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Apstract

Introduction

According to current dogma, cholesteryl ester transfer protein (CETP) decreases high-density lipopro-
tein (HDL)-cholesterol (C) and increases low-density lipoprotein (LDL)-C. HDL-C is measured directly,
whereas LDL-C is commonly inferred from the Friedewald formula without direct measurement of spe-
cific lipoprotein subclasses. In depth insight in the causal effects of CETP on the lipoprotein profile
may assist in understanding outcomes of recent CETP inhibitor trials. Therefore, we aimed to assess
associations between CETP and the detailed lipoprotein profile, using Mendelian randomization and
observational analyses.

Methods

Using nuclear magnetic resonance spectroscopy, we quantified 159 metabolic measures in 5,672 par-
ticipants of the Netherlands Epidemiology of Obesity (NEO) study. We used three previously identified
SNPs (rs247616, rs12720922 and rs1968905) that determine CETP concentrations as genetic instru-
ments to estimate the causal effects on the metabolic measures, and reported effect estimates as
the Ln-transformed SD difference in metabolic measure per unit (xg/mL) increase in CETP. Findings
were replicated in an independent dataset (MAGNETIC NMR GWAS; n=~20,000). Additionally, ob-
servational associations between ELISA-measured CETP concentration and the metabolic measures
were assessed.

Results

Higher CETP concentrations were casually associated with less large HDL components (largest effect
XL-HDL-C, P=6x10"22), and with more small VLDL components (largest effect S-VLDL cholesteryl es-
ters, P=6x107°), while no association was observed with any LDL subclasses or constituents. This
pattern of lipidomic associations was replicated. In contrast, observationally, measured CETP con-
centration predominantly associated with more VLDL, IDL and LDL components.

Conclusion

Based on Mendelian randomization, we conclude that CETP is an important determinant of HDL and
VLDL concentration and composition. Since HDL does not causally affect cardiovascular disease
risk, we speculate that the CETP inhibitor anacetrapib decreased cardiovascular disease risk through
specific reduction of small VLDL rather than LDL. We propose that the contrast between genetic and
observational associations may be explained by the higher capacity of VLDL, IDL and LDL subclasses
to carry CETP, thereby concealing causal associations with HDL.
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Introduction

Cholesteryl ester transfer protein (CETP) is able to transfer cholesteryl esters from high-
density lipoproteins (HDL) to apolipoprotein (Apo) B containing triglyceride-rich lipopro-
teins, mainly very-low-density lipoproteins (VLDL). In exchange, triglycerides are trans-
ferred from VLDL to triglyceride-poor particles, which are both HDL and low-density lipopro-
tein (LDL).I"l As such, CETP facilitates an atherogenic lipoprotein profile, as has been

extensively studied in both humans and in mice transgenic for human CETP. 23]

Despite the promising results of preclinical studies, [*® the clinical trials with the initial CETP
inhibitors torcetrapib, dalcetrapib, and evacetrapib, were terminated: torcetrapib had off-
target effects on blood pressure and caused an increase in cardiovascular events, ¢! and
both dalcetrapib and evacetrapib lacked efficacy in reducing cardiovascular events on top
of statin therapy. 8] All these CETP inhibitors caused a large increase in HDL-C, accom-
panied by a modest or no decrease in LDL-C. Although a high HDL-C concentration was
previously proposed to decrease the risk of cardiovascular disease (CVD) based on obser-
vational studies, ¥ Mendelian randomization showed that higher HDL-C concentrations do
not lower the risk of myocardial infarction, ['%-13] which implies that the association between
HDL-C and CVD is not causal. This may provide one of the explanations for the lack of
efficacy of the three initial CETP inhibitors. [6-8]

Interestingly, the fourth clinical trial with the CETP inhibitor anacetrapib (REVEAL) did meet
its primary endpoint by showing a 9% relative risk reduction in major coronary events. ['4]
The reduction in coronary events by anacetrapib, albeit limited, was attributed to a reduc-
tion in LDL-C and a corresponding reduction in ApoB-containing lipoprotein particles. ['419]
However, the specific lipoprotein subclasses affected by CETP have not been determined.
Specific lipoprotein fractions have previously been associated with increased CVD risk, [6]
and more in-depth insight in the causal effects of CETP on the circulating lipoprotein profile
may therefore assist in understanding CETP inhibitor trial outcomes. This is also of spe-
cificimportance in the light of the dal-GenE randomized phase Il clinical trial (NCT number:
NCT02525939), which is currently being performed to confirm whether dalcetrapib is able
to reduce CVD risk in patients with the AA genotype of the rs1967309 polymorphism in the
ADCY9 gene.["17]

We recently performed a genome-wide association study (GWAS) on serum CETP concen-
tration in the Netherlands Epidemiology of Obesity (NEO) study, and showed that CETP
concentration has a strong genetic component.['8 Notably, three independent single nu-
cleotide polymorphisms (SNPs), all mapped to the CETP gene, together explained 16.4%
of the total variation in serum CETP concentration. With the use of these SNPs as ge-
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netic instruments in Mendelian randomization, the causal effects of circulating CETP on
lipoprotein subclasses can be determined. Besides, by using a Mendelian randomization
approach, the effects of these genetic variants can mimic CETP inhibition, and we may

infer about the mechanisms underlying the outcomes of CETP inhibitor trials.[19-20]

In the present study, we aimed to assess the causal effects of CETP concentration on 159
circulating metabolic measures, primarily lipoprotein subclasses, using a Mendelian ran-
domization approach in a cohort of the Dutch general population. 2l We also compared
the causal effect estimates with observational associations between serum CETP concen-

tration and these measures of lipid metabolism.

Materials and Methods

Study design and population

The present study is embedded in the Netherlands Epidemiology of Obesity (NEO) study, a
population-based prospective cohort study of men and women aged 45 to 65 years. From
the greater area of Leiden, The Netherlands, all inhabitants with a self-reported body mass
index (BMI) of 27 kg/m? or higher were eligible to participate. In addition, inhabitants from
one nearby municipality (Leiderdorp, The Netherlands) in the same age group were invited
to participate regardless of their BMI, forming a reference population for BMI distribution.
In total, 6,671 participants were included from September 2008 until September 2012. Par-
ticipants visited the NEO study center for extensive physical examination. Venous blood
samples were obtained from the antecubital vein after a 10 hour overnight fast. Research
nurses recorded current medication use by means of a medication inventory. Prior to the
study visit, participants completed questionnaires at home with respect to demographic,
lifestyle, and clinical information. For the present study, we excluded participants with
missing data on serum CETP concentration, metabolic profiling or genotype. Therefore,
the present study population consists of 5,672 individuals. The NEO study was approved
by the medical ethics committee of the Leiden University Medical Center (LUMC), and all
participants gave their written informed consent. Detailed information about the study de-

sign and data collection has been described elsewhere. [22]

Genotyping and imputation

DNA was isolated from venous blood samples. Genotyping was performed in partici-
pants form European ancestry, using the lllumina HumanCoreExome-24 BeadChip (lllu-
mina Inc., San Diego, California, United States of America). Subsequently, genotypes
were imputed to the 1000 Genome Project reference panel (v3 2011)[23] using IMPUTE
(v2.2) software.?*] From the whole-genome data, we extracted the three independent ge-
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netic variants that have been previously identified in relationship to CETP concentration
in the NEO study population, '8 notably rs247616 (directly genotyped; coding allele (C)
frequency 0.67), rs12720922 (imputation quality 0.98; coding allele frequency (A) 0.17)
and rs1968905 (imputation quality 0.85; coding allele frequency (G) 0.82). The CETP-
increasing alleles are rs247616-C, rs12720922-A and rs1968905-G. Based on these three
polymorphisms, we calculated a weighted genetic score per participant. The genetic score
was constructed as the sum of the number of CETP-increasing alleles weighted by their

effect size on CETP concentration, as previously described. (']

Serum CETP concentration and routine-lipid profile

After centrifugation, aliquots of serum were stored at -80°C. From 11 April until 16 July
2014 CETP concentrations were measured with enzyme-linked immune sorbent assay
(ELISA) kits according to the manufacturer’s instructions (DAIICHI CETP ELISA, Alpco,
Salem, USA,; coefficient of variation (CV) 11.7%) in serum that had undergone one pre-
vious freeze-thaw cycle. Fasting serum total cholesterol and triglycerides concentrations
were measured with enzymatic colorimetric assays (Roche Modular P800 Analyzer, Roche
Diagnostics, Mannheim, Germany) and fasting serum HDL-C concentrations with third gen-
eration homogenous HDL-C methods (Roche Modular P800 Analyzer, Roche Diagnostics,
Mannheim, Germany). Fasting LDL-C concentrations were calculated using the Friede-

wald equation.[?

