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Overfeeding Saturated Fat Increases LDL (Low-
Density Lipoprotein) Aggregation Susceptibility
While Overfeeding Unsaturated Fat Decreases
Proteoglycan-Binding of Lipoproteins
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0BJECTIVE: We recently showed that measurement of the susceptibility of LDL (low-density lipoprotein) to aggregation is
an independent predictor of cardiovascular events. We now wished to compare effects of overfeeding different dietary
macronutrients on LDL aggregation, proteoglycan-binding of plasma lipoproteins, and on the concentration of oxidized LDL
in plasma, 3 in vitro parameters consistent with increased atherogenicity.

APPROACH AND RESULTS: The participants (36 subjects; age, 48110 years; body mass index, 30.916.2 kg/m?) were randomized
to consume an extra 1000 kcal/day of either unsaturated fat, saturated fat, or simple sugars (CARB) for 3 weeks. We
measured plasma proatherogenic properties (susceptibility of LDL to aggregation, proteoglycan-binding, oxidized LDL)
and concentrations and composition of plasma lipoproteins using nuclear magnetic resonance spectroscopy, and in LDL
using liquid chromatography mass spectrometry, before and after the overfeeding diets. LDL aggregation increased in the
saturated fat but not the other groups. This change was associated with increased sphingolipid and saturated triacylglycerols
in LDL and in plasma and reduction of clusterin on LDL particles. Proteoglycan binding of plasma lipoproteins decreased
in the unsaturated fat group relative to the baseline diet. Lipoprotein properties remained unchanged in the CARB group.

CONCLUSIONS: The type of fat during 3 weeks of overfeeding is an important determinant of the characteristics and functional
properties of plasma lipoproteins in humans.

REGISTRATION: URL: http://www.clinicaltrials.gov; Unique identifier NCT02133144.
GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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derived lipids in the arterial wall induces the devel-
opment of atherosclerotic lesions." LDL particles
enter the arterial intima from the circulation and, upon
encountering the tight network of extracellular matrix
in the arterial intima, are retained by intimal PGs (pro-
teoglycans). The retained lipoproteins are exposed to

Accumulation of LDL (low-density lipoprotein)-

enzymatic, proteolytic, and oxidative modifications, which
can induce aggregation of the modified LDL particles.?®
Both modified and aggregated lipoproteins are found in
atherosclerotic lesions.*® Aggregation of modified LDL
particles can contribute to atherogenesis by enhancing
LDL retention, by inducing foam cell formation, and by
promoting inflammation in the arterial intima."~°
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Nonstandard Abbreviations and Acronyms

Highlights

apo apolipoprotein

CARB simple carbohydrates

DNL de novo lipogenesis

HDL high-density lipoprotein

IDL intermediate-density lipoprotein

LC-MS liquid-chromatography-mass
spectrometry

LDL low-density lipoprotein

NMR nuclear magnetic spectroscopy

oxLDL oxidized LDL

PG proteoglycan

SAT saturated fat

UNSAT unsaturated fat

VLDL very low-density lipoprotein

The importance of the interaction of LDL and PGs in
atherogenesis has been shown by mutating apoB (apo-
lipoprotein B)-100 or by vaccination using antibodies
directed against the glycosaminoglycan chains of PGs.'"'?
The affinity of LDL to PGs varies depending on the proper-
ties of the LDL particles, particularly those that affect their
charge, as recently reviewed.'® In addition, the presence of
apoE or apoC-lll, 2 small exchangeable apolipoproteins,
can influence the PG-binding of plasma lipoproteins, apoE
by interacting directly with glycosaminoglycans and apoC-
Il via an unknown mechanism.'*"'® Patients with cardio-
vascular disease or type 2 diabetes have LDL, which has
higher affinity toward PGs than control subjects."° This
increased affinity can be lowered by treatment with cho-
lesterol-lowering medications and plant stanol esters.?'~2®

Oxidative modifications of LDL induce generation of
oxidized phospholipids and other lipid mediators that are
considered to be important in inflammation and athero-
genesis.?* Oxidized LDL (oxLDL) particles are found in
atherosclerotic lesions,®?® and the concentration of circu-
lating oxLDL particles is increased in patients with car-
diovascular disease.?

Oxidation and other modifications of LDL particles lead-
ing to their chemical and structural changes can induce their
aggregation.? We recently developed an assay to determine
the aggregation susceptibility of LDL particles and showed
that this propensity varies significantly from donor to donor®
Although LDL aggregation does not correlate with LDL-
cholesterol concentration, the aggregation susceptibility is
higher in children having familial hypercholesterolemia com-
pared with normocholesterolemic children.®® Importantly,
the presence of aggregation-prone LDL in circulation was
shown in 2 independent studies to predict future cardio-
vascular events independently from classical risk factors for
atherosclerotic cardiovascular disease.8?’

LDL particles consist of hydrophobic core lipids (cho-
lesteryl esters and triacylglycerols) and amphiphilic surface
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+ Three-week overfeeding of saturated fats but not
unsaturated fats or simple sugars induces signifi-
cant metabolic changes in plasma lipoproteins.

* Overfeeding of saturated fats increases aggrega-
tion susceptibility of LDL (low-density lipoprotein)
particles.

* Overfeeding of unsaturated fats decreases binding
of plasma lipoproteins to proteoglycans.

* Overfeeding of simple sugars does not change LDL
aggregation susceptibility, proteoglycan binding of
plasma lipoproteins, or concentration of oxidized LDL.

* The source of macronutrients during 3 weeks of
overfeeding is an important determinant of the prop-
erties of plasma lipoproteins in humans.

lipids (phosphatidylcholines, sphingomyelins, lysophospha-
tidylcholines, and ceramides). Aggregation-prone LDL par-
ticles have a higher sphingomyelin and ceramide content®
Interestingly, plasma concentrations of sphingomyelins
are higher in patients with coronary artery disease than in
matched controls.2® Similarly, increased concentrations of
plasma ceramides predict cardiovascular deaths.2*° Since
a large proportion of plasma sphingolipids are carried by
LDL particles, their increased plasma concentrations
largely reflect their content in LDL particles.

