the left panels. Data on the graphs are expressed as the fold increase compared to untreated control cells, and bars show
the mean + SEM ratios of the phosphorylated form of each protein to its total protein levels for Akt/NF-kB and MAPK and the ratio to
GAPDH for caspase-1 (p45 and p20). The results from three experiments run in duplicate are shown. p Values from two-way ANOVA with
Bonferroni multiple comparison tests are as follows: #p <.05, ##p <.001 from incubation time differences (24 h vs. 4h); *p <.05, **p <.01,
*+*p <.001 from treatment (LPS or TRL) compared to untreated control cells.
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The biochemical composition of the TRL might be an
important factor in the mediation of inflammation. For
instance, the plasma levels of Apo C-III, an important
apolipoprotein implicated in TRL arterial binding and re-
tention that is associated with inflammation,”*° increased
with increasing concentrations of TRL-TG in the study
patients. We also detected specific modifications in the
lipidome of the TRL, with the particles becoming depleted
in cholesterol and phospholipids as their TG content in-
creased, also modifying their fatty acid compositions of
omega-9 and SFA. Whether these changes in the lipidome
of the particles are responsible for the increased systemic
inflammatory status remains unknown.

To evaluate the impact of TRL composition and par-
ticle number, we tested the responses mediated in THP-
1-derived macrophages incubated with pools of isolated
TRL in vitro. Lipid accumulation in macrophages was
augmented after TRL incubation. Additionally, this lipid
accumulation resulted in the secretion of the pro-inflam-
matory cytokines IL-1f and TNF-a. Our results indicate
the importance of particle number when explaining in-
flammation, as higher particle concentrations increase
cytokine secretion. However, the per-particle analysis re-
vealed that particle composition is also important, since
we detected differences in cytokine release depending
on the percentages of TG, cholesterol and phospholip-
ids, with higher cytokine secretion when cholesterol and
phospholipid content were higher. Interestingly, Q1 TRL,
which had the higher proinflammatory effect per particle,
had a higher proportion of SFA and less W9. Moreover,
apoCIII was increased across TRL-TG quartiles and could
also have an impact on inflammation. These findings are
in line with those reported in an observational large-co-
hort-based study published by Balling et al.,*° where VLDL
cholesterol but not VLDL triglycerides explained one-half
of myocardial infarction risk. The complete lipidome
analysis of our study showed that the fatty acid composi-
tion associated with the increased release of cytokines in-
cludes those particles with lower omega-9 and higher SFA
percentages; reduced oleic acid content would also be as-
sociated with an increased release of cytokines. Thus, TRL
particles with higher TG content (but less cholesterol) in-
duce a lower inflammatory response in vitro (according to
per-particle analysis of cytokine release in macrophages),
while patients in the higher TRL-TG quartile had higher
systemic inflammation (according to glycoprotein plasma
levels). This paradox could be explained by the number of
TRL and other atherogenic particles, which are higher in
the TRL-TG Q4, as suggested by apoB concentrations and
NMR data.

We observed increased gene expression of the proin-
flammatory genes IL1B and TNFA at an earlier time point,
which was reduced after 24 h of incubation. However, this

reduction in gene expression at 24h was contrary to the
increased phosphorylation of the Toll-like receptor (TLR)-
related Akt/NF-kB and MAPK pathways, as well as pro-
caspase-1 expression. These molecular factors modulate
the nod-like receptor family pyrin domain-containing 3
(NLRP3) inflammasome, a complex that mediates IL-1§
final maturation and secretion.®’ Our results suggest that
TRLs train macrophages to secrete cytokines; however, as
gene expression appears to be affected earlier than protein
phosphorylation pathways, this activation might be cyclic
or tightly regulated by the induction of anti-inflammatory
genes, or that the phosphorylation of these proteins oc-
curs concomitantly with the cytokine secretion. Further
studies using specific inhibitors are required to confirm
the implication of these pathways. Indeed, TRLs have al-
ready been shown to increase inflammatory genes, endo-
thelial adhesion and ROS production and expression in
vessel walls.'>** These effects vary depending on the fatty
acid composition of the TRL, as those derived from olive
oil-rich diets being less inflammatory than diets high in
saturated fats.**** Thus, in our study, particles triggered
a molecular response that could be explained by different
TRL components. The time-differential expression pat-
terns we observed remain to be studied considering the
physiological roles of the fatty acids, lipids and other com-
ponents present in the TRL.