NMR-based metabolic biomarker profiling

A high-throughput proton NMR metabolomics platform 2" (Nightingale Health Ltd., Helsinki,
Finland) was used to quantify 159 lipid and metabolite measures. The NMR spectroscopy
was conducted at the Medical Research Council Integrative Epidemiology Unit (MRC IEU)
at the University of Bristol, Bristol, United Kingdom, and processed by Nightingale’s
biomarker quantification algorithms (version 2014). This method provides quantification of
lipoprotein subclass profiling with lipid concentrations within 14 lipoprotein subclasses. The
14 subclass sizes were defined as follows: extremely large VLDL with particle diameters
from 75 nm upwards and a possible contribution of chylomicrons, five VLDL subclasses
(average particle diameters of 64.0 nm, 53.6 nm, 44.5 nm, 36.8 nm, and 31.3 nm), IDL
(28.6 nm), three LDL subclasses (25.5 nm, 23.0 nm, and 18.7 nm), and four HDL sub-
classes (14.3 nm, 12.1 nm, 10.9 nm, and 8.7 nm). Within the lipoprotein subclasses the
following components were quantified: total cholesterol, total lipids, phospholipids, free
cholesterol, cholesteryl esters, and triglycerides. The mean size for VLDL, LDL and HDL
particles was calculated by weighting the corresponding subclass diameters with their par-

ticle concentrations. Furthermore, 58 metabolic measures were determined that belong to
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classes of apolipoproteins, cholesterol, fatty acids, glycerides, phospholipids, amino acids,
fluid balance, glycolysis-related metabolites, inflammation, and ketone bodies. Details of
the experimentation and applications of the NMR metabolomics platform have been de-
scribed previously, 2 as well as CVs for the metabolic biomarkers.[2%! A full list of the

measured biomarkers is included in Supplementary table 6.C.1.

Statistical analyses

For all analyses, metabolic measures were natural-log transformed to obtain normal distri-
butions. For comparison of the strengths of the associations between the different metabolic
measures, standardized z-scores were composed. Consequently, the outcome variable of
all analyses was the natural-log transformed SD difference in metabolic measure. When
the concentration of a metabolic measure for an individual was below the detection limit, a
value of half of the minimum concentration of that metabolic measure in the total population

was imputed.

First, we performed a Mendelian randomization analysis to determine the causal associa-
tions between serum CETP concentration and the 159 metabolic measures. The genetic
score was used as determinant in a linear regression analysis to assess the effect of a one
unit (ug/mL) increase in serum CETP concentration on the metabolic measures. Second,
the observational associations between serum CETP concentration and the 159 metabolic
measures were determined with linear regression analyses. Participants with a serum
CETP concentration beyond four SD from the mean were excluded (n=1). All linear re-
gression analyses were adjusted for age and sex. Beta coefficients, SE and P-values from
linear regression analyses were reported. In addition, a linear regression analysis adjusted
for age and sex was performed to determine the associations of serum CETP concentration
with routinely measured HDL-C concentration and calculated Friedewald LDL-C concen-

tration.

The metabolic biomarkers used for the present study are correlated with each other, and
therefore, conventional correction for multiple testing (e.g. Bonferroni) is too stringent. To
obtain the number of independent metabolic biomarkers, we used the method as described
by Li et al., 28] which takes the correlation between the different metabolic biomarkers into
account. Based on this method, we found 37 independent metabolic markers. For this
reason, associations were considered to be statistically significant in case the P-value was
below 0.00134 (i.e. 0.05/37).

All results were based on analyses weighted towards the reference BMI distribution of
the general Dutch population, and therefore apply to a population-based study without

oversampling of individuals with overweight or obesity (see Supplement 6.A). Analyses
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were performed using STATA Statistical Software version 12.0 (Statacorp, College Station,
Texas, USA) and R version 3.4.0 (The R Project, https://www.r-project.org/). Figures were
designed with Python version 2.7.6 (Python Software Foundation, https://www.python.org/).

Replication

We aimed to replicate the findings from the Mendelian randomization analyses in the NEO
study in an independent population. For that purpose, we used publically-available sum-
mary statistics from the MAGNETIC NMR GWAS dataset, 2% which comprises the additive
(per-allele) beta coefficients with accompanying standard errors of the associations be-
tween genome-wide SNPs and 123 metabolic measures, of which 111 overlapped with the
159 metabolic measures that were quantified in the NEO study. This GWAS meta-analysis
included data of approximately 20,000 individuals from 14 datasets that were derived from
cohorts of European ancestry. The 123 metabolic measures were quantified by a prior
version of the same high-throughput proton NMR metabolomics platform2'! (Nightingale
Health Ltd., Helsinki, Finland) as used in the NEO study. The 123 metabolic measures
were quantified by a prior version of the same high-throughput proton NMR metabolomics
platform ! (Nightingale Health Ltd., Helsinki, Finland) as used in the NEO study. In these
metabolomics data, 22 principal components were identified, ?%! and therefore associations
were considered to be statistically significant in case the P-value was below 0.00227 (i.e.
0.05/22).

For the Mendelian randomization analyses, we combined the individual genetic variants for
CETP concentration to estimate the causal effect of CETP concentration on the metabolic
measures. Analogous to pooling estimates from different observational studies with con-
ventional meta-analysis using inverse-variance weighting, we weighted this combined ef-
fect estimate of the CETP SNPs on the metabolic measures by the inverse of the variance
for each individual additive (per-allele) effect on the metabolic measures, and incorporated
the individuals additive effects of the genetic instruments on CETP concentration. Addi-
tionally, we determined the correlation (R2) between the effect estimates from the NEO
study and the MAGNETIC NMR GWAS dataset. A strong correlation indicates high con-
sistency in the overall association profile of higher CETP concentrations with the lipid and

metabolite measures.
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Results

Population characteristics

Characteristics of the total study population are summarized in Table 6.1. The mean (SD)
age was 56 (6) years. Mean (SD) concentration of CETP was 2.47 (0.65) ug/mL, of LDL-C
3.56 (0.96) mmol/L, and of and HDL-C 1.57 (0.46) mmol/L.

Table 6.1: Characteristics of the discovery and replication cohort from the Netherlands Epidemiology
of Obesity (NEO) study.

Characteristics

Age (year) 56 (6)
Women (%) 56
Educational level (% high?) 47
Body mass index (kg/m?) 26.3 (4.4)
Tobacco smoking (% current and former smokers) 62
Cardiovascular disease (%) 5
Lipid-lowering drug users (%) 11
Fasting serum concentrations

CETP (ug/mL) 2.47 (0.65)
Total cholesterol (mmol/L) 5.70 (1.05)
LDL-cholesterol (mmol/L) 3.56 (0.96)
HDL-cholesterol (mmol/L) 1.57 (0.46)
Triglycerides (mmol/L) 1.23 (0.85)

n=5,672°. Results are based on analyses weighted towards the reference BMI distribution of the general Dutch
population, and presented as mean (SD) or percentage.

@ High educational level: higher secondary education (according to Dutch educational system), higher vocational
education, university, PhD.

b Missing data: n=4 for ethnicity, n=56 for educational level, n=4 for smoking, n=21 for cardiovascular disease, n=8
for total cholesterol concentration, n=10 for LDL-cholesterol concentration, n=9 for HDL-cholesterol concentration
and n=9 for triglycerides concentration.

CETP, cholesteryl ester transfer protein; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

Causally, CETP is negatively associated with large HDL components and
positively associated with small VLDL components

Figure 6.1 and Supplementary table 6.C.2 show the results from the Mendelian randomiza-
tion analyses of CETP and 159 circulating metabolic measures. The association with the
CETP genetic score was statistically significant for 46 metabolic measures (P<0.00134).
CETP concentration most strongly affected very large, large and medium HDL subclasses.

With a 1 ug/mL increase in CETP, all components of these lipoprotein subclasses de-
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creased. The only exception was the triglyceride content in medium HDL, for which the
effect size was positive (effect (SE): 0.272 (0.055), P=9x1077). In line with this, triglyc-
erides in small HDL also showed a positive beta (effect (SE): 0.293 (0.055), P=1x10"°). In
accordance with the decrease in larger HDL subclasses with higher CETP concentration,
higher CETP was also associated with a smaller HDL diameter and less ApoA1. Overall,
the largest effects was found for cholesterol in very large HDL (effect (SE): -0.517 (0.053),
P=6x10722). When comparing the lipoprotein components within the very large, large and
medium HDL subclasses, the cholesterol components, i.e. cholesteryl esters and free

cholesterol, consistently showed the largest effect sizes.

Remarkably, CETP concentration did not associate with any of the LDL subclass com-
ponents, while a higher CETP concentration associated with more small and very small
VLDL. The largest increasing effect was found for cholesteryl esters in small VLDL (effect
(SE): 0.276 (0.061), P=6x107°). There were no pronounced differences in the effect sizes
between the various components within VLDL subclasses.

The results from the independent replication dataset can be found in Supplementary figure
6.B.1 and Supplementary table 6.C.3. The pattern of lipidomic associations was consistent
in the replication dataset (Figure 6.2), also when evaluated for the three SNPs of the genetic
score separately (Supplementary figures 6.B.2, 6.B.3 and 6.B.4).

Observationally, CETP concentration is predominantly positively associated
with very small VLDL, IDL and LDL components

Figure 6.3 and Supplementary table 6.C.4 show the observational associations between
measured serum CETP concentration and the 159 circulating metabolic measures. A
higher CETP concentration was positively associated with all VLDL, IDL and LDL sub-
classes, of which very small VLDL, IDL, and all three LDL subclasses showed the strongest
associations. This is in line with the associations between serum CETP concentration and
the routine-lipid measurements (age- and sex- adjusted), since we observed a large effect
on Friedewald LDL-C concentration per unit increase in CETP concentration (effect size
0.46 mmol/L; 95% CI 0.40, 0.52), compared to the relatively small effect on HDL-C con-
centration (effect size -0.05 mmol/L; 95% CI -0.07, -0.02). Crude associations are shown

in Supplementary figure 6.B.5.