Sphingomyelins are synthesized de novo mostly
from palmitoyl-CoA in a reaction catalyzed by serine-
palmitoyl-transferase, with the last step in the synthesis
of sphingomyelin being the addition of phosphocholine
head group to ceramides. Therefore, consumption of diet
rich in palmitate and other saturated fats (SATs) could
be expected to increase sphingolipids levels. Indeed, in
mouse models, high-fat diet feeding has been found
to increase both sphingomyelin and ceramide levels in
plasma.®'32 Interestingly, it was recently shown in humans
that overfeeding saturated but not unsaturated fat
(UNSAT) or carbohydrates, increased plasma concentra-
tions of ceramides and LDL cholesterol.*® The impact of
overfeeding different macronutrients on proatherogenic
properties of LDL have not, however, been studied.

Here, we examined effects of overfeeding 3 different
diets on the binding of LDL to PGs, levels of oxLDL in
plasma, and the aggregation susceptibility of LDL par-
ticles, 3 parameters associated with increased athero-
genicity. In addition, we examined how the diets altered
plasma lipoproteins and LDL lipid and protein composi-
tion as determined nuclear magnetic resonance (NMR)
spectroscopy and liquid chromatography-mass spec-
trometry (LC-MS).

MATERIALS AND METHODS

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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Subjects

Subjects for this study were recruited by advertisements or by
contacting subjects who had previously participated in meta-
bolic studies. The recruitment and screening procedures and
exclusion criteria have been described previously®® and in the
Study flow chart (Figure | in the Data Supplement). Written
informed consent was obtained from all volunteers. The Ethics
Committee of the Helsinki University Hospital had approved
the study protocol and study was conducted in accordance with
the Declaration of Helsinki.

Study Design

Study participants were randomized to 3 groups to consume
extra 1000 kcal/day for 3 weeks in addition to their habit-
ual diet. The extra calories were predominately derived from
UNSAT group, SAT group, or simple sugars (CARB group) as
shown in Table | in the Data Supplement.

Compliance to the diet was monitored by food diaries and
by measuring the fatty acid composition of VLDL-TGs (very
low-density lipoprotein triacylglycerols), which reflect hepatic
fatty acid composition in blood samples taken after an over-
night fast=*

De novo lipogenesis (DNL) was measured using gas chro-
matography—mass spectrometry based incorporation of deu-
terium from 2H,0 in plasma water (Finnigan Gas-Bench-Il;
Thermo Fisher Scientific, Loughborough, United Kingdom) into
VLDL-triacylglycerol palmitate as described in detail in study by
Luukkonen et al.®® Absolute DNL was calculated by multiplying
%DNL and the concentration of triacylglycerol in VLDL.%

The primary outcomes in the current study were LDL aggre-
gation, LDL oxidation, and PG binding of plasma lipoproteins.

LDL Isolation

LDL (d=1.019-1.063 g/mL) was isolated from plasma sam-
ples by D,0-based sequential ultracentrifugation.® An aliquot
of 300 pL of plasma was used for the isolation, and 300 pL of
LDL was collected after ultracentrifugation. The concentration
of LDL was measured using the Pierce BCA Protein Assay Kit
(Thermo Scientific, Rockford).

Susceptibility of LDL to Aggregation

The susceptibility of isolated LDL particles to aggregation was mea-
sured essentially as described before.82 Briefly, isolated LDL sam-
ples were first diluted to a concentration of 200 pg of LDL protein/
mL. Aggregation was induced by addition of human recombinant
acid SMase produced in-house® to the LDL samples, and LDL
aggregation was then determined by dynamic light scattering using
Wyatt DynaPro Plate Reader Il (Wyatt Technology) with paraffin
coating. This allowed us to follow the increase in the apparent LDL
size (ie, aggregate size) as a time-varying parameter. Aggregation
of LDL particles was followed by measuring particle size at various
time points for 6 hours and data were collected with Dynamics V7.
LDL aggregate size data were analyzed with GraphPad Prism ver-
sion 80.1 (GraphPad Software, La Jolla, CA). The maximum aggre-
gate size was limited to 3000 nm and the minimum size to 14
nm. LDL aggregation curves were fitted with nonlinear regression
curve fit of the time versus aggregate size curves to determine their
inflection points as a measure of LDL aggregation.

Arterioscler Thromb Vasc Biol. 2021,;41:2823-2836. DOI: 10.1161/ATVBAHA.120.315766

Diet and Functional Properties of Lipoproteins

Binding of Plasma Lipoproteins to Proteoglycans
The binding of plasma lipoproteins to PGs was measured in
96-well plates that had been coated with PG isolated from
human aortas as previously described.?2%

Measurement of oxLDL

OxLDL concentrations were measured in human plasma
samples with the Mercodia, (Uppsala, Sweden) OxLDL sand-
wich ELISA (product No. 10-1143-01), which includes the
mouse monoclonal antibody 4E6 directed against a confor-
mational epitope in oxidized ApoB-100, following the manu-
facturer's protocol.

NMR Spectrometry

Plasma samples at baseline and after the interventions were
analyzed using a high-throughput NMR platform (AVANCE
500 MHz and AVANCE IIl 600 MHz, Bruker, Karlsruhe,
Germany).®® The platform quantifies over 220 metabolites
including total lipids, TGs, phospholipids, total cholesterol, free
cholesterol, esterified cholesterol, apolipoproteins, 14 lipopro-
tein subclasses and their composition, as well as other low-
molecular weight metabolites such as amino acids, glycolysis
related metabolites, and ketone bodies, as described in detail
in study by Wiirtz et al.®®

