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Abstract. Kuusisto S, Karjalainen MK, Tillin T,
Kangas AJ, Holmes MV, Kähönen M, et al.
Genetic and observational evidence: No indepen-
dent role for cholesterol efflux over static high-
density lipoprotein concentration measures in
coronary heart disease risk assessment. J Intern
Med. 2022;292:146–153.

Background. Observational findings for high-density
lipoprotein (HDL)-mediated cholesterol efflux
capacity (HDL-CEC) and coronary heart dis-
ease (CHD) appear inconsistent, and knowl-
edge of the genetic architecture of HDL-CEC is
limited.

Objectives. A large-scale observational study on the
associations of HDL-CEC and other HDL-related

measures with CHD and the largest genome-wide
association study (GWAS) of HDL-CEC.

Participants/methods. Six independent cohorts were
included with follow-up data for 14,438 partic-
ipants to investigate the associations of HDL-
related measures with incident CHD (1,570
events). The GWAS of HDL-CEC was carried out
in 20,372 participants.

Results. HDL-CEC did not associate with CHD
when adjusted for traditional risk factors and HDL
cholesterol (HDL-C). In contradiction, almost all
HDL-related concentration measures associated
consistently with CHD after corresponding adjust-
ments. There were no genetic loci associated with
HDL-CEC independent of HDL-C and triglycerides.
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Conclusion. HDL-CEC is not unequivocally associ-
ated with CHD in contrast to HDL-C, apolipopro-
tein A-I, andmost of the HDL subclass particle con-
centrations.

Keywords: cholesterol efflux, coronary heart dis-
ease, genome-wide association study, HDL, obser-
vational cohort study, triglycerides

Introduction

A functional attribute of high-density lipoprotein
(HDL) particles, cholesterol efflux capacity (CEC),
associates inversely with incident cardiovascular
events in observational studies, independent of
HDL cholesterol (HDL-C) [1, 2]. However, findings
appear inconsistent [3, 4], and it is currently
unknown whether HDL-CEC plays a causal role
in cardiovascular disease. No direct randomized
controlled trials exist, and Mendelian randomiza-
tion analyses with reliable genetic instruments are
yet to be conducted. Nevertheless, apolipoprotein
A-I (apoA-I) infusion therapies have failed to show
any clinical benefit [5–7], and a recent Mendelian
randomization analysis did not support a cardio-
protective role for apoA-I [8]. These studies provide
indirect evidence against the causality of HDL-CEC
since the physiological concept of HDL-mediated
cholesterol efflux is based on the rationale that
apoA-I is the key molecular component to promote
cholesterol efflux from arterial wall macrophages
[9].

To date, one genome-wide association study
(GWAS) is available with results in 5,293 indi-
viduals for four different experimental measures
of HDL-CEC, depicting different efflux path-
ways, indicating the involvement of five well-
known lipid loci [10]. For the most commonly
used HDL-CEC measure in cardiovascular stud-
ies, J774 stimulated HDL-CEC [1, 3, 4, 11], only
two loci were detected, and these associations
are not independent of HDL-C and triglycerides
[10].

To clarify the role of J774 stimulated HDL-CEC
in cardiovascular disease, we (1) combined three
prospective cohorts (n = 14,438) to study the asso-
ciation of HDL-CEC and various other HDL-related
measures with coronary heart disease (CHD; inci-
dent events n = 1,570) and (2) performed a GWAS
of HDL-CEC in five independent cohorts of 20,372
participants.

Methods

Study populations

The cohorts are characterized in Table 1 (see Study
populations in the Supplement for details). The
studies were approved by the ethics committees of
the study sites and written informed consent was
obtained from all participants.