The largest effect sizes for observational associations were found for free cholesterol in
very small VLDL (effect (SE): 0.476 (0.030), P=2x107>%) and phospholipids in very small
VLDL (effect (SE): 0.472 (0.030), P=2x10-56). When comparing the lipoprotein compo-
nents (i.e. cholesteryl esters, free cholesterol, phospholipids and triglycerides) within the

very small VLDL, IDL and LDL subclasses, the shell components, i.e. phospholipids and
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free cholesterol, quite consistently (apart from small LDL) showed the largest effect sizes,
whereas the effect for the core component triglycerides was, consistently, the smallest.
Concerning the HDL subclasses, higher CETP concentration was associated with a higher
concentration of small HDL particles, whereas no associations were found with concentra-

tions of very large, large and medium HDL particles.

Overall, observational and genetic associations were hardly consistent. Only for VLDL ef-

fect directions were similar (i.e. positive) between genetic and observational associations.
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Figure 6.1: Causal associations between CETP concentration and 159 circulating metabolic mea-
sures, which were assessed with a Mendelian randomization approach based on a CETP genetic
score, in the Netherlands Epidemiology of Obesity (NEO) study (n=5,672). The genetic score for
Mendelian randomization is based on the CETP SNPs rs247616, rs12720922 and rs1968905, as
previously determined with a genome-wide association study on serum CETP concentration. ('8! Bar
heights represent the magnitude of the beta coefficient from linear regression, which is expressed as
the SD difference in metabolic measure per 1 ug/mL increase in CETP concentration. Red bars indi-
cate positive betas and blue bars indicate negative betas. The transparency of the bars indicates the
level of statistical significance. A P-value<0.00134 is regarded statistical significant, as represented
by the black dots. Full names and descriptions of metabolic measures are listed in Supplementary
table 6.C.1. Results are based on analyses weighted towards the reference BMI distribution of the
general Dutch population.
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Figure 6.2: The effects sizes of the causal associations between CETP concentration and metabolic
measures in the Netherlands Epidemiology of Obesity (NEO) study are strongly replicated in inde-
pendent European populations (MAGNETIC NMR GWAS dataset), as shown by the high correlation
between the beta coefficients from both cohorts. Beta coefficient from linear regression are expressed
as the SD difference in metabolic measure per 1 pg/mL increase in CETP concentration. NEO study
results are based on analyses weighted towards the reference BMI distribution of the general Dutch
population.
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Figure 6.3: Observational associations between serum CETP concentration and 159 circulating
metabolic measures, in the Netherlands Epidemiology of Obesity (NEO) study (n=5,672). Bar heights
represent the magnitude of the beta coefficient from linear regression, which is expressed as the SD
difference in metabolic measure per 1 pug/mL increase in serum CETP. Red bars indicate positive
betas and blue bars indicate negative betas. The transparency of the bars indicates the level of sta-
tistical significance. A P-value<0.00134 is regarded statistical significant, as represented by the black
dots. Full names and descriptions of metabolic measures are listed in Supplementary table 6.C.1.

Results are based on analyses weighted towards the reference BMI distribution of the general Dutch
population.
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Discussion

In this study, we determined the causal effects of serum CETP on the circulating lipopro-
tein profile, and contrasted the results to observational associations. We used three re-
cently identified CETP SNPs (i.e. rs247616, rs12720922 and rs1968905) that together
explain 16.4% of the total variation in serum CETP concentration as genetic instruments
in Mendelian randomization, to enable inferences of causality on 159 circulating metabolic
measures, and mimic the effects of CETP inhibition. Higher circulating CETP concentra-
tions were causally most strongly associated with lower concentrations of very large, large
and medium-sized HDL components, a smaller overall HDL diameter, less ApoA1, and
more small VLDL components, while there was no association with LDL components. In
contrast, observationally, measured serum CETP concentration predominantly associated
with more VLDL, IDL and LDL components. We propose that this contrast between genetic
and observational associations may be explained by the higher capacity of VLDL, IDL and

LDL subclasses to carry CETP, thereby concealing causal associations with HDL.

Based on the principle of Mendelian randomization, the association between the CETP ge-
netic score and lipoprotein subclasses can be interpreted as causal. The results from our
Mendelian randomization analyses are fully consistent with the mechanism by which CETP
transfers cholesteryl esters from HDL towards ApoB containing triglyceride-rich
lipoproteins, mainly VLDL, and mediates the transfer of triglycerides from VLDL towards
triglyceride-poor particles, such as HDL.!".7?7] CETP accelerates the clearance of HDL
from blood by enrichment of HDL with triglycerides, which makes this HDL a preferred
substrate for hepatic triglyceride lipase.? Catabolism of triglyceride-rich HDL by hepatic
triglyceride lipase leads to the formation of very small remnant HDL that is cleared by the
liver and kidneys. [213:28-311 |ndeed, in the present study, the CETP genetic score was asso-
ciated with a smaller HDL diameter, and with a higher triglyceride content specifically in the
medium and small HDL particles. Also, our results show that the CETP mainly affects the
HDL pool, which is in accordance with the lipoprotein profile observed in CETP-deficient in-
dividuals, who have markedly increased amounts of large HDL particles, [32-34 while effects

on LDL and VLDL subclasses are less pronounced. 34

Based on the principle of Mendelian randomization, our results may also shed light on
the mechanisms that underlie the effectiveness of CETP inhibition.[920] Therefore, it is
highly interesting to discuss the present study results in light of the results from the RE-
VEAL trial with the CETP inhibitor anacetrapib, which showed a reduction in major coronary
events.[®% Our findings implicate that CETP inhibition causes a relatively large increase in
HDL components, which is predominantly caused by an increase in large and medium-

sized HDL particles, in addition to a more modest reduction in VLDL components, which




128

is mainly caused by a decrease in small and extra small VLDL particles. Of note, LDL
concentration and composition were not affected by CETP, which was unexpected based
on the current dogma that CETP increases LDL-C. However, it should be realized that
LDL-C is generally not measured directly but calculated from the Friedewald formula, [
which may well misclassify cholesterol contained within small VLDL subclasses as LDL-C.
It was previously reported that small and very small VLDL particle concentrations (reflecting
triglyceride-rich lipoprotein remnants) and cholesterol in VLDL (reflecting remnant choles-
terol) are among the lipoprotein components that most strongly associate with an increased
CVD risk.[6:36.37] Thys, the effects of CETP on small VLDL particles may well explain the
positive outcome of the latest CETP inhibition trial with anacetrapib.['4]

We compared the genetic associations with non-causal observational associations be-
tween serum CETP concentration measured with ELISA and all 159 metabolic measures.
Observationally, associations were markedly different, as CETP concentration was pre-
dominantly positively associated with very small VLDL, IDL and LDL components, whereas
no negative associations with HDL components were observed. This indicates that con-
founding factors conceal the true causal association. Although we showed previously that
CETP concentration is strongly genetically determined, ['8 still the majority of the total vari-
ation in CETP concentration between individuals is caused by environmental factors. It
should be realized that, just like apolipoproteins, CETP is an amphiphilic protein that binds
to lipid surfaces of lipoproteins. It is thus conceivable that the capacity of lipoproteins to
carry CETP is one of the factors that may explain the marked differences between the

observational and causal associations.

The distribution of CETP over circulating lipoproteins has been extensively studied in the
past, however, with diverging conclusions. The earliest studies proposed that CETP is pre-
dominantly bound to HDL particles. 4383 However, thereafter, it was shown that CETP
also avidly binds to LDL and VLDL, although the binding to these particles might be more
labile.[* It should be noted that the distribution of CETP over the various lipoprotein sub-
classes has commonly been determined after separating lipoproteins with ultracentrifuga-
tion, thereby presumably disrupting the binding within the least stable CETP-lipoprotein
complexes. In addition, storage of plasma samples may also alter the distribution of CETP
over lipoproteins. Indeed, marked effects of storage on the lipoprotein distribution have
been observed for ApoC3 and ApoE following fast protein liquid chromatography.*!! Re-
sults from previous studies may therefore not accurately represent the distribution of CETP
over lipoproteins within the circulation. Remarkably, in the present study, observational
serum CETP concentration showed the strongest associations with the shell components

(i.e. phospholipids and free cholesterol) of very small VLDL, IDL, and LDL subclasses. This
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may indicate that CETP is mostly carried on the surface of these particles in the circulation,

although future studies are needed to substantiate this hypothesis.

The main strength of the present study is the use of a strong genetic instrument in Mendelian
randomization to draw conclusions on the causal effects of CETP concentration on the cir-
culating lipoprotein profile. In addition, sufficient statistical power for the analyses was
provided, as we had genetic data and NMR-metabolomic profiles available of 5,672 indi-
viduals, which we were able to replicate in an independent dataset (n~20,000). However,
the study populations were from European ancestry and results may therefore not be gen-
eralizable to other populations. Interestingly, a recent study in a Chinese population, which
used a different CETP genetic score (i.e. rs3764261, rs1800775, rs708272, rs9939224,
and rs2303790), showed comparable results.*?] This indicates consistency of the results

among different ancestries.