Lipidomic Analyses by LC-MS

LDL samples were extracted using a modified version of
the previously published Folch procedure®® Briefl, 10 pL
of 0.9% NaCl, 40 uL of CHCI,MeOH (2:1, v/v), and 80 pL
of the 225 pg/mL internal standard solution of chosen lipid
standards (for quality control and normalization purposes) were
added to each 10 pL plasma sample. The internal standard
solution contained the following compounds: 1,2-diheptadec-
anoyl-sn-glycero-3-phosphoethanolamine  (PE  [17:0/17:0]),
N-heptadecanoyl-D-erythro-sphingosylphosphorylcholine
(sphingomyelin [d18:1/17:0]), N-heptadecanoyl-D-
erythro-sphingosine (Cer [d18:1/17:0]), 1,2-dihep-
tadeca-noyl-sn-glycero-3-phosphocholine  (PC  [17:0/17:0)),
1-heptadecanoyl-2-hydroxy-sn-glycero-3-phosphocholine (LPC
[17:0]), and 1-palmitoyl-d31-2-oleoyl-sn-glycero-3-phospho-
choline (PC [16:0/d31/18:1]). These were purchased from
Avanti Polar Lipids, Inc (Alabaster, AL). In addition, triheptadec-
anoin (triacylglycerol [17:0/17:0/17:0]) was purchased from
(Larodan AB, Solna, Sweden). Samples were vortexed and incu-
bated on ice for 30 minutes after which they were, along with 60
pL from the lower layer of each sample, collected, and 60 pL of
CHCI:MeOH (2:1, v/v) added to each sample.

The UHPLC-quadrupole time of flight mass spectrometer
analyses were performed as described earlier*® with some
modifications. The UHPLC-quadrupole time of flight mass
spectrometer system was from Agilent Technologies (Santa
Clara, CA) combining 1290 Infinity system and 6545 quadru-
pole time of flight mass spectrometer, interfaced with a dual jet
stream electrospray (dual ESI) ion source. MassHunter B.06.01
software (Agilent Technologies, Santa Clara, CA) was used for
all data acquisition and MZmine 2 was used for data process-
ing.*' Lipid identification was based on in-house spectral library
with retention times. Lipids were normalized with lipid-class
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specific internal standards and (semi) quantitation was per-
formed using lipid-class specific calibration curves.

Proteomic Analyses by LC-MS/MS

The proteins were digested in Amicon Ultra-0.5 centrifu-
gal filters using a modified filter-assisted sample preparation
method.*?4® In brief, reduction and alkylation of samples were
achieved by the addition of tris (2-carboxyethyl) phosphine and
iodoacetamide to a final concentration of 2 and 50 mmol/L,
respectively, followed by incubation in the dark for 30 minutes.
For digestion, trypsin in 50 mmol/L ammonium bicarbonate was
added in a ratio of 1:50 w/w and incubated overnight at room
temperature. The peptides were cleaned using C18-reverse-
phase ZipTipTM (Millipore), dried, re-suspended in 1% trifluo-
roacetic acid, and sonicated in a water bath for 1 minute before
injection into a nano-LC Q Exactive Plus LC-MS/MS system
(Thermo Scientific). The peptides were separated on an Easy-
nLC system (Thermo Scientific) equipped with a reverse-phase
trapping column Acclaim PepMapTM 100 (C18, 75 pmx20
mm, 3 pm particles, 100 A; Thermo Scientific), followed by an
analytical Acclaim PepMapTM 100 RSLC reversed-phase col-
umn (C18, 76 pmx250 mm, 2 pm particles, 100 A; Thermo
Scientific). The injected sample analytes were trapped at a flow
rate of 2 pLxmin~" in 100% of solution A (0.1 % formic acid).
After trapping, the peptides were separated with a linear gradi-
ent of 120 minutes comprising 96 minutes from 3% to 30% of
solution B (0.1% formic acid/80% acetonitrile), 7 minutes from
30% to 40% of solution B, and 4 minutes from 40% to 95%
of solution B. Each sample run was followed by 2 empty runs
to reduce carryover.

LC-MS acquisition data were acquired with the following
settings: the resolution was set to 140000 for MS scans, and
17500 for the MS/MS scans. A full MS was acquired from 350
to 1400 m/z, and the 10 most abundant precursor ions were
selected for fragmentation with 30 second dynamic exclusion
time. lons with 2+, 3+, and 4+ charges were selected for MS/
MS analysis. Secondary ions were isolated with a window of 1.2
m/z. The MS AGC target was set to 3x10° counts, whereas the
MS/MS AGC target was set to 1x10° Dynamic exclusion was
set with a duration of 20 seconds. The NCE collision energy
was set to 28 kdxmol™.

Following LC-MS/MS acquisition, the raw files were quali-
tatively analyzed by Proteome Discoverer (version 2.4, Thermo
Scientific, United States). The identifications were performed
against the Swissprot Human protein database (Human
Swissprot downloaded on January 21, 2021, with 20406
entries) using the built-in SEQUEST HT engine. The following
parameters were used: 10 ppm and 0.02 Da were tolerance
values set for MS and MS/MS, respectively. Trypsin was used
as the digesting enzyme, and 2 missed cleavages were allowed.
The carbamidomethylation of cysteines was set as a fixed mod-
ification, while the oxidation of methionine and deamidation of
asparagine and glutamine were set as variable modifications.
The false discovery rate was set to <0.01, and a peptide mini-
mum length of 6 amino acids.

Relative quantification between samples using precursor
ion intensities was performed with Progenesis QI (V 3.0) soft-
ware (Nonlinear Dynamics/Waters) and ProteinLynx Global
Server (PLGS V3.0). Chromatograms were aligned by the
Progenesis Ql software, and those with alignment scores
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>54% to the reference run were selected for further analy-
sis. The relative quantification was done with 1 peptide per
protein. Sample pools and individual samples were directly
compared as before and after interventions, only quantitations
with A<0.05 were accepted, and known contaminants such
as keratins were excluded.

Statistical Analyses

The data are presented as mean and SD. Differences in out-
comes between the 3 diet groups were determined using
2-way ANOVA with repeated measures in which a signifi-
cant timexgroup interaction denotes a statistically significant
change by the interventions. Tukey post hoc multiple compari-
sons test was used for between-group comparisons. Within-
group comparisons were performed with Sidak post hoc test.
Before analysis, the data were log transformed. ANCOVA was
used to analyze the potential effect of variation in baseline val-
ues between the groups on changes in response to the inter-
vention, and 1-way ANOVA to compare absolute week 3 (after
intervention) values between the groups. The Spearman cor-
relation coefficient was used to analyze the relationship LDL
lipid composition and LDL aggregation susceptibility. False
discovery rate correction was performed using the Benjamini
and Hochberg test. The principal component analysis was
performed for multivariable LDL lipidomic data to investigate
the lipid species mainly responsible for the variation between
samples. Before analysis, the lipidomic data were normalized
by median, log transformed, and Pareto scaled. The tests were
performed using IBM SPSS Software (version 25.0, North
Castle, NY), GraphPad Prism version 8.0.1, or MetaboAnalyst
software 4.0 (Xia Lab, McGill University, Montreal, QC, CA).**
<0.05 was considered to be statistically significant.

