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BACKGROUND: In blood and tissues, dietary and endogenously generated fatty acids (FAs) occur in free form or as part of
complex lipid molecules that collectively represent the lipidome of the respective tissue. We assessed associations of plasma
lipids derived from high-resolution lipidomics with incident cardiometabolic diseases and subsequently tested if the identified
risk-associated lipids were sensitive to dietary fat modification.

METHODS: The EPIC Potsdam cohort study (European Prospective Investigation into Cancer and Nutrition) comprises 27 548
participants recruited within an age range of 35 to 65 years from the general population around Potsdam, Germany. We
generated 2 disease-specific case cohorts on the basis of a fixed random subsample (n=1262) and all respective cohort-wide
identified incident primary cardiovascular disease (composite of fatal and nonfatal myocardial infarction and stroke; n=551)
and type 2 diabetes (n=775) cases. We estimated the associations of baseline plasma concentrations of 282 class-specific
FA abundances (calculated from 940 distinct molecular species across 15 lipid classes) with the outcomes in multivariable-
adjusted Cox models. We tested the effect of an isoenergetic dietary fat modification on risk-associated lipids in the DIVAS
randomized controlled trial (Dietary Intervention and Vascular Function; n=113). Participants consumed either a diet rich in
saturated FAs (control), monounsaturated FAs, or a mixture of monounsaturated and n-6 polyunsaturated FAs for 16 weeks.

RESULTS: Sixty-nine lipids associated (false discovery rate<0.05) with at least 1 outcome (both, 8; only cardiovascular disease, 49;
only type 2 diabetes, 12). In brief, several monoacylglycerols and FA16:0 and FA18:0 in diacylglycerols were associated with both
outcomes; cholesteryl esters, free fatty acids, and sphingolipids were largely cardiovascular disease specific; and several (glycero)
phospholipids were type 2 diabetes specific. In addition, 19 risk-associated lipids were affected (false discovery rate<0.05) by the
diets rich in unsaturated dietary FAs compared with the saturated fat diet (17 in a direction consistent with a potential beneficial
effect on long-term cardiometabolic risk). For example, the monounsaturated FA-rich diet decreased diacylglycerol(FA16:0) by 0.4
(95% Cl,0.56-0.3) SD units and increased triacylglycerol(FA22:1) by 0.5 (95% Cl, 0.4-0.7) SD units.

CONCLUSIONS: We identified several lipids associated with cardiometabolic disease risk. A subset was beneficially altered by
a dietary fat intervention that supports the substitution of dietary saturated FAs with unsaturated FAs as a potential tool for
primary disease prevention.
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Clinical Perspective

What Is New?

» High-resolution lipidomics uncovered several car-
diometabolic risk biomarkers across a range of lipid
classes that associate with incident cardiovascular
disease and type 2 diabetes independent of stan-
dard clinical biomarkers.

» Several identified risk-associated lipid markers
were beneficially altered by a controlled 16-week
intervention when comparing a diet rich in saturated
fatty acids with diets rich in monounsaturated fatty
acids or a mixture of monounsaturated and n-6
polyunsaturated fatty acids.

What Are the Clinical Implications?

¢ ldentified risk-associated lipids could serve as risk
biomarkers and implicate underlying disease-spe-
cific pathways.

* Lipids sensitive to dietary fat modification could
serve as biomarkers of intervention effects in dietary
intervention trials.

* Observed intervention effects on risk-associated
lipids provide further evidence for the beneficial
effects of exchanging dietary saturated with unsatu-
rated fatty acids.

high-density (high-density lipoprotein cholesterol

[HDL-C]), and low-density lipoprotein cholesterol
are important predictors and potential causal factors
of future cardiometabolic disease risk, including myo-
cardial infarction, stroke, and type 2 diabetes (T2D).'"3
Accordingly, these biomarkers are routinely used in clini-
cal decision-making, and underlying molecular pathways
are among the targets of first-line drugs for primary and
secondary cardiometabolic disease prevention. Preced-
ing a drug prescription, adopting a healthier diet is con-
sidered a cornerstone of prevention.5¢ In particular, the
dietary fatty acid (FA) profile poses a plausible link to
lipid metabolism and subsequent health effects.”

In blood and tissues, dietary and endogenously gener-
ated FAs occur in a free form or as part of complex lipid
molecules that collectively represent the lipidome of the
respective tissue (Figure 1A). Major sources of plasma
lipids are adipose tissue, liver, and dietary lipids (Fig-
ure 1B). Lipid classes differ in terms of molecular struc-
ture of the headgroups, which can be largely classified
into nonglycerides (eg, cholesteryl esters and sphingolip-
ids) and glycerides (eg, phospholipids and glycerolipids;
Figure 1C, Figure S1). Diversity within the lipid classes is
furthermore increased by the attached FAs that exhibit
different structural features (Figure 1D).

High-throughput lipid-profiling technologies (lipidomics)
generate detailed information on the (plasma) lipidome's
composition, including identification of single FAs attached

Plasma concentrations of total triacylglycerol (TG),
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Nonstandard Abbreviations and Acronyms

CE cholesteryl esters

Cer ceramides

CVD cardiovascular disease
DG diacylglycerols

dhCer dihydroceramides

DIVAS Dietary Intervention and Vascular
Function
EPIC European Prospective Investigation into

Cancer and Nutrition
FA fatty acid

FDR false discovery rate

FFA free fatty acids

HDL-C high-density lipoprotein cholesterol
HexCer hexosylceramides

LacCer lactosylceramides

LPC lysophosphatidylcholines

LPE lysophosphatidylethanolamines
MG monoacylglycerols

MUFA monounsaturated fatty acids

PC phosphatidylcholines

PE phosphatidylethanolamines

PEO phosphatidylethanolamine ethers
PEP phosphatidylethanolamine plasmalogens

Pl phosphatidylinositols

SFA saturated fatty acids
SM sphingomyelins
T2D type 2 diabetes

TG triacylglycerol
UFA unsaturated fatty acids

to a lipid molecule® This enables researchers to precisely
dissect lipid-disease associations and diet intervention
effects. Recent studies assessed lipidomics in relation to
cardiometabolic disease outcomes and elucidated connec-
tions between lipid metabolism and cardiometabolic dis-
eases; however, low- to intermediate-level resolution of the
lipidome (not determining lipid class-specific FA abundance,
see Table 1), analyses targeted on few or single lipid classes
(eg, only phospholipids or ceramides), or the use of patient
cohorts rather than a general population sample represent
shortcomings.®~'° Furthermore, even though T2D and car-
diovascular diseases (CVD) are both intricately related to
lipid metabolism and ectopic lipid deposition, direct com-
parison of the relationships with plasma lipid profiles are
currently sparse and could add valuable causal insights.
Within the population-based EPIC-Potsdam study (Euro-
pean Prospective Investigation into Cancer and Nutrition),
we therefore conducted lipidome-wide cardiometabolic dis-
ease association analyses across different lipidomics levels
and tested the effect of modified dietary fat intake on iden-
tified risk-associated lipids in a separate dietary random-
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Figure 1. Overview of lipid class
occurrence in cell and plasma
compartments, major sources of
plasma lipids, investigated lipid
classes, captured fatty acid features,
and assessed lipidomics levels.