Based on Mendelian randomization, we conclude that CETP is an important determinant of
HDL concentration and composition, without affecting LDL concentration and composition.
Our finding challenges the current dogma that CETP increases LDL-C, mainly based on
indirect LDL-C estimation using the Friedewald formula.!? Instead, by directly assessing
the lipoprotein profile by NMR, we now show that CETP specifically increases small VLDL
fractions that likely represent VLDL remnants. Therefore, we speculate that the CETP
inhibitor anacetrapib attenuated cardiovascular disease risk through specific reduction of

remnant cholesterol rather than LDL-C.
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Appendix

6.A. Expanded methods

BMI-weighted analyses

In the NEO study, individuals with a BMI of 27 kg/m? or higher were oversampled. Men and
women aged between 45 and 65 years with a self-reported BMI of 27 kg/m? or higher were
eligible to participate. From one nearby municipality (Leiderdorp, The Netherlands) all in-
habitants aged between 45 and 65 years were invited to participate regardless of their BMI,
in order to obtain a reference distribution for BMI. To correctly represent baseline associ-
ations in the general population3!, adjustments for the oversampling of individuals with a
BMI 227 kg/m? were made in the analyses. This was done by weighting all participants
towards the BMI distribution of participants from the Leiderdorp municipality *41, whose BMI
distribution was similar to the BMI distribution of the general Dutch population in the age
range of 45-65 yearsl®l. In practice, this means that participants with a lower BMI were
assigned larger weights than participants with a higher BMI in the analyses. All results
are based on weighted analyses, and therefore apply to a population-based study without
oversampling of individuals with overweight or obesity. As a consequence, the weighted

characteristics of the population are expressed in proportions instead of absolute numbers.
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6.B. Supplementary figures
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Figure 6.B.1: Replication of the causal associations between serum CETP concentration and 111
circulating metabolic measures, which were assessed with a Mendelian randomization approach
based on a CETP genetic score, using summary statistics from the MAGNETIC NMR GWAS dataset
(n=20,000). The genetic score for Mendelian randomization is based on the CETP SNPs rs247616,
rs12720922 and rs1968905, as previously determined with a genome-wide association study on serum
CETP concentration.['8 Bar heights represent the magnitude of the beta coefficient from linear regres-
sion, which is expressed as the SD difference in metabolic measure per 1 pg/mL increase in CETP
concentration. Red bars indicate positive betas and blue bars indicate negative betas. The trans-
parency of the bars indicates the level of statistical significance. Names of unmeasured metabolic
measures are grey. A P-value<0.00227 is regarded statistical significant, as represented by the black
dots. Full names and descriptions of metabolic measures are listed in Supplementary table 6.C.1.
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Figure 6.B.2: Causal associations between the CETP SNPs rs247616, rs12720922 and rs1968905
and 159 circulating metabolic measures, which were assessed with a Mendelian randomization ap-
proach, in the Netherlands Epidemiology of Obesity (NEO) study (n=5,672). Dots represent the beta
coefficient from linear regression, which is expressed as the SD difference in metabolic measure per
additional CETP-increasing allele. Bars represent 95% confidence intervals. Alleles that are associ-
ated with an increase in serum CETP concentration are rs247616-C, rs12720922-A and rs1968905-G.
Full names and descriptions of metabolic measures are listed in Supplementary table 6.C.1.
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Figure 6.B.3: Replication of the causal associations between the CETP SNPs rs247616, rs12720922
and rs1968905 and 112 circulating metabolic measures, which were assessed with a Mendelian ran-
domization approach, using summary statistics from the MAGNETIC NMR GWAS dataset (n~20,000).
Dots represent the beta coefficient from linear regression, which is expressed as the SD difference
in metabolic measure per additional CETP-increasing allele. Bars represent 95% confidence inter-
vals. Alleles that are associated with an increase in serum CETP concentration are rs247616-C,
rs12720922-A and rs1968905-G. Full names and descriptions of metabolic measures are listed in
Supplementary table 6.C.1.
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Figure 6.B.4: Correlation between the effect sizes (i.e. beta coefficients) for the different CETP ge-
netic variants included in the genetic score, i.e. (a) rs247616 vs rs12720922 and (b) rs1968905 vs
rs247616, in the MAGNETIC NMR GWAS dataset (n~20,000). Beta coefficient from linear regression
are expressed as the SD difference in metabolic measure per 1 ug/mL increase in CETP concentra-

tion.
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Figure 6.B.5: Crude correlations of serum CETP concentration with (a) calculated Friedewald LDL
cholesterol concentration and (b) routinely measured HDL cholesterol concentration (clinical chemistry
assay), in the Netherlands Epidemiology of Obesity (NEO) study (n=5,672). Results are based on
analyses weighted towards the reference BMI distribution of the general Dutch population.
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6.C. Supplementary tables

Table 6.C.1: Description of 159 metabolic measures that were measured with a high-throughput proton
nuclear magnetic resonance metabolomics platform (Nightingale Health Ltd., Helsinki, Finland).

Short name Full name Unit

Very-low-density lipoproteins (VLDL)

XXL.VLDL.C Total cholesterol in chylomicrons and extremely large VLDL mmol/L
XXL.VLDL.CE Cholesterol esters in chylomicrons and extremely large mmol/L
VLDL
XXL.VLDL.FC Free cholesterol in chylomicrons and extremely large VLDL mmol/L
XXL.VLDL.L Total lipids in chylomicrons and extremely large VLDL mmol/L
XXL.VLDL.P Concentration of chylomicrons and extremely large mol/L
VLDL particles

XXL.VLDL.PL Phospholipids in chylomicrons and extremely large VLDL mmol/L
XXL.VLDL.TG Triglycerides in chylomicrons and extremely large VLDL mmol/L
XL.VLDL.C Total cholesterol in very large VLDL mmol/L
XL.VLDL.CE Cholesterol esters in very large VLDL mmol/L
XL.VLDL.FC Free cholesterol in very large VLDL mmol/L
XL.VLDL.L Total lipids in very large VLDL mmol/L
XL.VLDL.P Concentration of large VLDL particles mol/L

XL.VLDL.PL Phospholipids in large VLDL mmol/L
XL.VLDL.TG Triglycerides in large VLDL mmol/L
L.VLDL.C Total cholesterol in large VLDL mmol/L
L.VLDL.CE Cholesterol esters in large VLDL mmol/L
L.VLDL.FC Free cholesterol in large VLDL mmol/L
L.VLDL.L Total lipids in large VLDL mmol/L
L.VLDL.P Concentration of large VLDL particles mol/L

L.VLDL.PL Phospholipids in medium VLDL mmol/L
L.VLDL.TG Triglycerides in medium VLDL mmol/L
M.VLDL.C Total cholesterol in medium VLDL mmol/L
M.VLDL.CE Cholesterol esters in medium VLDL mmol/L
M.VLDL.FC Free cholesterol in medium VLDL mmol/L
M.VLDL.L Total lipids in medium VLDL mmol/L
M.VLDL.P Concentration of medium VLDL particles mol/L

M.VLDL.PL Phospholipids in medium VLDL mmol/L
M.VLDL.TG Triglycerides in medium VLDL mmol/L
S.VLDL.C Total cholesterol in small VLDL mmol/L
S.VLDL.CE Cholesterol esters in small VLDL mmol/L
S.VLDL.FC Free cholesterol in small VLDL mmol/L
S.VLDL.L Total lipids in small VLDL mmol/L
S.VLDL.P Concentration of small VLDL particles mol/L

S.VLDL.PL Phospholipids in small VLDL mmol/L
S.VLDL.TG Triglycerides in small VLDL mmol/L
XS.VLDL.C Total cholesterol in very small VLDL mmol/L
XS.VLDL.CE Cholesterol esters in very small VLDL mmol/L
XS.VLDL.FC Free cholesterol in very small VLDL mmol/L
XS.VLDL.L Total lipids in very small VLDL mmol/L
XS.VLDL.P Concentration of very small VLDL particles mol/L

XS.VLDL.PL Phospholipids in very small VLDL mmol/L

XS.VLDL.TG Triglycerides in very small VLDL mmol/L
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Intermediate-density lipoproteins (IDL)

IDL.C Total cholesterol in IDL mmol/L
IDL.CE Cholesterol esters in IDL mmol/L
IDL.FC Free cholesterol in IDL mmol/L
IDL.L Total lipids in IDL mmol/L
IDL.P Concentration of IDL particles mol/L
IDL.PL Phospholipids in IDL mmol/L
IDL.TG Triglycerides in IDL mmol/L
Low-density lipoproteins (LDL)