HDL-CEC, lipoprotein, and lipid analyses

HDL-CEC, four HDL subclass particle concentra-
tions, standard lipoprotein lipids, and apoA-I were
analyzed by nuclear magnetic resonance (NMR)
spectroscopy [11, 12]. This methodology has been
widely used in epidemiological and genetic studies
over the last 10 years [12]. The HDL-CEC values
correspond to the most commonly used assay to
quantify HDL-CEC, that is, the use of cAMP-treated
J774 macrophages with radiolabeled cholesterol
(J774 stimulated HDL-CEC) [11]. The HDL-CEC
values as well as all the static HDL-related mea-
sures are directly estimated from the NMR spec-
tral data points with a distinct regression model.
Each metabolic measure therefore has its own spe-
cific and optimized quantification routine. The esti-
mation of HDL-CEC does not rely directly on any
other HDL (or lipoprotein) measure, and there is
no direct simple formula between HDL-CEC and
the other HDL measures [11, 12]. The correlations
of the (NMR-based) HDL-CEC with other HDL and
lipoprotein measures are weak—modest at best—
and agree with those using the in vitro HDL-CEC
measurements via cAMP-treated J774 cell assays
[11].

Statistical analyses in the follow-up studies

Prospective information on CHD events were
available for DILGOM2007, FINRISK1997, and
SABRE with follow-up times of 8, 15, and 20
years, respectively. These cohorts had complete
data for 14,438 participants with 1,570 incident
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events (prevalent CHD events, outliers [11], and
missing data were removed; see Study populations
in the Supplement) and were used to study the
associations of HDL-CEC and other HDL-related
biomarkers with CHD. Data were analyzed by Cox
proportional hazard regression models in each
cohort and combined via random-effect meta-
analysis due to obvious heterogeneity in HDL-CEC
associations (Fig. 1).

Genome-wide association study

A GWAS of HDL-CEC was performed in the Finnish
cohorts (Table 1) under the additive model, fol-
lowed by fixed-effect meta-analysis (in 20,372
participants) (see Genetic analyses in the Supple-
ment). For comparative purposes, we performed
a GWAS of HDL-C using the same cohorts and
participants. In addition to the primary analysis,
HDL-CEC was also analyzed adjusting for HDL-C
and serum triglycerides to directly compare with
the findings by Low-Kam et al. [10]. We also ana-
lyzed the associations of the lead single nucleotide
polymorphisms (SNPs) of those loci found by
Low-Kam et al. [10] (see Replication of previously
described associations in the Supplement).

Results

The associations of HDL-CEC and the various
HDL-related concentration measures with incident
CHD are illustrated in Fig. 1. There is apparent
variation in the associations of HDL-CEC in the dif-
ferent cohorts. As previously reported [11], in FIN-
RISK1997, the association of HDL-CEC and CHD
is clear with all the various adjustments (includ-
ing HDL-C), but this appears not to be the case for
the two other population cohorts included in this
work. In another Finnish cohort, DILGOM2007, no
association is evident between HDL-CEC and CHD,
and the same holds true for the UK cohort, SABRE,
when adjusted for traditional risk factors and fur-
ther with HDL-C. Thus, in the meta-analyses,
only age- and sex-adjusted HDL-CEC displayed
an inverse association with risk of incident CHD
(hazard ratio [HR] 0.88 [95% confidence interval,
0.82–0.96]). This association did not remain after
adjustment for traditional risk factors (HR 0.93
[0.83–1.05]) and further adjustment with HDL-C
(HR 0.96 [0.85–1.07]). In contrast, in all the indi-
vidual cohorts, apoA-I and all HDL-related concen-
tration measures associated coherently with inci-
dent CHD after corresponding adjustments (HDL-
C was replaced with HDL-CEC). Thus, in general,
the HDL-CEC results display more heterogeneity

between the cohorts than the results for other
HDL-related measures.