A Lipids have several functions in the
organism that determine their location

in cells and tissues. They make up
membranes and thereby determine
membrane fluidity and function, serve as
energy storage, exert intracellular signaling
properties, and are precursors of hormones
(steroids and eicosanoids). In plasma, FFAs
are mostly transported bound to albumin,
whereas complex lipids are transported as
part of lipoproteins. Lipids are continuously
exchanged between plasma and tissues.
B, The plasma lipidome largely comprises
lipids ingested from the diet, released from
adipose tissue, or produced by the liver.
The liver, in particular, is the central hub

of lipid metabolism through lipoprotein
production and de novo lipogenesis.

C, The lipid classes depicted here are
covered by Metabolon’s Complex Lipid
Panel and represent most of the major
lipid classes found in the human plasma.
More detailed information on the molecular
differences between the lipid classes is
shown in Figure S1. D, Fatty acid feature
information provided by the lipidomics
platform. E, Metabolon’s Complex Lipid
Panel allows investigation of lipids on
different aggregated levels. The main
results of this publication refer to “Within-
class FA sum.” More details on the different
naming conventions used throughout

are in Table 1. This figure was produced

Lipid classes > 28 Total FA sums
Fatty acids

249 Species

111 Within-class FA sums

using smart.serviercom. CE indicates
cholesterylesters; FFA, free fatty acid; PEO,
phosphatidylethanolamine ether; and PEF,

ized controlled parallel intervention trial, the DIVAS study
(Dietary Intervention and Vascular Function). Throughout
the analyses, we present commonalities and differences
between the investigated disease outcomes, primary com-
posite CVD (stroke or myocardial infarction) and T2D.

METHODS

EPIC-Potsdam data supporting the findings of this study are
available from the corresponding author on reasonable request.
Requests to access the dataset from the DIVAS study may be sent
to Prof Julie Lovegrove, jalovegrove@reading.ac.uk. Codes used
to generate the results, figures, and tables are available on request.

Study Designs and Study Populations

EPIC-Potsdam Study
The EPIC-Potsdam study is a prospective cohort study that
recruited 27548 participants (16644 women and 10904
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phosphatidylethanolamine plasmalogen.

men; age range, 35-65 years) from the general population
of Potsdam, Germany, and the surrounding geographical area
from 1994 to 1998. Participants were then actively followed
up every 2 to 3 years, by mailed questionnaires and, if neces-
sary, by telephone. Response rates ranged between 90% and
96% per follow-up round.?® The study protocol was approved
by the ethics committee of the Medical Society of the State of
Brandenburg, Germany, and all participants provided a state-
ment of written informed consent before enrollment.

Incident CVD was defined as incidence of primary nonfatal
and fatal myocardial infarction and stroke (International Statistical
Classification of Diseases and Related Health Problems, Tenth
Revision [ICD-10]) code: 121 for acute myocardial infarction,
163.0 to 163.9 for ischemic stroke, 161.0 to 161.9 for intrace-
rebral and 160.0 to 160.9 for subarachnoid hemorrhage, and
164.0 to 164.9 for unspecified stroke). Incidence of CVD was
captured by participants’ self-reports or based on information
from the death certificates, which were validated by contacting
the treating physicians. Inquired information included /CD-10
code, date of occurrence, and further information on symptoms
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Table 1. Lipidomics Levels With Examples

Level Example

Lipid class sums (n=17) TG, PE, Cer, PEO, MG

Total FA sums (n=28) FA16:0, FA22:2, FA18:3
1 FA-containing 2 or 3 FA-containing
class class

Species(n=249) Cer(20:0) TG(50:1)
FFA(20:4) PE(34:1)
MG(18:1) PEO(34:1)

Molecular species (n=940) Cer(20:0) TG(50_1-FA18:1)*
MG(18:1) PE(16:0_18:1)
FFA(20:4) PE(O-16:1/18:0)t

Within-class FA Cer(20:0) TG(FA18:1)

sums#{n=282) MG(18:1) PE(FA16:0)
FFA(20:4) PEO(FA16:1)

Cer indicates ceramides; FA, fatty acids; FFA, free fatty acids; MG, mono-
acylglycerols; PE, phosphatidylethanolamines; PEO, phosphatidylethanolamine
ether; PEP, phosphatidylethanolamine plasmalogen; and TG, triacylglycerols.

*Termed “molecular species” for convenience. The level for TG with the high-
est resolution detected by the lipidomics platform was the “FA abundance per
isobaric species”

tCompared with other molecular species, PEO and PEP could be deter-
mined to exact sn-position, therefore FAs are separated by “/" instead of “_" in
accordance with LIPIDMAPS.2*

FWithin-class FA sums is the focus of the presented analyses.

and diagnostic criteria. For myocardial infarction, diagnostic
criteria included clinical symptoms, ECGs, cardiac enzymes,
and known coronary heart disease. For stroke, diagnosis was
based on anamnesis, clinical symptoms, computed tomogra-
phy/magnetic resonance imaging, angiogram, lumbar puncture,
echocardiogram, Doppler, and ECG, plus imaging techniques if
available. Participants with silent cardiovascular events that had
not been documented within 28 days after occurrence were
excluded as nonverifiable cases from all analyses.

Information on incidence of T2D was systematically acquired
through self-report of a diagnosis, of T2D-relevant medication,
or of dietary treatment attributable to T2D diagnosis during
follow-up. Death certificates and information from tumor cen-
ters, physicians, or clinics that provided assessments for other
diagnoses were screened for indication of incident T2D. For
participants that were classified as potential cases on the basis
of that information, a standard inquiry form was sent to the treat-
ing physician. Only physician-verified cases with a diagnosis of
T2D (ICD-10code: E11) and a diagnosis date after the baseline
examination were considered confirmed incident cases of T2D.