RESULTS
Study Design and Compliance to the Diet

We overfed 36 overweight subjects for 3 weeks with
1000 extra kcal/day of either SAT, UNSAT, or simple sug-
ars (CARB).3® The baseline caloric intake of the partici-
pants in different groups was similar (ANOVA, P=0.613),
and the mean intakes were 2120+520 kcal (n=9) in
the UNSAT group, 2040£880 kcal in the SAT group
(n=13), and 2070+440 kcal in the CARB group (n=12).
At the end of the 3-week diet, the caloric intake based
on the food diaries of the participants was 3030700
kcal in the UNSAT group, 3030£1010 kcal in the SAT
group, and 3150£570 kcal in the CARB group (ANOVA,
P=0.880). The changes in macronutrients in the 3
groups are shown in Figure Il in the Data Supplement.
Compliance was assessed by measuring changes in the
fatty acid composition of the VLDL-TGs. As expected,
the percentage of saturated fatty acids in VLDL-TGs
increased in the SAT group (Figure Il in the Data Supple-
ment). Consistent with carbohydrate-induced increase in
de novo lipogenesis,* which produces exclusively satu-
rated fatty acids,®*“® the percentage of saturated VLDL-
TGs also increased in the CARB group (Figure Ill in the
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Data Supplement). In the SAT group, the proportions of
both mono- and polyunsaturated VLDL-triacylglycerol
fatty acids decreased (Figure Ill in the Data Supple-
ment). DNL was similar between the groups at baseline
(ANOVA, P=0.55). As expected, DNL increased during
CARB overfeeding (from 90462 pmol/L [mean+SD]
before to 2024168 pmol/L after, £=0.05), but not dur-
ing UNSAT (53145 pmol/L before versus 80+152
pmol/L after, P=0.59) or SAT (65+66.3 umol/L before
versus 132.4£237.4 umol/L after, P=0.24) overfeeding.

Diet-Induced Changes in Clinical and Metabolic
Characteristics

The clinical characteristics of the study subjects are
shown in the Table. The groups were similar at baseline
with respect to common cardiovascular disease risk fac-
tors, including BMI, blood pressure, age, and plasma lip-
ids. Weight gain was small and similar in all groups in
response to overfeeding (Table) and averaged 1.2+0.2
kg (1.3£0.2%). Concentrations of total cholesterol, LDL-
cholesterol, HDL (high-density lipoprotein)-cholesterol,
and non-HDL-cholesterol increased during the SAT
diet (Table). Plasma levels of triglycerides and glucose
remained unchanged in all groups.

Quantitative NMR profiling was used to analyze in
detail diet-induced changes in lipids and lipoproteins and
metabolites. In the SAT group, the proportion of satu-
rated fatty acids and concentrations of sphingomyelins,
phosphoglycerides, cholines, apolipoprotein A1, and

Diet and Functional Properties of Lipoproteins

HDL-cholesterol increased (Figure 1). In addition, in the
SAT group but not in the other groups, concentrations of
particles, total lipids, phospholipids, total and free choles-
terol, and cholesterol esters increased in XS-VLDL, IDL
(intermediate-density lipoprotein), L-LDL, S-LDL, and all
sizes of HDL particles (Figure IV in the Data Supplement).

Overfeeding SAT Increases the Susceptibility of
LDL to Aggregate

Aggregation of LDL particles was induced with human
recombinant SMase and particle aggregation was followed
by measuring the aggregate size at various time points.
The aggregate size versus time curves at baseline and
after the diet (Figure 2A) show that the UNSAT and CARB
diets did not influence the susceptibility of LDL particles to
aggregate, while in the SAT group LDL aggregated much
faster after the intervention than at baseline. The inflec-
tion point of the aggregate size versus time curves is used
as a measure of the aggregation susceptibility of the LDL
particle and the faster the particles aggregate, the shorter
is the time required to reach the inflection point (EC50)
of the aggregation curves. At baseline, EC50 was similar
between the UNSAT (4.4+1.3 hour, mean+SD) and SAT
(8.941.3 hour) groups and lower (2.6+1.2 hour, A<0.05)
in the CARB group. The change in the inflection point of
the aggregation curve in each group is shown in Figure 2B.
There was a significant within-group difference in aggre-
gation (P value for 2-way ANOVA TimexGroup interac-
tion term=0.0077), which occurred in the SAT group. The

Table. Clinical Characteristics of the Study Subjects in UNSAT, SAT, and CARB Groups at Baseline and After the 3-wk Dietary

Intervention
UNSAT SAT CARB
After After After
Group Baseline interventiont Baseline interventiont Baseline interventiont P value*
Number (women/men) 11 (6/5) 13 (8/5) 12 (6/6) 0.842
Age, y 51+10 4818 4510 0.310
BMI, kg/m? 30.6+6.0 30.816.1 29.41+6.4 29.91+6.5% 32.8+6.0 33.2+6.0% 0.568
SBP, mmHg 133%17 13418 133%15 13118 139+20 13710 0.799
DBP, mmHg 8318 81+11 80%11 84+14 85+13 8218 0.773
Cholesterol, mmol/L 5.3+0.8 5.2+0.5 5.1+1.3 5.6£1.1§ 5.4+0.9 5.2+1.1 0.001
HDL-C, mmol/L 1.6+0.5 1.7£0.5 1.6+£0.4 1.9+£0.58 1.5+0.4 1.4+0.3 0.001
LDL-C, mmol/L 3.410.8 3.3+0.7 3.1%1.1 3.56+1.0% 3.5+0.8 3.5+1.0 0.022
Non-HDL-C, mmol/L 3.7+0.9 3.5%+0.7 3.4+1.4 3.711.2 3.8+0.9 3.8%+1.0 0.019
LDL-C/HDL-C 2.5%+1.2 2.3+1.3 2.1%1.1 2.0%1.1 2.410.8 2.6+0.8 0.070
TG, mmol/L 1.1£0.4 1.2+£0.5 1.1£1.0 1.1£0.8 1.4%0.6 1.4%0.8 0.492
Glucose, mmol/L 5.7+0.6 5.6+0.7 5.56+0.6 5.6+0.5 5.9+0.7 6.0+0.6 0.629

Data are shown as mean£SD. Two-way ANOVA with repeated measures was used to test differences between groups during interventions. BMI indicates body

mass index; CARB, simple carbs; DBP, diastolic blood pressure; HDL-C, HDL cholesterol; LDL-C, LDL cholesterol; SAT, saturated fat; SBP, systolic blood pressure; TG,
triacylglycerol; and UNSAT, unsaturated fat.