In the GWAS of HDL-CEC (n = 20,372), two loci—
hepatic lipase (LIPC; lead single nucleotide poly-
morphism (SNP) rs261290, p = 7 × 10–11) and
cholesteryl ester transfer protein (CETP; lead SNP
rs247616, p = 9 × 10–12)—associated with HDL-
CEC (Fig. 2, Table S1 in the Supplement). Neither
of the loci associated with HDL-CEC when adjusted
for HDL-C and triglycerides (Figs S1 and S2, Table
S1). In contrast to HDL-CEC, 13 loci associated
with HDL-C in the same set of individuals. The
most significant associations colocalized with the
HDL-CEC associations in LIPC and CETP (Fig. 2,
Fig. S3), with the HDL-CEC increasing alleles being
associated with higher concentrations of HDL-C
and the associations being substantially stronger
for HDL-C (rs261290, p = 3 × 10–39; rs247616,
p = 3.6 × 10–102; Table S1).

Robust causality analyses, neither via univariable
nor multivariable Mendelian randomization, were
feasible (see Mendelian randomization and assess-
ment of instrument validity in the Supplement).

Discussion

This is the first study including multiple cohorts
with consistent measurements of J774 stimulated
HDL-CEC with the same method. Our large-scale
genetic and observational results—in comparison
to multiple HDL-related concentration measures—
suggest that J774 stimulated HDL-CEC does
not unequivocally have an independent role in
cardiometabolic risk assessment. These find-
ings fit well with those from other recent studies
indicating that HDL-CEC appears to be a more
heterogeneous measure of incident [3, 4] and
prevalent [13] cardiovascular outcomes than other
HDL-related biomarkers. Our results also denote
more variability between the individual cohorts for
the associations of HDL-CEC and CHD than for
those of the other studied HDL-related measures.
While there is a rather contrasting difference in
the heterogeneity of the associations for HDL-CEC
and the static HDL measures, the heterogeneity
(and its variability) in the observational studies as
such is not unexpected. HDL-CEC estimates func-
tionality that in vivo is most likely a sum of many
naturally involved lipoprotein components, that is,
it is not inherently HDL specific like the static HDL
measures. Thus, the cohort-specific confound-
ing (e.g., by lifestyle, socioeconomic factors, or

© 2022 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
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Fig. 1 Associations of high-density lipoprotein (HDL)-mediated cholesterol efflux capacity (CEC) and various other HDL-
related measures with coronary heart disease (CHD). Data were meta-analyzed across cohorts by random-effects meta-
analysis. Hazard ratios are per 1-standard deviation (SD) higher HDLmeasure. The HDL subclasseswere defined by particle
size as follows: very large (XL-HDL, average particle diameter 14.3 nm), large (L-HDL, 12.1 nm), medium (M-HDL, 10.9 nm),
and small HDL (S-HDL, 8.7 nm). Total HDL refers to the sum of all the four HDL subclass particle concentrations. Open and
closed black diamonds indicate p ≥ 0.01 and p < 0.01 to denote evidence in favor of an association based on the Bonferroni
correction of five independent tests (p = 0.05/5 = 0.01) due to the highly correlated nature of HDL-related measures.11
Traditional risk factors (TRF) included: age, sex, log body mass index, smoking, geographical region (ethnicity in SABRE),
diabetes, mean arterial pressure, cardiovascular treatment, and serum concentrations of low-density lipoprotein cholesterol
and log(triglycerides). In the third panel, HDL-CEC was adjusted for TRF + HDL-C and other HDL-related measures for
TRF + HDL-CEC.

150 © 2022 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
Journal of Internal Medicine, 2022, 292; 146–153
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Fig. 2 Results of genome-wide association studies of high-density lipoprotein (HDL)-mediated cholesterol efflux capacity
(CEC) andHDL cholesterol (HDL-C). Genome-wide association studies of HDL-CEC andHDL-Cwere performed in five Finnish
cohorts (total n = 20,372). Each dot represents a single single nucleotide polymorphism (SNP); 500-kb regions flanking the
lead SNPs in the associated loci are highlighted. The level of genome-wide significance (p < 5 × 10–8) is indicated by a red
dashed line. Altogether two and 13 genome-wide significant loci were detected for HDL-CEC and HDL-C, respectively.

baseline health status) affecting the associations
of the static HDL measures and HDL-CEC cannot
generally be assumed to be the same. In addition,
the potential effects of reverse causation (i.e., when
the early stages of the disease process influence
the exposure) may vary for different measures [14].