Nested case cohorts were constructed for efficient study
of molecular phenotypes. From all participants who provided
blood at baseline (n=26437), a random sample (subcohort,
n=1262) was drawn, which served as a common reference
population for both end points. For each end point, all incident
cases that occurred in the full cohort until a specified censoring
date were included in the analysis. After excluding prevalent
cases of the respective outcomes, the analytic sample for T2D
comprised 1886 participants, including 775 incident cases (26
cases in the subcohort) and for CVD 1671 participants, includ-
ing 551 incident cases (28 cases in the subcohort). Follow-up
was defined as the time between enroliment and study exit that
was determined by diagnosis of the respective disease, death,
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dropout, or final censoring date, whichever came first. End
point—specific censoring dates were November 30, 2006, for
stroke and myocardial infarction and August 31, 2005, for T2D.

Anthropometric and blood pressure measurements were
conducted according to a standardized protocol2'?? Blood
plasma was obtained at baseline and stored in liquid nitrogen
tanks at =196°C or in deep freezers at —80°C until time of
analysis. Baseline plasma concentrations of standard blood
lipids (total cholesterol, HDL-C, and TG) were measured in
2007. Plasma samples, from which aliquots were drawn for the
lipidomics measurements in 2016, were never or only once
thawed and refrozen during storage (93 samples defrosted and
refrozen once for aliquoting for unrelated analysis).

Detailed information on measurements of nonlipidomic bio-
markers, anthropometric measures, and socioeconomic factors
are provided in the Supplemental Material.

DIVAS Study

Lipidomics analysis was performed in a subset of participants
(n=113 of 195) from DIVAS, a 16-week randomized controlled
trial. This study recruited men and women, aged between 21 and
60 years and with estimated moderate CVD risk who were ran-
domly assigned to either 1 of 3 isoenergetic diets: rich in satu-
rated FAs (SFA), rich in monounsaturated FAs (MUFA), or rich in
mixed unsaturated fatty acids (UFA), including both MUFA and
n-6 polyunsaturated FAs. The target compositions (percent of
total energy intake from total fat:SFAIMUFA:n-6 polyunsaturated
FAs) were 36:17:11:4 for the SFA-rich diet (h=38), 36:9:19:4
for the MUFA-rich diet (n=39), and 36:9:13:10 for the mixed
UFA-rich diet (n=36). All participants provided written informed
consent; were nonsmokers; were not pregnant or lactating; had
normal blood biochemistry, liver and kidney function; did not take
dietary supplements, medication for hypertension, raised lipids,
or inflammatory disorders; had no previous diagnosis of a myo-
cardial infarction, stroke, or diabetes; did not consume excessive
amounts of alcohol (men, <21 units/wk; women, <14 units/wk);
and performed <3x30 minutes of aerobic exercise per week.
The trial was single-blinded, and randomization was conducted
by a study researcher using minimization stratified for sex, age,
body mass index, and estimated CVD risk.?® Blood samples were
taken at baseline and after 16 weeks at a similar time of day in
a fasted state. Additional information on the intervention diets is
provided in the Supplemental Material.

Lipidomics Profiling in EPIC-Potsdam and
DIVAS

Lipidomics analysis was performed with Metabolon's Complex
Lipid Panel for EPIC-Potsdam and the DIVAS trial separately.
Details on this platform are provided in the Supplemental
Material.

The Complex Lipid Panel produced measurements for 15 lipid
classes (free fatty acids [FFA]; cholesteryl esters [CE]; monoac-
ylglycerols [MG]; ceramides [Cer]; dihydroceramides [dhCer];
lactosylceramides [LacCer]; hexosylceramides [HexCer]; sphin-
gomyelins [SM]; lysophosphatidylethanolamines [LPE]; lyso-
phosphatidylcholines [LPC]; diacylglycerols [DG]; triacylglycerols
[TG]; phosphatidylcholines [PC]; phosphatidylethanolamines [PE];
phosphatidylinositol [PI]). In the case of PE, the species from the
2 subclasses phosphatidylethanolamine ether (PEO) and phos-
phatidylethanolamine plasmalogen (PEP) were detected and
hence presented separately from PE where necessary. Measured
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concentrations of molecular species were used to calculate lipid
class sums (by summing all molecular species from 1 class), total
FA sums (by summing concentrations of all molecular species
containing a specific FA), and within-class FA sums (summing
all concentrations of molecular species containing a specific
FA within a lipid class). Within-class FA sums are synonymous
with molecular species level in lipid classes containing only one
reported variable FA per molecule (1 FA—containing classes: FFA,
CE, MG, Cer, dnCer, LacCer, HexCer, SM, LPE, LPC). For compa-
rability with other studies, we further calculated the species level
for those classes with >1 FA per molecule (ie, DG, TG, PC, PE,
PEO, PEP, PI), by summing all species with the same total atomic
mass and degree of saturation of the contained FAs (ie, isobaric
species; Table 1). In total, 940 distinct lipid molecular species,
28 total FA sums, 282 within-class FA sums, and 249 species
were finally available for analysis. We used the updated shorthand
notations from the LIPIDMAPS initiative where applicable.2* We
only refer to the shorthand notations of FAs for brevity. Respective
common names of FAs are presented in Table S1.

Statistical Analysis

All lipidomics variables were log-transformed and z-scaled
(mean=0, SD=1) to allow comparison of association strength
across lipids and to stabilize skewed distributions.

Lipidome-Wide Association Analysis in
EPIC-Potsdam

We conducted a lipidome-wide screen estimating hazard ratios
for the associations between the lipid variables (class sums, total
FA sums, within-class FA sums, species, molecular species) and
incident CVD and T2D with Cox proportional hazards models. The
case-cohort design was accounted for by assigning weights as
proposed by Prentice.® These weights are realized by counting
survival time of participants of the random subcohort fully (cases
and noncases) and survival time of incident cases outside the
subcohort only at the date of diagnosis. Age was the underly-
ing time variable, with entry time as age at baseline and exit time
as age at event or censoring. The fully adjusted model included
age, sex, waist circumference, height, leisure-time physical activ-
ity, smoking status, alcohol intake, highest achieved education
level, fasting status at blood draw, total energy intake, blood pres-
sure (systolic and diastolic), standard clinical blood lipid markers
(total cholesterol, HDL-C, and TG), antihypertensive medication,
lipid-lowering medication, and acetylsalicylic acid medication as
covariates. Models for incident CVD were additionally adjusted for
drug treatment for prevalent T2D (insulin or other) and propor-
tion glycohemoglobin. Models for total FA sums were adjusted for
the total sums of all lipid classes to disentangle FA abundances
from within-class abundances. Models on within-class FA sums
and (molecular) species levels were adjusted for the respective
class sum to separate the association from the class sum. We
accounted for multiple hypothesis testing by controlling the false
discovery rate (FDR) at 5% separately for each outcome and lipi-
domics level?® To check if presentation of unstratified results was
warranted, we tested the potential for effect measure modification
by sex by including lipidxsex interaction terms into the respective
most adjusted model.