L.LDL.C Total cholesterol in large LDL mmol/L
L.LDL.CE Cholesterol esters in large LDL mmol/L
L.LDL.FC Free cholesterol in large LDL mmol/L
L.LDL.L Total lipids in large LDL mmol/L
L.LDL.P Concentration of large LDL particles mol/L
L.LDL.PL Phospholipids in medium LDL mmol/L
L.LDL.TG Triglycerides in medium LDL mmol/L
M.LDL.C Total cholesterol in medium LDL mmol/L
M.LDL.CE Cholesterol esters in medium LDL mmol/L
M.LDL.FC Free cholesterol in medium LDL mmol/L
M.LDL.L Total lipids in medium LDL mmol/L
M.LDL.P Concentration of medium LDL particles mol/L
M.LDL.PL Phospholipids in medium LDL mmol/L
M.LDL.TG Triglycerides in medium LDL mmol/L
S.LDL.C Total cholesterol in small LDL mmol/L
S.LDL.CE Cholesterol esters in small LDL mmol/L
S.LDL.FC Free cholesterol in small LDL mmol/L
S.LDL.L Total lipids in small LDL mmol/L
S.LDL.P Concentration of small LDL particles mol/L
S.LDL.PL Phospholipids in small LDL mmol/L
S.LDL.TG Triglycerides in small LDL mmol/L
High-density lipoproteins (HDL)

XL.HDL.C Total cholesterol in very large HDL mmol/L
XL.HDL.CE Cholesterol esters in very large HDL mmol/L
XL.HDL.FC Free cholesterol in very large HDL mmol/L
XL.HDL.L Total lipids in very large HDL mmol/L
XL.HDL.P Concentration of large HDL particles mol/L
XL.HDL.PL Phospholipids in large HDL mmol/L
XL.HDL.TG Triglycerides in large HDL mmol/L
L.HDL.C Total cholesterol in large HDL mmol/L
L.HDL.CE Cholesterol esters in large HDL mmol/L
L.HDL.FC Free cholesterol in large HDL mmol/L
L.HDL.L Total lipids in large HDL mmol/L
L.HDL.P Concentration of large HDL particles mol/L
L.HDL.PL Phospholipids in medium HDL mmol/L
L.HDL.TG Triglycerides in medium HDL mmol/L
M.HDL.C Total cholesterol in medium HDL mmol/L
M.HDL.CE Cholesterol esters in medium HDL mmol/L
M.HDL.FC Free cholesterol in medium HDL mmol/L
M.HDL.L Total lipids in medium HDL mmol/L
M.HDL.P Concentration of medium HDL particles mol/L

M.HDL.PL Phospholipids in medium HDL mmol/L



140

M.HDL.TG

S.HDL.C

S.HDL.CE

S.HDL.FC

S.HDL.L

S.HDL.P

S.HDL.PL

S.HDL.TG

Lipoprotein particle size
VLDL particle size

LDL particle size

HDL particle size
Apolipoproteins

ApoA1

ApoB

ApoB/ApoA1
Cholesterols

Esterified cholesterol
Free cholesterol

Total cholesterol in HDL2
Total cholesterol in HDL3
Total cholesterol in HDL
Total cholesterol in LDL
Remnant cholesterol
Serum total cholesterol
Total cholesterol in VLDL
Fatty acids

Conjugated linoleic acid
Conjugated linoleic acid/FA
Docosahexaenoic acid
Docosahexaenoic acid/FA
Fatty acid chain length
Omega-3

Omega-3/FA

Omega-6

Omega-6/FA

Linoleic acid

Linoleic acid/FA

MUFA

MUFA/FA

PUFA

PUFA/FA

SFA

SFA/FA

Total fatty acids

Degree of unsaturation
Glycerides
Diacylglycerol
Diacylglycerol/FA
Triglycerides in HDL
Triglycerides in LDL

Triglycerides in medium HDL

Total cholesterol in small HDL
Cholesterol esters in small HDL
Free cholesterol in small HDL

Total lipids in small HDL
Concentration of small HDL particles
Phospholipids in small HDL
Triglycerides in small HDL

Mean diameter for VLDL particles
Mean diameter for LDL particles
Mean diameter for HDL particles

Apolipoprotein A1
Apolipoprotein B
Ratio of apolipoprotein B to apolipoprotein A1

Esterified cholesterol
Free cholesterol

Total cholesterol in HDL22
Total cholesterol in HDL3?
Total cholesterol in HDL
Total cholesterol in HDL
Remnant cholesterol®
Serum total cholesterol
Total cholesterol in VLDL

Conjugated linoleic acid

Ratio of conjugated linoleic acid to total fatty acids
22:6 docosahexaenoic acid

Ratio of 22:6 docosahexaenoic acid to total fatty acids
Estimated fatty acid chain length

Omega-3 fatty acids

Ratio of omega-3 fatty acids to total fatty acids
Omega-6 fatty acids

Ratio of omega-6 fatty acids to total fatty acids

18:2 linoleic acid

Ratio of 18:2 linoleic acid to total fatty acids
Monounsaturated fatty acids

Ratio of monounsaturated fatty acids to total fatty acids
Polyunsaturated fatty acids

Ratio of polyunsaturated fatty acids to total fatty acids
Saturated fatty acids

Ratio of saturated fatty acids to total fatty acids

Total fatty acids

Estimated degree of unsaturation

Diacylglycerol

Ratio of diacylglycerol to triglycerides
Triglycerides in HDL

Triglycerides in LDL

mmol/L
mmol/L
mmol/L
mmol/L
mmol/L
mol/L

mmol/L
mmol/L

nm
nm
nm

g/L
g/L

mmol/L
mmol/L
mmol/L
mmol/L
mmol/L
mmol/L
mmol/L
mmol/L
mmol/L

mmol/L
%
mmol/L
%

mmol/L
%
mmol/L
%
mmol/L
%
mmol/L
%
mmol/L
%
mmol/L
%
mmol/L

mmol/L

mmol/L
mmol/L
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Total triglycerides
TG/phosphoglycerides
Total phosphoglycerides
Triglycerides in VLDL
Phospholipids
Phosphatidylcholine
Sphingomyelins
Total cholines

Amino acids

Alanine

Glutamine

Histidine

Isoleucine

Leucine
Phenylalanine
Tyrosine

Valine

Kidney function
Albumin

Creatinine

Glycolysis

Citrate

Glucose

Lactate

Inflammation
Glycoprotein acetyls
Ketone bodies
Acetate
Beta-hydroxybutyrate

Serum total triglycerides

Ratio of triglycerides to phosphoglycerides
Total phosphoglycerides

Triglycerides in VLDL

Phosphatidylcholine and other cholines
Sphingomyelins
Total cholines

Alanine
Glutamine
Histidine
Isoleucine
Leucine
Phenylalanine
Tyrosine
Valine

Albumin
Creatinine

Citrate
Glucose
Lactate

Glycoprotein acetyls, mainly alpha-1-acid glycoprotein

Acetate
Beta-hydroxybutyrate

mmol/L

mmol/L
mmol/L

mmol/L
mmol/L
mmol/L

mmol/L
mmol/L
mmol/L
mmol/L
mmol/L
mmol/L
mmol/L
mmol/L

mmol/L
mmol/L

mmol/L

mmol/L

mmol/L

mmol/L

mmol/L
mmol/L

The genetic score for Mendelian randomization is based on the CETP SNPs rs247616, rs12720922 and

rs1968905. A P-value<0.00134 is regarded statistical significant. Full names and descriptions of metabolic mea-

sures are listed in Supplementary table 6.C.1. Results are based on analyses weighted towards the reference

BMI distribution of the general Dutch population.

2 The HDL2 and HDL3 fractions are defined as those HDL particles within the density range of 1.063-1.125 g/mL

and 1.125-1.210 g/mL, respectively.

b Remnant cholesterol is defined as non-HDL and non-LDL-cholesterol.

Table 6.C.2: Causal associations between CETP concentration and 159 circulating metabolic mea-
sures, which were assessed with a Mendelian randomization approach based on a CETP genetic
score, in the Netherlands Epidemiology of Obesity (NEO) study (n=5,672).

Metabolic measure Beta coefficient? SE P-value
Very-low-density lipoproteins (VLDL)

XXL.VLDL.C 0.049 0.050 0.3331
XXL.VLDL.CE 0.075 0.051 0.1440
XXL.VLDL.FC 0.013 0.049 0.7929
XXL.VLDL.L 0.017 0.049 0.7365
XXL.VLDL.P 0.015 0.049 0.7592
XXL.VLDL.PL 0.006 0.049 0.9025
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XXL.VLDL.TG
XL.VLDL.C
XL.VLDL.CE
XL.VLDL.FC
XL.VLDL.L
XL.VLDL.P
XL.VLDL.PL
XL.VLDL.TG
L.VLDL.C
L.VLDL.CE
L.VLDL.FC
L.VLDL.L
L.VLDL.P
L.VLDL.PL
L.VLDL.TG
M.VLDL.C
M.VLDL.CE
M.VLDL.FC
M.VLDL.L
M.VLDL.P
M.VLDL.PL
M.VLDL.TG
S.VLDL.C
S.VLDL.CE
S.VLDL.FC
S.VLDL.L
S.VLDL.P
S.VLDL.PL
S.VLDL.TG
XS.VLDL.C
XS.VLDL.CE
XS.VLDL.FC
XS.VLDL.L
XS.VLDL.P
XS.VLDL.PL
XS.VLDL.TG
Intermediate-density lipoproteins (IDL)
IDL.C
IDL.CE
IDL.FC
IDL.L

IDL.P
IDL.PL
IDL.TG
Low-density lipoproteins (LDL)
L.LDL.C
L.LDL.CE
L.LDL.FC
L.LDL.L
L.LDL.P
L.LDL.PL