The GWAS for HDL-CEC performed here is the
largest to date with almost four times more par-
ticipants than in the previous study (20,372 vs.
5,293) [10]. In the primary GWAS, two genetic
loci were identified—namely, LIPC and CETP—but
those were abolished when HDL-CEC was adjusted
for circulating HDL-C and triglyceride concentra-
tions. Previous evidence on the genetic determi-
nants of HDL-CEC is limited to the study by
Low-Kam et al. [10]. For J774 stimulated HDL-
CEC, they detected two associated loci (CETP and
APOE/C1/C2/C4), but these were not independent
of HDL-C and triglycerides. The CETP locus was
replicated in our GWAS analyses, but the associa-
tion was abolished when adjusted for HDL-C and
triglycerides.

We detected 13 associated loci in the GWAS of
HDL-C—performed in the same individuals as the
GWAS of HDL-CEC—suggesting an adequate sam-
ple size to detect strong associations. The LIPC and
CETP loci associated with HDL-CEC in our pri-
mary analysis are highly pleiotropic (Table S3), and
these associations were abolished via adjustments
for circulating HDL-C and triglycerides. The genetic
pleiotropy of HDL-CEC is not unexpected, since
HDL-CEC is not a single protein biomarker with a

clear genetic coding region, but a measure of HDL
function, affected inherently by the complexity of
overall lipoprotein metabolism.

This large-scale multicohort study for HDL-CEC
was made possible due to the recent development
of a new cost-effective NMR-based method to esti-
mate HDL-CEC directly from serum samples [11].
The estimated HDL-CEC values have been shown
to correspond to those from in vitro experiments,
but it cannot be ruled out that the methodol-
ogy could partly contribute to the heterogeneity
between diverse study populations. The results
should thus be interpreted with care. It should
also be noted that this method is a proxy for
radiolabeled cholesterol efflux assay performed
in cAMP-treated J774 macrophages, and it may
not be taken to represent other efflux models.
The current GWAS for HDL-CEC with over 20,000
participants—approximately four times more than
in the previous GWAS [10]—did not find genetic
associations independent of HDL-C and triglyc-
erides. However, it cannot be ruled out that an
even larger GWAS might distinguish HDL-CEC
specific genetic loci or that they might exist for
other HDL-CEC pathways not represented by J774
stimulated HDL-CEC [11].

The concept behind the pharmacological target-
ing for cholesterol efflux is based on the idea that
agents that increase HDL-CEC should promote
cholesterol removal from atherosclerotic plaques,
thereby decreasing the risk for CHD [15]. However,
there is no direct evidence that this hypothesis

© 2022 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
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would hold in humans [16]. On the contrary, apoA-
I infusion therapies have not led to reductions in
cardiovascular outcomes, despite increasing HDL-
CEC [7]. Furthermore, recent Mendelian random-
ization analyses have shown that circulating apoA-
I concentrations are unlikely to be causally related
to CHD [8, 17], providing indirect evidence that
therapeutic modification of HDL-CEC may not be
beneficial.

The current large-scale genetic and observational
analyses temper enthusiasm for an independent
role of HDL-CEC either in disease prediction or
as a causal entity in cardiovascular disease. How-
ever, further genome-wide data to potentially allow
for robust genetic instruments for HDL-CEC and
Mendelian randomization analyses against various
outcomes would be beneficial alongside large-scale
randomized controlled trials. The results and inter-
pretations here regarding HDL function refer only
to cholesterol efflux as defined in cAMP-treated
J774 macrophages, and no extrapolation to other
efflux models or other types of HDL functionality
should be done.
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