Effect of Modified Fat Intake Intervention in DIVAS
We considered all identified risk associated (FDR<0.05) within-
class FA sums from EPIC-Potsdam as readouts in the DIVAS
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trial. We assessed the difference in postintervention within-
class FA sum concentrations among the trial arms through
linear regression models with trial arm coded as indicator vari-
able (SFA-rich diet as reference) and adjusted for respective
baseline concentrations in addition to age, body mass index,
and sex. Similarly to the disease outcome analyses in EPIC-
Potsdam, the models were further adjusted for baseline and
postintervention concentrations of the respective class sums.

Software
All analyses were performed using R (version 4.1.0, package
versions reported in Supplemental Material).

RESULTS
EPIC-Potsdam Cohort Characteristics

Compared with the respective subcohort participants, in-
cident cases tended to be older, more likely to be male,
current or former smokers, and on medication. On aver-
age, incident cases were characterized by higher body
mass index and waist circumference, elevated total
cholesterol, TG, and blood pressure, and lower HDL-
C (Table 2). The median accrued follow-up time in the
T2D analysis was 6.5 years (interquartile range, 6.0-8.7
years) and 8.4 years (interquartile range, 7.6-9.2 years)
for the CVD analysis.

Lipid Abundances and Correlation Analyses in a
General Population Sample

Overall, CE, FFA, TG, PC, and SM were the most abun-
dant classes in plasma with average concentrations in
the range of 10 to 100 umol/L (Figure S2). The least
abundant classes were Cer, dhCer, LacCer, HexCer,
PEO, and LPE with close to or <0.1 umol/L average
concentrations. Most abundant FAs in total were FA16:0,
FA18:0, FA18:1, FA18:2, and FA20:4 with >10 pmol/L
concentrations, whereas the least abundant FAs were
FA18:4, FA22:2, FA26:0, and FA26:1 with average con-
centrations well below 0.1 pmol/L (Figure S3). CE and
MG had the widest diversity of detected FAs followed
by FFA, TG, DG, and PC (Figure S3). Certain FAs were
prominent in within-class profiles; for example, FA16:0
was among the most abundant within each lipid class
(eg, median relative proportion in LacCer 61%; Figure
S4, detailed distributions in Figure Sb).

On class level, strong positive correlations were
observed between structurally close classes, such as
TG-DG (=0.87, A/<0.001), PEP-PEO (=0.82, ”<0.001),
LPC-LPE (=0.79, R0.001), and PI-PC (=0.75,
R<0.001; Figure S6). Among the total FA sums, most of
the stronger correlations were in line with FA elongation
(eg, FA20:0-FA22:0 [=0.63, ”<0.001]) and FA desatu-
ration steps (eg, FA22:4-FA22:5 [~=0.69, F<0.001];
Figure S7). These correlations were also present on a
within-class FA sum level (Figures S8—524).
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Table 2. Baseline Characteristics of EPIC-Potsdam Participants by Outcome-Specific Subcohort Membership and Incident

Cases Status

S
E Subcohort Subcohort
& Variable (CVD analysis) Incident CVD (T2D analysis) Incident T2D
E n 1148 551 1137 775
==
E n incident cases of respective outcome 28 551 26 775
ﬂ== Women 710 (61.8) 188 (34.1) 689 (60.6) 325 (41.9)
Age, y 49.4 (42.1-57.7) 57.9 (52.3-62.2) 49.4 (42.1-57.6) 56.5 (49.5-60.9)
Body mass index, kg/m2 25.5 (23.0-28.2) 27.0 (24.7-29.8) 25.4 (23.0-28.0) 29.8 (27.3-32.8)
Waist circumference, cm 85.0 (75.0-94.0) 93.0 (85.0-101.0) 85.0 (75.0-93.5) 100.0 (92.0-107.5)
Prevalent T2D 47 (4.1) 4(0.7) 0 (0) 0 (0)
Prevalent hypertension 564 (49.1) 398 (72.2) 563 (49.5) 600 (77.4)
Prevalent cancer 73 (6.4) 23 (4.2) 72 (6.3) 45 (5.8)
Prevalent CVD 0 (0) 0 (0) 36 (3.2) 47 (6.1)
Leisure time physical activity, h/wk 4.5 (2.0-8.0) 5.0 (2.0-10.0) 5.0 (2.0-8.0) 4.5 (1.5-8.5)
Highest level of education
Primary school 438 (38.2) 222 (40.3) 439 (38.6) 355 (45.8)
Secondary/high school 273 (283.8) 137 (24.9) 271 (23.8) 182 (28.5)
College/higher 437 (38.1) 192 (34.8) 427 (37.6) 238 (30.7)
Smoker
Never 557 (48.5) 176 (31.9) 552 (48.5) 266 (34.3)
Former 358 (31.2) 180 (32.7) 358 (31.5) 344 (44.4)
Current smoker (<20 U/d) 173 (15.1) 116 (21.1) 168 (14.8) 92 (11.9)
Current smoker (=20 U/d) 60 (5.2) 79 (14.3) 59 (5.2) 73 (9.4)
Antihypertensive medication 217 (18.9) 190 (34.5) 227 (20) 304 (39.2)
Lipid-lowering medication 52 (4.5) 38 (6.9) 58 (5.1) 81 (10.5)
Acetylsalicylic acid medication 101 (8.8) 52 (9.4) 114 (10) 100 (12.9)
Alcohol intake
None 30 (2.6) 33 (6) 32(2.8) 28 (3.6)
Low 458 (39.9) 188 (34.1) 447 (39.3) 288 (37.2)
Moderately low 223 (19.4) 97 (17.6) 221 (19.4) 156 (20.1)
Moderately high 221 (19.3) 100 (18.1) 221 (19.4) 139 (17.9)
High 190 (16.6) 110 (20) 191 (16.8) 134 (17.3)
Very high 26 (2.3) 23 (4.2) 25 (2.2) 30 (3.9)
Total energy intake, kl/d 8,424 (6,804-10,292) 8,893 (7,277-10,514) 8,446 (6,790-10,300) 8,844 (7,169-10,710)
Systolic blood pressure, mm Hg 1275 (116.5-139.5) 1375 (126.5-152.5) 1275 (116.5-140.0) 138.0 (127.5-151.0)
Diastolic blood pressure, mm Hg 82.5 (76.0-90.5) 87.5 (81.5-95.5) 83.0 (76.0-90.5) 89.5 (82.5-95.5)
Total cholesterol, mg/dL 204.3 (177.9-229.8) 216.0 (189.5-243.6) 204.3 (177.9-230.2) 212.5 (186.6-239.5)
Triglycerides, mg/dL 106.8 (75.5-162.8) 140.9 (94.6-209.1) 105.8 (75.1-162.8) 170.2 (127.9-239.7)
High-density lipoprotein cholesterol, mg/dL 54.8 (46.1-64.7) 47.7 (40.7-59.2) 54.9 (46.3-64.6) 45.8 (38.9-52.8)
Glycohemoglobin (hemoglobin A1c), % 5.4 (5.1-5.7) 5.7 (5.4-6.2) 5.4 (5.1-5.7) 6.1 (5.7-6.7)