*Pvalues are reported for the effect of interaction term (timexgroup).

tAsterisks in the column represent P value for within-group changes calculated by Sidak post hoc test, except for sex (2 test) and age (1-way ANOVA).

#A0.01.
§A<0.001.
1~<0.05.
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Figure 1. Change in the nuclear magnetic spectroscopy metabolomic profile during the 3-wk overfeeding of unsaturated fat

(UNSAT), saturated fat (SAT), and simple carbs (CARB).

Metabolomic analysis was performed from plasma samples collected at baseline and at the end of the intervention. The log-transformed
metabolite concentrations were compared using paired 2-sided Student t test with false discovery rate method described by Benjamini and
Hochberg. Differences were calculated by subtracting the mean before-value from the mean after-value. Thus, a positive difference indicates an
increase and a negative difference a decrease in the mean metabolite concentration or proportion. UNSAT, n=11; SAT, n=13; CARB, n=12.
ApoA1 indicates apolipoprotein A1; CARB, simple carbs; HDL, high-density lipoprotein; and SFA%, percentage of saturated fatty acids.

increase in LDL aggregation in the SAT group was also
highly significant in ANCOVA (P=0.002) with baseline
aggregation as the covariate. At week 3 (after interven-
tion), absolute values of EC50 were statistically signifi-
cantly different between the UNSAT (4.4+1.2 hour), SAT
(2.60.8 hour), and CARB group (2.6£0.9 hour) (ANOVA,
P=0.004). Tukey post hoc test showed lower aggrega-
tion in the UNSAT group compared with the SAT group
(P=0.001) and CARB group (P=0.001), and no difference
between the SAT and CARB group (P=0.981).

Overfeeding UNSATs Decreases Proteoglycan-
Binding of Plasma Lipoproteins and Reduces
oxLDL

Effects of the different overfeeding diets on binding of
plasma lipoproteins to human aortic PGs were measured
using a solid-phase binding assay in which aliquots of
serum samples were incubated in PG-coated microtiter
wells. At baseline, PG-binding was 2.9+0.5 nmol/L per
well (meanzSD) in UNSAT group, 2.2+0.5 nmol/L/well
in SAT group, and 2.56+0.4 nmol/L/well in CARB group.
After 3 weeks of overfeeding, PG-binding was 2.4+0.5
nmol/L/well in UNSAT, 2.3+0.5 nmol/L/well in SAT, and
2.4£0.3 nmol/L/well in CARB group. The log2FC in PG-
binding in each group are shown in Figure 2C. There were
no significant differences in absolute week 3 (after inter-
vention) values in PG-binding between the groups, but
the change from baseline in PG-binding was significantly
different between the groups (P value for 2-way ANOVA
interaction term=0.0077). Post hoc analysis showed the
difference was because of a significant decrease in the
UNSAT group with no change in the other groups.

We also measured the effect of the diets on the con-
centrations of oxLDL in plasma. At baseline, concentration
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of oxLDL was 50.0+10.0 mU/L (mean=SD) in UNSAT
group, 40.3+15.1 mU/L in SAT group, and 44.9110.6
mU/L in CARB group. After 3 weeks of overfeeding,
concentration of oxLDL was 42.7£7.6 mU/L in UNSAT,
4294148 mU/L in SAT, and 44.8+12.6 mU/L in CARB
group. No statistically significant changes in oxLDL con-
centration were observed (Figure 2D), and there were no
significant differences in absolute week 3 (after inter-
vention) values.

Effects of Overfeeding Diets on LDL Lipid and
Protein Composition

Effects of the overfeeding diets on the lipid composition
of LDL particles were analyzed in detail by LC-MS. Sig-
nificant changes were seen only in SAT group, in which
in the core lipids of LDL the proportions of saturated TGs
increased while unsaturated TGs decreased (Figure V in
the Data Supplement).

The lipid species of LDL detected by LC-MS were next
used as loadings in principal component analysis of LDL
samples at baseline and after the diet period. The first and
second principal component scores showed that at the
end of overfeeding, LDL lipid compositions of the groups
were diverged compared with baseline (Figure 3A and
3B). Particularly, the UNSAT and the SAT groups were bet-
ter separated after the overfeeding period than at base-
line. The first and second principal components explained
43.2% of the variance between samples (Figure 3B).
The first component had large positive associations with
sphingomyelins, ceramides, lysophosphatidylcholines,
cholesterol esters, and negative associations with unsat-
urated TGs and phosphatidylcholines, while the second
component had large negative associations with satu-
rated and monounsaturated TGs (Figure 3C).

Arterioscler Thromb Vasc Biol. 2021;41:2823-2836. DOI: 10.1161/ATVBAHA.120.315766
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Figure 2. Changes in LDL (low-density lipoprotein) aggregation, lipoproteins proteoglycan-binding, and oxidized LDL (oxLDL)
during the 3-wk overfeeding of unsaturated fat (UNSAT), saturated fat (SAT), and simple carbs (CARB).