0.010
0.050
0.074
0.021
0.028
0.027
0.022
0.022
0.097
0.140
0.054
0.081
0.080
0.078
0.074
0.121
0.135
0.105
0.131
0.132
0.131
0.132
0.254
0.276
0.202
0.223
0.218
0.238
0.177
0.228
0.233
0.205
0.221
0.222
0.148
0.214

-0.035
-0.031
-0.048
-0.010
-0.001
0.003

0.129

-0.037
-0.030
-0.056
-0.034
-0.030
-0.038

0.049
0.051
0.052
0.051
0.051
0.051
0.051
0.051
0.053
0.054
0.053
0.053
0.053
0.053
0.053
0.056
0.056
0.054
0.055
0.054
0.055
0.054
0.060
0.061
0.057
0.057
0.056
0.057
0.055
0.061
0.061
0.059
0.060
0.060
0.057
0.056

0.056
0.057
0.053
0.056
0.056
0.054
0.056

0.055
0.055
0.053
0.055
0.055
0.055

0.8424
0.3296
0.1523
0.6766
0.5851
0.5953
0.6737
0.6643
0.0679
0.0089
0.3098
0.1288
0.1296
0.1414
0.1644
0.0297
0.0170
0.0538
0.0163
0.0151
0.0165
0.0150
2E-5

6E-6

0.0004
0.0001
0.0001
3E-5

0.0013
0.0002
0.0001
0.0005
0.0002
0.0002
0.0099
0.0001

0.5294
0.5903
0.3694
0.8634
0.9837
0.9568
0.0207

0.5018
0.5843
0.2857
0.5398
0.5801
0.4916
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LLDLTG
M.LDL.C
M.LDL.CE
M.LDL.FC
M.LDL.L
M.LDL.P
M.LDL.PL
M.LDL.TG
S.LDL.C
S.LDL.CE
S.LDL.FC
S.LDL.L
S.LDL.P
S.LDL.PL
S.LDL.TG
High-density lipoproteins (HDL)
XL.HDL.C
XL.HDL.CE
XL.HDL.FC
XL.HDL.L
XL.HDL.P
XL.HDL.PL
XL.HDL.TG
L.HDL.C
L.HDL.CE
L.HDL.FC
L.HDL.L
L.HDL.P
L.HDL.PL
L.HDL.TG
M.HDL.C
M.HDL.CE
M.HDL.FC
M.HDL.L
M.HDL.P
M.HDL.PL
M.HDL.TG
S.HDL.C
S.HDL.CE
S.HDL.FC
S.HDL.L
S.HDL.P
S.HDL.PL
S.HDL.TG
Lipoprotein particle size
VLDL particle size
LDL particle size
HDL particle size
Apolipoproteins
ApoA1

ApoB

0.033

-0.023
-0.012
-0.073
-0.027
-0.024
-0.036
-0.023
-0.042
-0.026
-0.103
-0.055
-0.054
-0.101
-0.032

-0.517
-0.515
-0.511
-0.485
-0.482
-0.451
-0.310
-0.446
-0.449
-0.437
-0.432
-0.431
-0.414
-0.366
-0.321
-0.332
-0.277
-0.271
-0.261
-0.245
0.272

0.019

0.028

-0.049
0.084

0.099

0.055

0.293

0.029
0.140
-0.481

-0.466
0.047

0.054
0.055
0.055
0.055
0.055
0.055
0.056
0.053
0.054
0.054
0.056
0.055
0.055
0.056
0.054

0.053
0.054
0.052
0.052
0.052
0.052
0.054
0.051
0.051
0.051
0.051
0.051
0.050
0.053
0.051
0.051
0.050
0.051
0.051
0.051
0.055
0.052
0.051
0.057
0.058
0.058
0.058
0.055

0.052
0.055
0.052

0.051
0.058

0.5435
0.6688
0.8323
0.1834
0.6247
0.6568
0.5222
0.6644
0.4413
0.6331
0.0632
0.3136
0.3305
0.0712
0.5546

6E-22
2E-21
3E-22
2E-20
3E-20
3E-18
1E-8
5E-18
4E-18
2E-17
271017
3E-17
2E-16
4E-12
3E-10
8E-11
3E-8
1E-7
3E-7
1E-6
9E-7
0.7092
0.5807
0.3941
0.1459
0.0886
0.3420
1E-9

0.5786
0.0111
2E-20

5E-20
0.4184
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ApoB/ApoA1 0.277 0.056 1E-8
Cholesterols

Esterified cholesterol -0.149 0.056 0.0084
Free cholesterol -0.171 0.056 0.0023
Total cholesterol in HDL2 -0.441 0.049 4E-19
Total cholesterol in HDL3 -0.392 0.050 5E-15
Total cholesterol in HDL -0.440 0.049 4E-19
Total cholesterol in LDL -0.033 0.055 0.5499
Remnant cholesterol 0.093 0.059 0.1144
Serum total cholesterol -0.159 0.054 0.0035
Total cholesterol in VLDL 0.180 0.058 0.0020
Fatty acids

Conjugated linoleic acid -0.005 0.053 0.9249
Conjugated linoleic acid/FA 0.042 0.056 0.4513
Docosahexaenoic acid -0.116 0.063 0.0652
Docosahexaenoic acid/FA -0.033 0.061 0.5873
Fatty acid chain length 0.012 0.054 0.8270
Omega-3 -0.058 0.062 0.3468
Omega-3/FA 0.058 0.059 0.3249
Omega-6 -0.190 0.060 0.0016
Omega-6/FA -0.064 0.061 0.2915
Linoleic acid -0.159 0.060 0.0084
Linoleic acid/FA -0.007 0.064 0.9097
MUFA -0.046 0.058 0.4310
MUFA/FA 0.110 0.058 0.0570
PUFA -0.184 0.061 0.0024
PUFA/FA -0.035 0.060 0.5614
SFA -0.123 0.060 0.0394
SFA/FA -0.024 0.063 0.7027
Total fatty acids -0.139 0.059 0.0189
Degree of unsaturation -0.069 0.058 0.2391
Glycerides

Diacylglycerol -0.029 0.051 0.5654
Diacylglycerol/FA -0.024 0.059 0.6816
Triglycerides in HDL 0.004 0.052 0.9387
Triglycerides in LDL 0.010 0.054 0.8589
Total triglycerides 0.106 0.054 0.0505
TG/phosphoglycerides 0.186 0.055 0.0008
Total phosphoglycerides -0.304 0.060 5E-7
Triglycerides in VLDL 0.128 0.054 0.0178
Phospholipids

Phosphatidylcholine -0.185 0.059 0.0018
Sphingomyelins -0.064 0.057 0.2567
Total cholines -0.229 0.063 0.0003
Amino acids

Alanine 0.028 0.058 0.6327
Glutamine -0.006 0.057 0.9202
Histidine -0.007 0.059 0.9033
Isoleucine 0.166 0.052 0.0013
Leucine 0.072 0.051 0.1598

Phenylalanine 0.105 0.060 0.0809
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Tyrosine 0.156 0.057 0.0065
Valine 0.101 0.053 0.0559
Kidney function

Albumin -0.037 0.062 0.5546
Creatinine 0.042 0.046 0.3708
Glycolysis

Citrate 0.127 0.060 0.0352
Glucose 0.067 0.055 0.2276
Lactate 0.039 0.057 0.4997
Inflammation

Glycoprotein acetyls 0.011 0.061 0.8540
Ketone bodies

Acetate 0.020 0.061 0.7400
Beta-hydroxybutyrate -0.061 0.064 0.3374

The genetic score for Mendelian randomization is based on the CETP SNPs rs247616, rs12720922 and
rs1968905. A P-value<0.00134 is regarded statistical significant. Full names and descriptions of metabolic mea-
sures are listed in Supplementary table 6.C.1. Results are based on analyses weighted towards the reference
BMI distribution of the general Dutch population.

2 The beta coefficient is the natural-log transformed SD difference in metabolic measure per 1 ug/mL increase in

CETP concentration.

Table 6.C.3: Replication of the causal associations between CETP concentration and 111 circulating
metabolic measures, which were assessed with a Mendelian randomization approach based on a
CETP genetic score, using summary statistics from the MAGNETIC NMR GWAS dataset (n 20,000).