Values are displayed as n (%) or median (interquartile range). CVD indicates cardiovascular diseases including fatal and nonfatal myocardial infarction and stroke;
and T2D, type 2 diabetes mellitus.

association between lipids and cardiometabolic disease
risk by sex and therefore present unstratified results.
With the exception of FFA and DG, class sums of all
classes were associated with at least 1 disease out-
come (nominal A<0.05; Figure 2A, Table S2). All classes
associated with incident CVD were positively associated.
For T2D, only PE was statistically significantly positively

Lipidome-Wide Cardiometabolic Risk
Association Analyses

Results of the lipidome-wide screen across all levels,
classes, and adjustment models are included in Table S2.
For both CVD and T2D, we did not detect statistically sig-
nificant (FDR<0.05) effect measure modification for the
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Figure 2. Disease associations of class sums and total FA sums.

Hazard ratios from models adjusted for age (as underlying time variable), sex, waist circumference, height, leisure time physical activity, smoking
status, alcohol intake, highest achieved education level, fasting status at blood draw, total energy intake, blood pressure (systolic and diastolic),
blood lipids (total cholesterol, high-density lipoprotein cholesterol, and standard clinical triacylglycerol), antihypertensive medication, lipid-lowering
medication, and acetylsalicylic acid medication. Models for cardiovascular disease further adjusted for antidiabetic medication and proportion
glycohemoglobin. A, Class sums; B, total FA sums, additionally adjusted for all class sums. CE indicates cholesteryl esters; Cer, ceramides; CVD,
cardiovascular disease; DG, diacylglycerols; dhCer, dihydroceramides; FA, fatty acids; FFA, free fatty acids; HexCer, hexosylceramides; LacCer,
lactosylceramides; LPC, lysophosphatidylcholines; LPE, lysophosphatidylethanolamines; MG, monoacylglycerols; PC, phosphatidylcholines; PE,
phosphatidylethanolamines; PEO, phosphatidylethanolamine ether; PEP, phosphatidylethanolamine plasmalogen; Pl, phosphatidylinositol; SM,

sphingomyelins; and TG, triacylglycerols.

associated, and LacCer, HexCer, LPC, LPE, and SM were
inversely associated. Of note, the associations of Lac-
Cer, HexCer, LPC, and LPE were opposite for T2D and
CVD (ie, higher risk observed for CVD and lower risk for
T2D). However, no association remained after controlling
for multiple testing. Associations of total FA sums were
characterized by relatively low precision (ie, wide confi-
dence intervals). After accounting for multiple testing,
FA22:2 and FA22:4 were significantly positively associ-
ated with CVD and FA22:5 was inversely associated with
T2D (Figure 2B, Table S2).

Lipidome-wide screening of all molecular species and
within-class FA sums indicated that within-class FA sums
largely showed similar or stronger (and more precise) risk
associations compared with molecular species in 2 FA—
containing classes (DG, PC, PE, PEP, PEO, PI) and TGs
(Figures S25 and S26). Within-class FA sums of >2 FA-
containing classes are therefore presented together with

Circulation. 2022;146:21-35. DOI: 10.1161/CIRCULATIONAHA.121.056805

molecular species of 1 FA—containing classes to address
the associations of FA class-specific abundances across
all classes.

Analyses of within-class FA sums, species, and molec-
ular species were specifically geared toward associations
of FA composition within lipid classes by adjusting for the
corresponding class sum. Taken together, this analysis
comprised 282 distinct variables, of which in total 69
were significantly associated (FDR<0.05) with at least
1 outcome. When contrasting the disease associations,
we observed lipids associated with both outcomes (n=38)
and outcome-specific associations (CVD, n=49; T2D,
n=12; Figure 3A and 3B). Among lipids associated with
both outcomes, only MG(15:0) was inversely associated,
whereas CE(20:3), MG(14:0), MG(18:1), MG(18:2),
DG(FA16:0), DG(FA18:0), and PC(FA20:2) were posi-
tively associated (Figures 3 and 4). We found CEs,
FFAs, and SMs nearly exclusively associated with CVD.
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Figure 3. Disease associations of lipid class-specific FA abundances.

Pvalues and hazard ratios from models adjusted for age (as underlying time variable), sex, waist circumference, height, leisure time physical
activity, smoking status, alcohol intake, highest achieved education level, fasting status at blood draw, total energy intake, blood pressure
(systolic and diastolic), blood lipids (total cholesterol, high-density lipoprotein cholesterol, and standard clinical triacylglycerol), antihypertensive
medication, lipid-lowering medication, acetylsalicylic acid medication, and respective class sum. Models for CVD further adjusted for antidiabetic
medication and proportion glycohemoglobin. A, Scatter plot of Pvalues for type 2 diabetes vs CVD; all labeled points were statistically significant
after accounting for multiple testing. B, Hazard ratios (95% ClI) of all significant associations after controlling for multiple testing in A. CE
indicates cholesteryl esters; Cer, ceramides; CVD, cardiovascular disease; DG, diacylglycerols; dhCer, dihydroceramides; FA, fatty acids; FFA,
free fatty acids; HexCer, hexosylceramides; LacCer, lactosylceramides; LPC, lysophosphatidylcholines; LPE, lysophosphatidylethanolamines;
MG, monoacylglycerols; PC, phosphatidylcholines; PE, phosphatidylethanolamines; PEO, phosphatidylethanolamine ether; PEF,
phosphatidylethanolamine plasmalogen; P, phosphatidylinositol; SM, sphingomyelins; and TG, triacylglycerols.