In line with our findings, association studies have
shown that TG concentrations and remnant cholesterol
are associated with the inflammatory status in patients
to a better extent than LDL.!* Therefore, published
studies have provided evidence that TG and TRL are in-
dependent markers for an increased risk of cardiovascu-
lar disease.” Targeting TGs in patients at risk for heart
disease has become a matter of current debate since the
TG component of TRL does not seem to account for ath-
erogenicity.'® Research from the STRENGTH study (an
omega-3-based treatment containing a high-dose (4 g/day)
combination of eicosapentaenoic acid [EPA] and docosa-
hexaenoic acid [DHA]) indicated a 20% decrease in TGs
without any positive effects on clinical events.’® In the
randomised trial known as PROMINENT, the novel drug
pemafibrate (0,4 mg/day) (a fibrate that acts as a PPAR-a
agonist to reduce plasma TG levels) caused a 26% decrease
in TG levels, but no reduction in rates of heart attack,
stroke, or cardiovascular death over the follow-up period
was reported.’” In contrast, the REDUCE-IT trial (4 g/day)
(icosapent ethyl (EPA)-based treatment) demonstrated a
significant reduction in clinical events that accompanied
TG reduction.’® In these three high-quality clinical trials,
with apparent opposite conclusions, a reduction in the
inflammatory status followed TG reduction. On the other
hand, the beneficial effects observed in the REDUCE-IT
trial were independent of TG lowering and have been
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attributed to direct effects of EPA on inflammation medi-
ators, platelet aggregation or antioxidant effects that were
not induced by the combination of EPA and DHA used
in the STRENGHT study. However, pemafibrate, while
reducing parameters associated with TRL, increases the
LDL-C concentrations and atherogenic particles as as-
sessed by apoB values, which is in accordance with our
observations.

We reported, following both in vivo and in vitro ap-
proaches, the relevance of TRLs to the inflammatory status
in patients at cardiovascular risk and to the inflammatory
response mediated by macrophages, a key process in the
development of atherosclerosis. A limitation of our study
is that we could not go in depth into the molecular mech-
anisms that regulate this response, since our findings are
observational when addressing the expression and mod-
ulation of the pro-inflammatory pathways. However, we
have provided a detailed metabolomic and lipidomic pro-
file of patients using "H-NMR technology, a reliable and
modern method for assessing inflammatory diseases. We
have provided a wide view that reflects a molecular signa-
ture of the patients, and we have used these patient-de-
rived samples to study their effects in vitro. However, we
used pools of patient-derived samples that could limit
the individual effect of each patient. Finally, these results
must be interpreted with caution when generalising the
macrophage response to the systemic inflammatory status
of patients.

In conclusion, we have characterised a cohort of pa-
tients at cardiovascular risk using 'H-NMR, and we re-
ported an association among their TRL-TG levels, their
plasma TRL particles and a systemic inflammatory status.
Here, we show how TG enrichment of their TRL modi-
fies their lipidome, which exerts different cytokine secre-
tion patterns. With higher particle concentrations causing
higher cytokine secretion, our per-particle results suggest
that the cholesterol and/or phospholipid components of
the TRL are more proinflammatory than the TG compo-
nent. Therefore, TRL particles, which can contain up to
four times higher cholesterol content per particle than
LDL particles, reflect a greater inflammatory status in
those patients with increased particle numbers. This study
supports the notion that evaluating TRL particle concen-
trations should be of clinical relevance in patients at car-
diovascular risk and that the cholesterol and phospholipid
contents carried by these lipoproteins play an important
role in the inflammatory events that occur during athero-
sclerosis development.
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