A, The aggregate sizes (mediantinterquartile range) at the various time points are shown in the UNSAT, SAT, and CARB groups. LDL was isolated
from plasma samples collected at the baseline and at the end of the diet. LDL aggregation was induced by addition of human recombinant
sphingomyelinase, and the increase in LDL aggregate size was followed by dynamic light scattering. Inflection point of the aggregate size vs time
curves was used as a measure of LDL aggregation susceptibility. B, Change in LDL aggregation susceptibility. C, Change in the proteoglycan-
binding of plasma lipoproteins. Aliquots of plasma samples collected at the baseline and at the end of the study were incubated in microtiter
wells coated with human aortic proteoglycans and the amount of cholesterol bound was measured after incubation for 1 h. D, Change in the
concentration of oxLDL. ELISA was used to measure oxLDL concentrations in plasma samples collected at the baseline and at the end of the
intervention. The changes in B-D are presented as mean+SE of mean of the log2 values of fold changes. A positive value indicates an increase
and a negative value a decrease in the value. Two-way ANOVA with repeated measures was used to test differences between groups during
interventions. P values (at the bottom) are reported for the effect of interaction term (timexgroup). Asterisks represent P value for within-group
changes calculated by Sidak post hoc test. The data were analyzed using GraphPad Prism version 8.0.1. **P<0.01; ***P<0.001.

The protein composition of the pooled groups was
analyzed by LC-MS/MS and normalized to ApoB-100
(Figure Vlin the Data Supplement). Apolipoproteins were
mildly depleted in all groups after overfeeding, except
ApoA-l, ApoA-IV, and ApoE, which showed a slight
increase in the CARB group.

Proteomics Comparison of Individuals From
SAT and UNSAT Group

As the SAT group showed significant changes in
LDL aggregation and the UNSAT group decreased

Arterioscler Thromb Vasc Biol. 2021,;41:2823-2836. DOI: 10.1161/ATVBAHA.120.315766

proteoglycan binding, we analyzed the individual LDL
protein compositions of 5 participants of each group.
The participants were selected based on groupwise
similarity with respect to baseline characteristics such
as sex, age, BMI, and LDL-cholesterol, and consid-
ering the representative changes in the primary out-
comes, LDL-aggregation, and PG-binding, of the whole
respective group (Table Il in the Data Supplement). To
eliminate small individual changes, only proteins were
included, which were identified in at least 4 out of 5
participants and which had the log2FC in the same
direction within the 5 participants if the log2 fold
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Figure 3. Changes in LDL (low-density lipoprotein) lipidomics and proteomics during the 3-wk overfeeding of unsaturated fat

(UNSAT), saturated fat (SAT), and simple carbs (CARB).

A-C, Principal component analysis (PCA) demonstrating differences in LDL lipid composition before and after 3-wk overfeeding of UNSAT,
SAT, and CARB. Lipidomic analysis was performed using liquid chromatography—mass spectrometry, and percentage concentrations of

both core and surface lipids were introduced to analysis. Before analysis, samples were normalized by median, log transformed, and Pareto
scaled. Two outliers, one in the UNSAT group and one in the SAT group, were excluded. A, The PCA scores plot before intervention. The

first and second components explained 20.7%, and 17.8% of the variance between samples, respectively. The scores of the first and second
principal components with 95% Cls are presented for UNSAT (blue), SAT (red), and CARB (green) groups. B, The PCA scores plot after
intervention. The first and second components explained 26.5%, and 17.6% of the variance between samples, respectively. C, Loadings plot
showing influence of each lipid species to the first and second principal components after intervention. Each lipid species is colored with
distinctive color. The first component had large positive associations with sphingomyelins, ceramides, lysophosphatidylcholines, cholesterol
esters, and negative associations with unsaturated TGs and phospatidylcholines, while the second component had large negative associations
with saturated and monounsaturated TGs. D and E, Changes in LDL protein composition in (D) UNSAT and (E) SAT groups. The protein
composition was analyzed by liquid-chromatography-mass spectrometry/mass spectrometry after normalization to ApoB-100, only proteins
were included which were identified in 4 out of the 5 selected individuals and the change was in the same direction (increase/decrease) for
changes over log?2 fold change >0.5. The log2 fold changes in protein concentrations are presented as mean+SD. The data were analyzed
using GraphPad Prism version 8.0.1 and MetaboAnalyst software 4.0. UNSAT, n=10; SAT, n=12; CARB, n=12. CE indicates cholesterol ester;
Cer, ceramide; FC, fold change; LPC, lysophosphatidylcholine; PC, phosphatidylcholine; SM, sphingomyelin; TG, triacylglycerol.

change was larger than 0.5, indicating a fold change
of >1.42. As in the pooled samples, the pairs of both
groups exhibited a relative depletion in apolipoproteins,
especially for ApoA-IV and ApoC-Il (Figure 3D and 3E).
In the UNSAT group, pairwise comparison indicated
that the LDL particles were also relatively depleted of
ApoC-I, ApoD, ApoE, and acute phase protein serum
amyloid A-4 after the diet period (Figure 3D). Pairwise
comparison of the LDL particles from the SAT groups
showed a small diet-induced increase in complement
component C4-A, serum paraoxonase/arylesterase 1,
antibody component immunoglobulin kappa constant,
as well as platelet-activating factor acetylhydrolase and
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a diet-induced decrease in ApoA-Il, ApoA-IV, ApoC-ll,
ApoF, and clusterin (Figure 3E).

Plasma NMR Profiling, LDL Lipidomics, LDL
Aggregation, Lipoprotein PG-Binding, and
oxLDL

We next analyzed the relationship between lipoprotein
subclasses as determined using NMR spectroscopy
and LDL aggregability, lipoprotein PG-binding, and
oxLDL. At baseline, both PG-binding and oxLDL were
strongly associated with several apoB-100-containing
lipoprotein subclasses (Figure 4). Thus, PG-binding and

Arterioscler Thromb Vasc Biol. 2021;41:2823-2836. DOI: 10.1161/ATVBAHA.120.315766
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Figure 4. Relationships between LDL (low-density lipoprotein) aggregation susceptibility, proteoglycan-binding of plasma
lipoproteins, and plasma oxidized LDL (oxLDL) concentrations, and plasma lipoprotein subclasses at baseline.