Metabolic measure Beta coefficient? SE P-value

Very-low-density lipoproteins (VLDL)

XXL.VLDL.C N/A N/A N/A
XXL.VLDL.CE N/A N/A N/A
XXL.VLDL.FC N/A N/A N/A
XXL.VLDL.L 0.185 0.043 1.50E-5
XXL.VLDL.P 0.049 0.040 0.2163
XXL.VLDL.PL 0.145 0.038 0.0001
XXL.VLDL.TG 0.142 0.028 5.14E-7
XL.VLDL.C N/A N/A N/A
XL.VLDL.CE N/A N/A N/A
XL.VLDL.FC N/A N/A N/A
XL.VLDL.L 0.112 0.029 9.02E-5
XL.VLDL.P 0.077 0.027 0.0037
XL.VLDL.PL 0.127 0.028 5.52E-6
XL.VLDL.TG 0.078 0.032 0.0143
L.VLDL.C 0.229 0.026 3.13E-18
L.VLDL.CE 0.263 0.034 9.09E-15
L.VLDL.FC 0.162 0.026 1.02E-9
L.VLDL.L 0.139 0.027 3.70E-7
L.VLDL.P 0.100 0.029 0.0006
L.VLDL.PL 0.158 0.025 1.96E-10
L.VLDL.TG 0.102 0.026 8.72E-5

M.VLDL.C 0.271 0.025 2.79E-28
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M.VLDL.CE
M.VLDL.FC
M.VLDL.L
M.VLDL.P
M.VLDL.PL
M.VLDL.TG
S.VLDL.C
S.VLDL.CE
S.VLDL.FC
S.VLDL.L
S.VLDL.P
S.VLDL.PL
S.VLDL.TG
XS.VLDL.C
XS.VLDL.CE
XS.VLDL.FC
XS.VLDL.L
XS.VLDL.P
XS.VLDL.PL
XS.VLDL.TG
Intermediate-density lipoproteins (IDL)
IDL.C
IDL.CE
IDL.FC
IDL.L

IDL.P
IDL.PL
IDL.TG
Low-density lipoproteins (LDL)
L.LDL.C
L.LDL.CE
L.LDL.FC
L.LDL.L
L.LDL.P
L.LDL.PL
L.LDL.TG
M.LDL.C
M.LDL.CE
M.LDL.FC
M.LDL.L
M.LDL.P
M.LDL.PL
M.LDL.TG
S.LDL.C
S.LDL.CE
S.LDL.FC
S.LDL.L
S.LDL.P
S.LDL.PL
S.LDL.TG
High-density lipoproteins (HDL)

0.276
0.215
0.189
0.179
0.237
0.161
0.302
N/A

0.302
0.323
0.321
0.351
0.279
N/A

N/A

N/A

0.352
0.323
0.238
0.325

0.065
N/A

0.097
0.124
0.150
0.135
0.239

0.026
0.030
0.005
0.039
0.051
0.041
N/A
-0.005
0.029
N/A
0.022
0.027
-0.005
N/A
0.010
N/A
N/A
-0.004
-0.018
N/A
N/A

0.026
0.025
0.028
0.027
0.025
0.025
0.025
N/A

0.025
0.028
0.030
0.025
0.026
N/A

N/A

N/A

0.032
0.032
0.026
0.028

0.026
N/A

0.025
0.026
0.026
0.025
0.026

0.025
0.026
0.025
0.026
0.026
0.025
N/A
0.025
0.026
N/A
0.026
0.026
0.025
N/A
0.025
N/A
N/A
0.026
0.026
N/A
N/A

1.25E-26
3.63E-18
2.33E-11
4.68E-11
1.01E-21
9.07E-11
9.12E-35
N/A

1.02E-34
1.17E-30
3.00E-27
1.90E-46
5.68E-27
N/A

N/A

N/A

1.30E-28
1.60E-23
2.92E-20
2.29E-31

0.0115
N/A
8.31E-5
1.53E-6
5.98E-9
3.90E-8
2.52E-20

0.2887
0.2450
0.8495
0.1356
0.0503
0.0937
N/A
0.8405
0.2549
N/A
0.3877
0.2947
0.8380
N/A
0.6776
N/A
N/A
0.8617
0.4914
N/A
N/A
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XL.HDL.C

XL.HDL.CE
XL.HDL.FC

XL.HDL.L

XL.HDL.P

XL.HDL.PL

XL.HDL.TG

L.HDL.C

L.HDL.CE

L.HDL.FC

L.HDL.L

L.HDL.P

L.HDL.PL

L.HDL.TG

M.HDL.C

M.HDL.CE

M.HDL.FC

M.HDL.L

M.HDL.P

M.HDL.PL

M.HDL.TG

S.HDL.C

S.HDL.CE

S.HDL.FC

S.HDL.L

S.HDL.P

S.HDL.PL

S.HDL.TG

Lipoprotein particle size
VLDL particle size

LDL particle size

HDL particle size
Apolipoproteins

ApoA1

ApoB

ApoB/ApoA1
Cholesterols

Esterified cholesterol
Free cholesterol

Total cholesterol in HDL2
Total cholesterol in HDL3
Total cholesterol in HDL
Total cholesterol in LDL
Remnant cholesterol
Serum total cholesterol
Total cholesterol in VLDL
Fatty acids

Conjugated linoleic acid
Conjugated linoleic acid/FA
Docosahexaenoic acid
Docosahexaenoic acid/FA

-0.417
-0.391
-0.454
-0.466
-0.396
-0.507
-0.184
-0.606
-0.608
-0.560
-0.591
-0.581
-0.574
N/A
-0.491
-0.480
-0.464
-0.404
-0.359
-0.394
N/A
N/A
N/A
N/A
-0.111
-0.138
N/A
0.437

0.025
0.283
-0.51

-0.578
0.142
N/A

-0.122
-0.199
N/A
N/A
-0.657
0.004
N/A
-0.101
N/A

N/A
N/A
-0.103
N/A

0.025
0.026
0.025
0.026
0.026
0.027
0.025
0.042
0.038
0.047
0.048
0.050
0.052
N/A

0.041
0.038
0.043
0.037
0.034
0.041
N/A

N/A

N/A

N/A

0.026
0.026
N/A

0.027

0.026
0.026
0.033

0.034
0.025
N/A

0.031
0.031
N/A
N/A
0.046
0.025
N/A
0.025
N/A

N/A
N/A
0.031
N/A

7.49E-65
6.29E-52
2.45E-76
2.76E-73
3.64E-53
4.38E-81
7.72E-14
3.42E-46
1.09E-56
1.22E-32
5.39E-35
2.39E-31
3.29E-28
N/A
1.00E-32
1.92E-37
8.54E-27
2.00E-28
1.44E-25
2.64E-22
N/A

N/A

N/A

N/A
1.65E-5
9.86E-8
N/A
4.10E-57

0.3348
3.21E-27
7.99E-54

4.52E-65
1.53E-8
N/A

9.83E-5
1.72E-10
N/A

N/A
1.42E-46
0.8563
N/A
4.31E-5
N/A

N/A
N/A
0.0010
N/A
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Fatty acid chain length
Omega-3
Omega-3/FA
Omega-6
Omega-6/FA

Linoleic acid

Linoleic acid/FA
MUFA

MUFA/FA

PUFA

PUFA/FA

SFA

SFA/FA

Total fatty acids
Degree of unsaturation
Glycerides
Diacylglycerol
Diacylglycerol/FA
Triglycerides in HDL
Triglycerides in LDL
Total triglycerides
TG/phosphoglycerides
Total phosphoglycerides
Triglycerides in VLDL
Phospholipids
Phosphatidylcholine
Sphingomyelins

Total cholines

Amino acids

Alanine

Glutamine

Histidine

Isoleucine

Leucine
Phenylalanine
Tyrosine

Valine

Kidney function
Albumin

Creatinine

Glycolysis

Citrate

Glucose

Lactate

Inflammation
Glycoprotein acetyls
Ketone bodies
Acetate
Beta-hydroxybutyrate

-0.082
-0.065
N/A
-0.223
N/A
-0.220
N/A
0.012
N/A
N/A
N/A
N/A
N/A
-0.107
N/A

N/A
N/A
N/A
N/A
0.204
N/A
-0.323
N/A

-0.374
-0.155
N/A

-0.024
0.011
0.017
0.049
0.016
0.005
0.038
0.020

0.036
0.003

0.024

0.004

0.042

0.059

0.010
-0.004

0.031
0.033
N/A
0.032
N/A
0.034
N/A
0.031
N/A
N/A
N/A
N/A
N/A
0.031
N/A

N/A
N/A
N/A
N/A
0.025
N/A
0.031
N/A

0.039
0.031
N/A

0.023
0.027
0.026
0.025
0.023
0.024
0.025
0.024

0.026
0.023

0.023

0.023

0.028

0.026

0.023
0.023

0.0087
0.0500
N/A
6.30E-12
N/A
5.88E-11
N/A
0.6946
N/A

N/A

N/A

N/A

N/A
0.0006
N/A

N/A
N/A
N/A
N/A
1.25E-16
N/A
3.05E-25
N/A

4.23E-22
6.61E-7
N/A

0.2902
0.6694
0.5001
0.0469
0.4783
0.8504
0.1376
0.3883

0.1660
0.8975

0.2951

0.8502

0.1419

0.0230

0.6778
0.8800
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The genetic score for Mendelian randomization is based on the CETP SNPs rs247616, rs12720922 and
rs1968905. A P-value<0.00227 is regarded statistical significant. Full names and descriptions of metabolic mea-
sures are listed in Supplementary table 6.C.1. N/A, not quantified.

2 The beta coefficient is the natural-log transformed SD difference in metabolic measure per 1 ug/mL increase in

CETP concentration.

Table 6.C.4: Observational associations between CETP concentration and 159 circulating metabolic
measures, in the Netherlands Epidemiology of Obesity (NEO) study (n=5,672).