Observed associations of CEs were all positive, whereas
FFAs and SMs exhibited associations in both directions
(Figures 3 and 4). Several LacCers and single other
ceramides were associated. Further associations, aside
from the ones associated with both outcomes, were
detected among MGs and other glycero(phospho)lipid
classes (Figures 3 and 4). In contrast to CVD, fewer lip-
ids were specifically associated with T2D among which
glycero(phospho)lipids represented the majority. FA16:0,
in particular, was associated with higher T2D risk as part
of MG, DG, TG, and PEP. Among sphingolipids only 2
positive associations (LacCer(20:0) and LacCer(22:0))
were detected.

Risk Associations According to FA Carbon
Chain Length and Number of Double Bonds

Most species associated with higher risk contained
shorter carbon chains, were saturated, or had only a
few double bonds. (Figure S27). This observation was
more pronounced for T2D than CVD. The species level
represented a mixture of different isobaric molecular
species. In most cases, one specific molecular species
was statistically significantly associated with the out-
come, whereas the remaining isobaric molecular spe-

28 July 5, 2022

cies were not. For example, PEP(36_3) was positively
associated with T2D risk, and the only similarly associ-
ated molecular species that represents this species was
PE(P-16:0/20:3) (Figures S28 and S29). On the mo-
lecular species level, lipids containing specific FAs (ie,
FA16:0 and FA18:0) were often associated with higher
risk (Figures S28 and S29). Lipids that were associated
with lower risk did not contain common FAs, but rather
a wider range of (unsaturated) FAs and an overall ab-
sence of FA16:0 and FA18:0.

Impact of Dietary Fat Modification on Risk-
Associated Lipids

From the identified 69 statistically significantly disease-
associated lipids in EPIC-Potsdam, 55 were available
for analysis in the DIVAS study. Among those, we found
plasma concentrations of 19 significantly increased or
decreased (FDR <0.05) by an UFA-rich diet relative
to the SFA-rich diet (Figure BA, Table S3). The MU-
FA-rich diet increased concentrations of TG(FA22:1),
SM(24:1), and TG(FA18:2) and decreased DG(FA16:0),
DG(FA18:0) TG(FA16:0), TG(FA18:0), DG(FA22:4),
SM(18:0), SM(14:0), PEP(FA22:5), PE(FA16:1), Hex-
Cer(18:1), LPC(14:0), LacCer(20:1), and MG(20:0).

Circulation. 2022;146:21-35. DOI: 10.1161/CIRCULATIONAHA.121.056805
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Figure 4. Disease associations of lipid class-specific FA abundances by FA carbon chain length and number of unsaturated
bonds.

P values from models adjusted for age (as underlying time variable), sex, waist circumference, height, leisure time physical activity, smoking status,
alcohol intake, highest achieved education level, fasting status at blood draw, total energy intake, blood pressure (systolic and diastolic), blood
lipids (total cholesterol, high-density lipoprotein cholesterol, and standard clinical triacylglycerols), antihypertensive medication, lipid-lowering
medication, acetylsalicylic acid medication, and respective class sum. Models for CVD further adjusted for antidiabetic medication and proportion
glycohemoglobin. CE indicates cholesteryl esters; Cer, ceramides; CVD, cardiovascular disease; DG, diacylglycerols; dhCer, dihydroceramides;
FFA, free fatty acids; HexCer, hexosylceramides; LacCer, lactosylceramides; LPC, lysophosphatidylcholines; LPE, lysophosphatidylethanolamines;
MG, monoacylglycerols; PC, phosphatidylcholines; PE, phosphatidylethanolamines; PEO, phosphatidylethanolamine ether; PER,
phosphatidylethanolamine plasmalogen; PI, phosphatidylinositol; SM, sphingomyelins; and TG, triacylglycerols.

The mixed UFA-rich diet decreased concentrations of
DG(FA16:0), DG(FA18:0), TG(FA18:0), HexCer(18:1),
PE(FA16:1), SM(14:0), PEP(FA22:5), PE(FA20:3), and
LPC(14:0) and increased TG(FA22:1), TG(FA18:2),
LacCer(16:0), and CE(24:0). High cardiometabolic dis-
ease risk—associated lipids were decreased and low

Circulation. 2022;146:21-35. DOI: 10.1161/CIRCULATIONAHA.121.056805

risk—associated lipids increased by the MUFA-rich and
mixed UFA-rich intervention diets (Figure bA and 5B).
Only SM(24:1) for the MUFA-rich and CE(24:0) for
the mixed UFA-rich diet as high risk—associated lipids
did not follow the above-mentioned pattern and were
increased instead of decreased. The effects with the
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Figure 5. Effect of MUFA and mixed UFA-rich diets vs a SFA-rich diet on risk-associated lipids in the DIVAS trial (Dietary
Intervention and Vascular Function).

A, Volcano plot of effect of diet intervention on within class-FA sum concentrations from a linear regression model with postintervention
concentration as dependent variable and diet type (indicator variable for MUFA-rich [yes/no], mixed UFA-rich [yes/no], SFA-rich as reference),
respective lipid baseline concentration, respective baseline, and postintervention class sum concentration, age, sex, and body mass index as
independent variables. Direction of associations in the EPIC-Potsdam trial (European Prospective Investigation into Cancer and Nutrition) was
consistent between type 2 diabetes and CVD for all risk-associated lipids. All labeled points were statistically significant after accounting for
multiple testing. B, Word clouds for overlap between change through diet type and observed risk association in EPIC-Potsdam by disease. CE
indicates cholesteryl esters; Cer, ceramides; CVD, cardiovascular disease; DG, diacylglycerols; dhCer, dihydroceramides; FA, fatty acids; FFA,
free fatty acids; HexCer, hexosylceramides; LacCer, lactosylceramides; LPC, lysophosphatidylcholines; LPE, lysophosphatidylethanolamines; MG,
monoacylglycerols; MUFA, monounsaturated fatty acid; PC, phosphatidylcholines; PE, phosphatidylethanolamines; PEO, phosphatidylethanolamine
ether; PEP, phosphatidylethanolamine plasmalogen; Pl, phosphatidylinositol; SFA, saturated fatty acid; SM, sphingomyelins; TG, triacylglycerols;
and UFA, unsaturated fatty acid.