A, LDL aggregation, (B) the binding of plasma lipoproteins to proteoglycans, and (C) concentrations of oxLDL in plasma were determined as
described under Figure 3 and Methods. Quantitative nuclear magnetic spectroscopy metabolomics was used for the quantification of plasma
lipoprotein subclasses and their components. The associations for log-transformed metabolite concentrations were analyzed using Spearman
correlation coefficient analysis. In heatmaps, the positive correlations are represented with red and negative correlations with blue. Unsaturated
fat, n=11; saturated fat, n=13; simple carbs, n=12. *P<0.05, **<0.01, *P<0.001.

oxLDL correlated positively with concentrations and lipid
components of VLDL, IDL, and LDL subclasses apart
from large VLDL. HDL correlated inversely with the
concentration of oxLDL. LDL aggregation did not cor-
relate with any of the lipoprotein subclasses or their lipid
components. In contrast, LDL aggregation at baseline
showed a strong negative correlation with the proportion
of phosphatidylcholines and positive correlation with the
proportion of sphingomyelins and lysophosphatidylcho-
lines on the surface of the particles (Figure VII in the
Data Supplement).

Finally, we analyzed whether diet-induced changes in
plasma NMR profiles or the composition of the LDL lipi-
dome were related to LDL aggregation, lipoprotein PG-
binding, or oxLDL. We observed a significant correlation
between the change in the proportion of saturated fatty
acids in plasma and LDL aggregation: an increase in
the saturated fatty acids was associated with more
rapid LDL aggregation (Figure BA). Changes in LDL
aggregation were not associated with changes in lipo-
protein subclasses (not shown). An increased propor-
tion of saturated fatty acids was also associated with
an increase in PG-binding (Figure 5B). The association
between the change in the proportion of saturated fatty
acids and the change in oxLDL was not significant and
is shown in Figure bC.

Arterioscler Thromb Vasc Biol. 2021,;41:2823-2836. DOI: 10.1161/ATVBAHA.120.315766

Regarding LDL core and surface lipid composition, an
increase in sphingomyelins and decrease in the phos-
phatidylcholine to lysophosphatidylcholine -ratio were
associated with an increase in LDL aggregation dur-
ing overfeeding (Figure 6A). An increase in many TGs
containing unsaturated fatty acids was associated with a
decrease in PG-binding (Figure 6B) and an increase in
oxLDL (Figure 6C).

DISCUSSION

The impact of different diets on cardiovascular health is
still intensely debated.*® As LDL-cholesterol is a causal
factor in the development of atherosclerotic cardiovascu-
lar disease,” most studies have focused on effects of dif-
ferent diets on concentrations of plasma LDL-cholesterol.
However, for any given concentration of LDL-cholesterol,
pathogenic properties of LDL particles, such as the affin-
ity of LDL to bind to arterial PGs, the presence of oxLDL,
and the susceptibility of LDL to aggregation have the
potential to influence the atherogenicity of the LDL par-
ticles.#™*® In this study, we examined the effects of over-
feeding 1000 excess calories as either SATs, UNSATSs, or
simple sugars for 3 weeks on these qualitative aspects
of LDL particles and show that excess consumption of
SATs increases LDL aggregation, while consumption of
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Figure 5. Relationships between changes in LDL (low-density lipoprotein) aggregation susceptibility, proteoglycan-binding of
plasma lipoproteins, plasma oxidized LDL (oxLDL), and the proportions of plasma saturated fatty acids concentrations during
3-wk overfeeding of the unsaturated fat (UNSAT), saturated fat (SAT), and simple carbs (CARB) diets.

A, LDL aggregation, (B) the binding of plasma lipoproteins to proteoglycans, and (C) concentrations of oxLDL in plasma, were determined as
described under Figure 3 and Methods. Quantitative nuclear magnetic spectroscopy metabolomics was used for the quantification of changes
in the proportion of saturated fatty acids (SFA%) in plasma. The associations for log2 fold changes of metabolite concentrations or proportions
were analyzed using Spearman correlation coefficient analysis. UNSAT, n=11; SAT, n=13; CARB, n=12. 'Positive value indicates decrease in
LDL aggregation, negative value increase in LDL aggregation. R, Spearman correlation coefficient; FC, fold change.

UNSATs decreases PG-binding of plasma lipoproteins
based on change from baseline diet.

LDL particles aggregate in the intima after proteo-
lytic, enzymatic, or oxidative modifications and the higher
the LDL concentration the faster is LDL aggregation.®
Aggregation enhances binding of LDL to intimal PGs?
and promotes foam cell formation.”°-5! Uptake of aggre-
gated LDL also induces secretion of matrix metallopro-
tease 7, a protease associated with plaque rupture %2 In
line with the pathogenic properties of aggregated LDL,
we recently showed that the susceptibility of plasma
LDL to aggregate associates with future cardiovascu-
lar events independently of conventional risk factors for
atherosclerotic cardiovascular disease.®?” LDL particles
can be rendered more stable by addition of plant sta-
nol ester-enriched spread into the diet5® Here, we show
that overfeeding of SATs renders LDL particles more
prone to aggregate and that this change correlates
with increase in the proportion of saturated fatty acids
in plasma. In addition, LDL-bound clusterin was signifi-
cantly decreased in the SAT group after the diet period.
Clusterin has been shown to inhibit LDL aggregation and
reduce atherogenesis in a mouse model.54%°

The SAT diet, but not the other diets, significantly
increased lipids that increase aggregation of LDL, that
is, the content of sphingolipids in LDL and plasma sphin-
gomyelins.8%3 Principal component analysis of the LDL
samples after the diet period clearly separated particu-
larly the SAT and the UNSAT groups. In the SAT group,
LDL was more enriched with sphingomyelins, cerami-
des, and saturated TGs, while LDL in the UNSAT group
was enriched with phosphatidylcholines and unsaturated
TGs. In the CARB group, carbohydrate-induced increase
in DNL led to less pronounced changes in % saturated
fatty acids in plasma than did the SAT diet (Figure 5) and
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did not influence LDL lipid composition or LDL aggrega-
tion. These differences may explain why LDL aggrega-
tion remained unchanged in the CARB group. Of note,
baseline aggregation was higher in the CARB group.
Although the change in LDL aggregation remained
highly significant after adjusting for baseline values, and
absolute LDL aggregation was significantly higher at 3
weeks in the SAT than in the UNSAT group, the base-
line difference nevertheless complicates interpretation of
changes in this parameter in the CARB group.