Metabolic measure Beta coefficient? SE P-value

Very-low-density lipoproteins (VLDL)

XXL.VLDL.C 0.140 0.027 2E-07
XXL.VLDL.CE 0.186 0.027 8E-12
XXL.VLDL.FC 0.084 0.026 0.0014
XXL.VLDL.L 0.104 0.026 0.0001
XXL.VLDL.P 0.102 0.026 0.0001
XXL.VLDL.PL 0.098 0.026 0.0002
XXL.VLDL.TG 0.095 0.026 0.0003
XL.VLDL.C 0.091 0.028 0.0010
XL.VLDL.CE 0.098 0.028 0.0004
XL.VLDL.FC 0.084 0.028 0.0024
XL.VLDL.L 0.051 0.027 0.0640
XL.VLDL.P 0.047 0.027 0.0873
XL.VLDL.PL 0.070 0.028 0.0112
XL.VLDL.TG 0.034 0.027 0.2096
L.VLDL.C 0.081 0.030 0.0074
L.VLDL.CE 0.113 0.030 0.0002
L.VLDL.FC 0.049 0.030 0.1032
L.VLDL.L 0.044 0.030 0.1457
L.VLDL.P 0.041 0.030 0.1769
L.VLDL.PL 0.057 0.030 0.0597
L.VLDL.TG 0.027 0.030 0.3828
M.VLDL.C 0.165 0.030 5E-08
M.VLDL.CE 0.237 0.030 1E-15
M.VLDL.FC 0.073 0.031 0.0167
M.VLDL.L 0.079 0.031 0.0103
M.VLDL.P 0.072 0.031 0.0203
M.VLDL.PL 0.094 0.031 0.0023
M.VLDL.TG 0.034 0.031 0.2804
S.VLDL.C 0.356 0.032 3E-28
S.VLDL.CE 0.415 0.032 2E-38
S.VLDL.FC 0.220 0.032 6E-12
S.VLDL.L 0.200 0.032 4E-10
S.VLDL.P 0.178 0.032 3E-08
S.VLDL.PL 0.211 0.032 8E-11
S.VLDL.TG 0.064 0.032 0.0421
XS.VLDL.C 0.452 0.030 1E-49
XS.VLDL.CE 0.432 0.030 5E-45

XS.VLDL.FC 0.476 0.030 2E-55
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XS.VLDL.L
XS.VLDL.P
XS.VLDL.PL
XS.VLDL.TG
Intermediate-density lipoproteins (IDL)
IDL.C
IDL.CE
IDL.FC
IDL.L
IDL.P
IDL.PL
IDL.TG
Low-density lipoproteins (LDL)
L.LDL.C
L.LDL.CE
L.LDL.FC
L.LDL.L
L.LDL.P
L.LDL.PL
LLDLTG
M.LDL.C
M.LDL.CE
M.LDL.FC
M.LDL.L
M.LDL.P
M.LDL.PL
M.LDL.TG
S.LDL.C
S.LDL.CE
S.LDL.FC
S.LDL.L
S.LDL.P
S.LDL.PL
S.LDL.TG
High-density lipoproteins (HDL)
XL.HDL.C
XL.HDL.CE
XL.HDL.FC
XL.HDL.L
XL.HDL.P
XL.HDL.PL
XL.HDL.TG
L.HDL.C
L.HDL.CE
L.HDL.FC
L.HDL.L
L.HDL.P
L.HDL.PL
L.HDL.TG
M.HDL.C
M.HDL.CE

0.434
0.418
0.472
0.159

0.402
0.396
0.400
0.416
0.418
0.431
0.246

0.402
0.403
0.392
0.408
0.409
0.414
0.302
0.397
0.398
0.387
0.405
0.407
0.410
0.298
0.389
0.392
0.376
0.395
0.397
0.389
0.239

0.007
0.021
-0.027
-0.002
0.000
-0.017
0.074
-0.055
-0.057
-0.047
-0.029
-0.026
-0.005
0.056
0.018
0.003

0.031
0.031
0.030
0.032

0.029
0.029
0.027
0.029
0.029
0.028
0.030

0.029
0.029
0.028
0.029
0.029
0.029
0.029
0.029
0.029
0.028
0.029
0.029
0.030
0.028
0.028
0.028
0.028
0.029
0.029
0.029
0.029

0.030
0.030
0.030
0.029
0.029
0.029
0.029
0.029
0.029
0.029
0.029
0.029
0.028
0.029
0.028
0.028

1E-44
7E-41
5E-56
6E-07

4E-43
1E-40
1E-47
8E-47
TE-47
5E-52
7E-16

2E-43
2E-42
4E-45
3E-44
3E-44
1E-45
2E-25
9E-43
1E-42
3E-42
6E-44
3E-44
2E-42
2E-25
1E-42
1E-42
1E-39
1E-42
2E-42
2E-40
4E-16

0.8267
0.4962
0.3643
0.9558
0.9962
0.5503
0.0108
0.0582
0.0488
0.1025
0.3064
0.3664
0.8531
0.0565
0.5210
0.9215
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M.HDL.FC

M.HDL.L

M.HDL.P

M.HDL.PL

M.HDL.TG

S.HDL.C

S.HDL.CE

S.HDL.FC

S.HDL.L

S.HDL.P

S.HDL.PL

S.HDL.TG

Lipoprotein particle sizes
VLDL particle size

LDL particle size

HDL particle size
Apolipoproteins

ApoA1

ApoB

ApoB/ApoA1
Cholesterols

Esterified cholesterol
Free cholesterol

Total cholesterol in HDL2
Total cholesterol in HDL3
Total cholesterol in HDL
Total cholesterol in LDL
Remnant cholesterol
Serum total cholesterol
Total cholesterol in VLDL
Fatty acids

Conjugated linoleic acid
Conjugated linoleic acid/FA
Docosahexaenoic acid
Docosahexaenoic acid/FA
Fatty acid chain length
Omega-3

Omega-3/FA

Omega-6

Omega-6/FA

Linoleic acid

Linoleic acid/FA

MUFA

MUFA/FA

PUFA

PUFA/FA

SFA

SFA/FA

Total fatty acids

Degree of unsaturation
Glycerides

0.071
0.070
0.078
0.094
0.242
0.306
0.328
0.033
0.209
0.207
0.040
0.077

-0.143
-0.033
-0.049

0.134
0.344
0.258

0.368
0.384
0.018
0.136
0.028
0.400
0.373
0.384
0.281

0.032
-0.007
0.116
-0.016
-0.201
0.185
0.022
0.305
0.099
0.289
0.091
0.148
-0.070
0.297
0.102
0.219
0.013
0.223
-0.012

0.027
0.027
0.027
0.026
0.030
0.028
0.028
0.030
0.030
0.031
0.031
0.031

0.029
0.030
0.029

0.027
0.030
0.030

0.029
0.028
0.027
0.027
0.027
0.029
0.030
0.028
0.031

0.027
0.028
0.032
0.031
0.028
0.031
0.031
0.030
0.032
0.030
0.032
0.030
0.031
0.031
0.032
0.030
0.032
0.030
0.030

0.0077
0.0093
0.0039
0.0004
1E-15
2E-27
7E-32
0.2781
7E-12
2E-1
0.1879
0.0123

9E-07
0.2686
0.0854

7E-07
2E-29
3E-17

2E-35
1E-42
0.5005
3E-07
0.3003
2E-43
4E-34
1E-41
6E-20

0.2384
0.8035
0.0002
0.6130
2E-12
2E-09
0.4684
1E-24
0.0018
4E-22
0.0049
7E-07
0.0238
4E-22
0.0014
2E-13
0.6880
1E-13
0.6964
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Diacylglycerol -0.028 0.025 0.2789
Diacylglycerol/FA -0.031 0.030 0.2975
Triglycerides in HDL 0.163 0.029 1E-08
Triglycerides in LDL 0.298 0.029 8E-25
Total triglycerides 0.082 0.031 0.0074
TG/phosphoglycerides -0.039 0.031 0.2093
Total phosphoglycerides 0.192 0.030 2E-10
Triglycerides in VLDL 0.043 0.031 0.1659
Phospholipids

Phosphatidylcholine 0.232 0.032 TE-13
Sphingomyelins 0.300 0.028 4E-26
Total cholines 0.241 0.033 2E-13
Amino acids

Alanine 0.024 0.030 0.4102
Glutamine -0.021 0.031 0.4946
Histidine -0.024 0.031 0.4351
Isoleucine 0.069 0.028 0.0138
Leucine 0.024 0.026 0.3593
Phenylalanine 0.086 0.029 0.0030
Tyrosine 0.094 0.028 0.0006
Valine 0.011 0.027 0.6816
Kidney function

Albumin 0.070 0.030 0.0219
Creatinine -0.007 0.024 0.7841
Glycolysis

Citrate 0.011 0.031 0.7329
Glucose 0.008 0.028 0.7779
Lactate 0.046 0.029 0.1145
Inflammation

Glycoprotein acetyls 0.075 0.032 0.0181
Ketone bodies

Acetate -0.030 0.031 0.3284
Beta-hydroxybutyrate -0.130 0.032 0.0001

A P-value<0.00134 is regarded statistical significant. Full names and descriptions of metabolic measures are
listed in Supplementary table 6.C.1. Results are based on analyses weighted towards the reference BMI distri-
bution of the general Dutch population.

2 The beta coefficient is the natural-log transformed SD difference in metabolic measure per 1 ug/mL increase in

CETP concentration.