30 July 5, 2022 Circulation. 2022;146:21-35. DOI: 10.1161/CIRCULATIONAHA.121.056805



Eichelmann et al

lowest P value (baseline concentration-adjusted differ-
ence between both UFA-rich and SFA-rich intervention
arms in z scores, all £<0.001) were for the MUFA-rich
diet DG(FA16:0) (-0.40 [95% CI, —0.51 to —0.30]) and
TG(FA22:1) (0.53 [95% CI, 0.37-0.69]), and for mixed
UFA-rich DG(FA18:0) (-0.24 [95% CI, 0.34 to —0.14])
and TG(FA18:2) (0.30 [95% ClI, 0.18-0.43]).

DISCUSSION

In the population-based EPIC-Potsdam cohort study, we
screened the lipidome on different levels (class sums,
species, molecular species, and within-class FA sums)
to identify risk biomarkers, which we subsequently as-
sessed for sensitivity to a dietary intervention aimed to
modify dietary FA intakes. Class-specific FA abundances
and molecular species showed strong associations that
were independent of the respective class sum level as-
sociations and standard clinical blood lipid markers. From
2892 distinct within-class FA sums, 69 were associated
with at least 1 outcome, from which 8 were associated
with both CVD and T2D, 49 with only CVD, and 12 with
only T2D. We showed that 19 disease-associated lipids
(12 CVD risk-specific, b T2D risk-specific, and 2 asso-
ciated with both) were changed by substituting dietary
SFA with UFA in the DIVAS trial. In general, high risk—as-
sociated lipids were lowered, whereas low risk—associ-
ated lipids were increased by the UFA interventions.

We identified several risk-associated lipids, particu-
larly contained in DG and TG, but also in other classes,
that were sensitive to the modification of the dietary
FA intake. Most prominently, the high risk—associated
TG(FA16:0), TG(FA18:0), DG(FA16:0), and DG(FA18:0)
were decreased, whereas the low risk—associated lip-
ids (eg, TG[FA22:1] and TG[FA18:2]) were increased
with both UFA-rich diets. The achieved effects were
of a magnitude that could translate into long-term car-
diometabolic disease risk reduction, when considering
the respective observed risk estimate sizes from EPIC-
Potsdam. For example, baseline-adjusted postinterven-
tion concentrations of DG(FA16:0) were reduced by
0.4 SD units with the MUFA-rich diet versus the SFA-
rich diet, whereas the respective hazard ratio for T2D
was 2.8 per SD. Therefore, our results suggest that the
substitution of dietary SFA with UFA could improve car-
diometabolic disease risk.?’

Our modeling approach in the lipidome-wide screen
allowed us to distinguish between the disease risk
association of lipid classes (class sum) and specific FA
residues-containing lipid metabolites within a particular
class (by class sum-adjusting molecular species and
within-class FA sums). Others recently showed that this
approach uncovers intricate disease associations.'"

Ouranalyses reveal that direction, association strength,
and precision of class-specific FA proportions (within-
class FA sums) and FA combinations (molecular species)

Circulation. 2022;146:21-35. DOI: 10.1161/CIRCULATIONAHA.121.056805
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can diverge substantially from those of total FA sums and
can vary considerably among classes. For example, our
analyses showed inverse associations of TGs containing
FA18:2 and FA18:3 with T2D and LPC(18:2) with CVD,
but these same FAs as part of MGs were associated with
higher cardiometabolic disease risk. Our results, there-
fore, add nuance to findings from large pooled analyses
on total FA concentrations largely indicating no or inverse
associations of FA18:2 and FA18:3 with CVD and T2D
risk across varying lipid compartments.?®®" In a similar
fashion, the association of arachidonic acid (FA20:4) with
CVD was inconclusive in recent reports.?*3' In our data,
FFA(20:4) and MG(20:4) were positively associated
with CVD. As another example, total dihomo-y-linoleic
acid (FA20:3) in phospholipids was previously reported
as strongly positively associated with incident T2D in
our®? and other studies® although the associations
with CVD outcomes were inconsistent” We observed
statistically significant positive associations with T2D in
phospholipids (PE[FA20:3] and PC[FA20:3]), but also
in CE(20:3). For CVD this was the case for CE(20:3),
FFA(20:3), and MG(20:3). However, in contrast to risk-
associated lipids containing linoleic acid (FA18:2), lipids
containing dihomo-y-linolenic acid (FA20:3) were not
increased through higher dietary UFA and lower SFA
intakes, which is in line with other reports.®* This might
indicate that, for those lipids, endogenous FA metabo-
lism plays a greater role as a determinant of plasma con-
centrations (and hence risk associations) compared with
dietary fat composition.

MGs were the class with the most lipids significantly
associated with both outcomes. To our knowledge, only
1 report from the PREDIMED study (Prevencién con
Dieta Mediterrdnea) assessed the association of MGs
with incident coronary heart disease, but the molecular
species that were significantly associated in our analy-
sis were not identified in their lipidomics panel.”? It is
surprising that most observed significant associations
in our data were positive, including molecular species
containing UFAs generally considered to be beneficial
or not harmful (eg, FA18:2=linoleic acid).?**' Our find-
ing on MG(15:0) and FFA(15:0) is in line with recent
reports that found FA15:0, probably as a biomarker of
dairy intake, inversely associated with T2D risk®®; how-
ever, the current evidence for a relationship with CVD is
inconclusive.®® We recently investigated odd-chain FAs in
relation to T2D in a targeted approach and found that the
association of MG(15:0) is the only consistent species
between men and women in terms of direction and preci-
sion of the observed association.®” In the exploratory set-
ting of the present analyses, we did not identify sufficient
evidence for effect measure modification by sex (F>0.05
after accounting for multiple testing) to warrant deeper
investigation of sex differences here.

Lipids that associated more specifically with CVD were
CEs, FFAs, ceramides (especially LacCers), and SMs,
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whereas lipids from glycerophospholipid classes were
largely T2D specific. The observed positive associations
of several CEs with CVD are in line with enrichment of
CEs in atherosclerotic plaques.® However, results from
PREDIMED indicated inverse associations,'"'? whereas
Stegemann et al® reported positive associations with
incident CVD in the Bruneck Study. A potential explana-
tion could be differences in study populations, because
PREDIMED recruited persons at high CVD risk, whereas
the Bruneck Study and EPIC-Potsdam are population
based with lower baseline cardiometabolic disease risk
profiles among the participants.