The interaction of lipoproteins with PGs is one of the
first steps in atherogenesis.®®™*° Here, overfeeding of
the UNSAT diet decreased binding of plasma lipopro-
teins to PGs based on change from baseline diet. Previ-
ous studies have also shown that change in dietary fat
can influence PG-binding of plasma lipoproteins or iso-
lated LDL particles. Thus, intake of linolenic acid (18:3,
®3)-rich Camelina sativa oil and consumption of plant
stanol esters both decrease the PG-binding of plasma
lipoproteins.?3€° Similarly, Jones et al®' have shown that
both canola oil rich in oleic acid and corn/safflower oil
rich in linoleic acid decrease binding of isolated LDL
particles to PGs. In the present study, the PG-binding
of plasma lipoproteins was strongly associated with the
concentration of small VLDL, IDL, and LDL particles
and their lipid components, raising the possibility that
in addition to LDL, small VLDL and IDL particles may
also have contributed to retention of lipoproteins. In the
SAT group, the amounts of these apoB-100-containing
lipoproteins increased; yet, the binding of the lipopro-
teins to PGs did not change indicating that there is a
reduction in the affinity of the lipoproteins to PGs. As
we did not observe any changes in apoE or apoC-IIl of
LDL, the 2 small exchangeable apolipoproteins known
to modulate the interaction of lipoproteins to PGs,'*1¢ it

Arterioscler Thromb Vasc Biol. 2021;41:2823-2836. DOI: 10.1161/ATVBAHA.120.315766
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Figure 6. Relationships between changes in LDL (low-density lipoprotein) lipid composition and changes in LDL aggregation
susceptibility, proteoglycan-binding of plasma lipoproteins, and plasma oxidized LDL (oxLDL) concentrations during 3-wk
overfeeding of the unsaturated fat (UNSAT), saturated fat (SAT), and simple carbs (CARB) diets.

Volcano plots showing associations between changes in LDL lipids and changes in (A) LDL aggregation susceptibility, (B) proteoglycan-
binding (PG) of plasma lipoproteins, and (C) oxLDL concentrations. The associations for log2 fold changes of metabolite concentrations were
analyzed using Spearman correlation coefficient analysis. Two outliers, 1 in the UNSAT group and 1 in the SAT group, were excluded from
analysis. Changes in the same direction indicate that both the measured LDL atherogenic property and the lipid concentration increased or
decreased, and changes in the opposite direction indicate that the other of these increased and the other decreased. UNSAT, n=10; SAT,
n=12; CARB, n=12. p, Spearman correlation coefficient; LPC indicates lysophosphatidylcholine; PC, phosphatidylcholine; SM, sphingomyelin;

and TG, triacylglycerol.

is likely that the changes in the PG-binding depend on
changes in the conformation of apoB-100, which has
been shown to be important in the PG-binding of LDL
particles.'’® In contrast, in the UNSAT group, LDL-apoE
decreased after the diet, a finding that could at least
partly explain the decrease in PG-binding in this group.

Consumption of unsaturated fatty acids has been
reported to increase the oxidizability of LDL particles.®

Arterioscler Thromb Vasc Biol. 2021,;41:2823-2836. DOI: 10.1161/ATVBAHA.120.315766

In accordance, we show that increased concentration of
oxLDL was associated with increase in many unsatu-
rated TGs, which were increased after the UNSAT diet.
Despite this, overfeeding of the UNSAT diet induced a
nonsignificant decrease rather than an increase in the
concentration of oxLDL in plasma. As TGs are a minor
component of LDL particles, it is possible that diet-
induced changes in other lipids outweigh the increase in
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oxidation-prone unsaturated TGs. Importantly, increase in
the concentration of oxLDL does not necessarily lead to
increased atherosclerosis at least in an animal model.®®
One reason for this could be related to reduced inflam-
matory potential of lipoproteins after consumption of
UNSATs.54% |n line with these data, we show here that
serum amyloid A in LDL was decreased after the UNSAT
diet. Oxidation of circulating LDL particles takes place,
at least in part, during oxidative stress reactions in endo-
thelial cells, which generate reactive oxygen and nitrogen
species. We show here that at baseline, the concentra-
tion of oxLDL was associated positively with most VLDL
and LDL subclasses and negatively with HDL particles
and lipids in HDL. This finding is in line with the ability of
HDL to inhibit lipid oxidation in LDL.%

This study is the first in humans to compare effects
of overfeeding 3 different diets on the properties of
LDL and plasma lipoproteins linked with increased ath-
erogenicity. Limitations of our study as well as all of
other dietary intervention studies hitherto performed®®
include small sample size and a relatively short dura-
tion of the study. However, longer periods of overfeed-
ing might be considered unethical and would likely also
decrease compliance. It is also noteworthy that total fat
intake in the SAT and the UNSAT groups was almost
60% of total energy intake with SATs comprising 33%
and 14% of total energy, respectively.® Intake of SAT
the SAT group thus clearly exceeded current dietary
recommendations.?®®® As the study was performed in
overweight subjects with caloric excess, the results may
not be applicable to normal weight individuals consum-
ing eucaloric diets. LDL aggregation at baseline was
faster in the CARB group than in the other 2 groups,
which complicates interpretation of changes LDL
aggregation in the CARB group. Regardless, changes
in aggregation remained still highly significantly differ-
ent between the groups after adjusting for variation
in baseline LDL aggregation, and the only significant
within-group change was observed in the SAT group.

In conclusion, the present data show that overfeed-
ing SAT induces substantial metabolic changes that lead
to modification of LDL composition and enhance the
susceptibility of LDL to aggregation, independent of the
concentration of LDL cholesterol. In addition, overfeed-
ing UNSAT decreases the binding of plasma lipoproteins
to aortic PGs from baseline diet. This property is strongly
associated with the concentrations of small VLDL, IDL,
and LDL subclasses in plasma. Thus, this study shows
that the type of fat during overfeeding affects the prop-
erties of plasma lipoproteins associated with increased
atherogenicity and extends the previous data on the
harmfulness of excess intake of SATs.
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