Sphingolipid molecular species (Cer, dhCer, HexCer,
LacCer, and SM) exhibited stronger associations with
CVD than with T2D, although the less precise associa-
tions from the T2D analyses were overall directionally
consistent with CVD. The weaker findings in relation to
incident T2D in our data seem to be in line with overall
rather heterogeneous reports from other studies.'”93940
A recent meta-analysis pooling longitudinal studies on
various adverse cardiovascular outcomes found positive
associations of Cer(d18:1/16:0), Cer(d18:1/18:0), and
Cer(d18:1/24:1) with CVD risk, but reported substantial
heterogeneity among the included studies.*'

The possibility to determine FA abundances within
lipid classes is a major advantage over previous work
in similarly sized population-based cohort studies. Our
findings suggest that FA carbon chain length and satu-
ration level are not universally determinant of the direc-
tion or strength of the risk associations. Our data further
allowed us to refine previously reported associations
generated from lower-resolution lipidomics. For example,
Rhee et al'® reported TG(52_1) as their strongest asso-
ciation with incident T2D with an odds ratio per SD of
1.9 (95% ClI, 1.2-3.2). We replicated the high T2D risk
association of TG(52_1) and further attributed this asso-
ciation to the isobaric species TG(52_1-FA16:0) and
TG(52_1-FA18:0). Furthermore, our data suggest that
the purported higher risk from shorter and less saturated
species can be attributed to FA16:0 contained in most of
the investigated glycerolipids. This is in line with evidence
that shows that total FA16:0 concentration, irrespective
of lipid compartment, is associated with T2D.?® However,
the inverse association of LacCer(16:0) and FFA(16:0)
with CVD suggests that the role of FA16:0 is also lipid
class specific and warrants deeper investigation into
class-specific FA proportions.

The plasma lipid pool is derived from different tis-
sues and integrates modifiable (eg, habitual diet, physi-
cal activity, and fasting state) and nonmodifiable factors
(eg, genetics and pathological disturbances).t Dietary
lipids from the intestine occur alongside de novo gener-
ated lipids and lipid derivatives originating from differ-
ent tissues (eg, liver, adipose tissue, muscle). Plasma
lipids, therefore, reflect disease-relevant metabolic dis-
turbances (eg, hepatic glucose metabolism), habitual
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intake levels (eg, dietary fat quality), or specific organ
damage (eg, inflammatory processes in atheroscle-
rosis). For example, observed associations of specific
CE and SM molecular species might be representative
of specific lipoprotein subclasses that exhibit greater
cardiovascular risk than is captured by traditional lipo-
protein measurements (ie, HDL-C, low-density lipopro-
tein cholesterol).*>#3 FA16:0, as another example, is the
major product of hepatic de novo lipogenesis, a hallmark
of nonalcoholic fatty liver disease, and was recently
shown to be associated with incident T2D.?43 In vivo
and in vitro studies found that FA16:0 impaired intra-
cellular insulin signaling in a range of tissues, including
hepatocytes and endothelial cells, and thereby drives
endothelial dysfunction, inflammation, and ectopic fat
storage.** Our data extend these results by highlighting
FA16:0 in TG and DG as strongly associated with inci-
dent T2D and CVD. Our intervention analysis in DIVAS
showed that TG and DG FA16:0 were sensitive to
dietary fat quality, but further work is needed to deter-
mine whether the reductions of FA16:0 achieved in our
study represented the different dietary FA compositions
alone or reflected improved metabolic status. Plasma
lipids might furthermore be reflective of cell membrane
compositions and fluidity, which impact intercellular sig-
naling and substrate flux.*> However, connecting our
findings on plasma lipids to membrane compositions is
not straightforward. For example, saturated phospholip-
ids are suggested to be detrimental to membrane func-
tionality, but we found mostly n-6 polyunsaturated FA
phospholipids associated with higher risk.

When interpreting the results of our study, certain
caveats apply. One, we cannot rule out that some
molecular species were missing from our analysis
even though Metabolon’s Complex Lipid Panel is, to
our knowledge, the high-throughput platform with the
largest coverage with this level of resolution. Of note,
Metabolon recently removed FFAs from the Complex
Lipid Panel, which made FFAs unavailable in DIVAS.
Two, some associations might have been attenuated
by the low reliability of specific lipids. However, in a
pilot study comprising 35 EPIC-Potsdam participants,
we found that 80% of the covered lipids had at least
a fair, often good, or excellent reliability score over 4
months (data not shown). Three, plasma samples were
stored at —80°C at all times after sampling and pro-
cessing with no or only 1 additional freeze-thaw cycle
to minimize sample deterioration (eg, FA oxidation).*
In a sensitivity analysis, we did not find evidence that
the additional freeze-thaw cycle of some samples
(n=93) was the cause for the observed associations.
Four, the platform does not resolve the n-configura-
tion, that is, position of a double bond within a FA, not
allowing exact attribution to the specific molecular iso-
mers of FAs. Five, we modeled disease associations in
the lipidome-wide screen relative to class sums. This
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enabled the causally relevant distinction between the
cardiometabolic disease risk associations of the total
lipid class plasma level versus specific FA residues
within that class. However, this came at the expense
of introducing higher imprecision in the associations
of some lipids, which could have led to missed asso-
ciations. To facilitate comparisons with previous and
future reports, we provide all risk estimates from dif-
ferently adjusted models, including class-unadjusted
models, in the Supplemental Material. Six, lipidome-
wide screening was not geared toward assessing the
cardiometabolic disease risk associated with multi-
metabolite patterns or ratios. However, we and others
have previously shown that the relationship between
lipids may reflect causally critical processes in lipid
metabolism.3247%48  Seven, the lipidome-wide screen
was of an exploratory nature. Further studies are
needed, therefore, to judge the generalizability of our
findings and to increase (combined) sample sizes to
detect smaller associations, which did not withstand
multiple testing adjustment in our study. Last, identify-
ing cases by self-report could lead to cases remain-
ing undetected. However, case verification ensured no
false positives and the false negatives do not bias risk
associations if this misclassification is nondifferential
to the exposure of interest.*®

In conclusion, lipid class—specific FA compositions
available through deep lipidomics allow detailed investi-
gation of the links between lipid metabolism and cardio-
metabolic diseases. We found different risk-associated
lipids for CVD and T2D with minor overlap, emphasizing
the differing causes, but also highlighting potential uni-
fying pathways. Our data furthermore show sensitivity
of several risk-associated lipids to a dietary fat modu-
lation by comparing the effect of a SFA-rich diet with
UFA-rich diets.
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