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Abstract
Coronary heart disease (CHD) is a clinical manifestation of atherosclerosis. It is a major cause of
mortality and morbidity both in Finland and globally. Even after the best known treatments a
significant residual risk of CHD remains. A low plasma HDL cholesterol level (HDL, high-density
lipoprotein) is a common lipid abnormality in patients affected by premature CHD and also a
component of the metabolic syndrome, a cluster of risk factors for atherosclerosis associated with
central obesity.
In this study, a phenotype of low HDL cholesterol level and premature CHD was investigated
in two Northern Finnish family populations. The aim was to find new biological factors
accounting for the elevated CHD risk in the phenotype. In the subjects of family population I,
plasma levels of antibodies (IgG, IgM, IgA) against experimental epitopes (malondialdehydeacetaldehyde-modified, copper-oxidized) of oxidized LDL (low-density lipoprotein) particles
were measured. In the subjects of family population II, capacity of HDL fractions (total HDL,
HDL2 and HDL3) to accept cholesterol from a THP-1 experimental foam cell model was assayed
(cholesterol efflux). In addition, a phospholipid composition of their HDL fractions (HDL2 and
HDL3) was measured using liquid chromatography-mass spectrometry.
The antibody levels were not related to CHD or to HDL cholesterol level. Instead, the
cholesterol efflux to HDL2 fraction was clearly impaired in CHD, which was associated with the
low HDL cholesterol level of the patients. The impaired cholesterol efflux to HDL2 fraction was
primarily in conjunction with the metabolic syndrome. The phospholipid composition of HDL
fractions was different between the affected and the non-affected subjects. As an example,
characteristic of the metabolic syndrome were elevated contents of palmitic, palmitoleic or oleic
acids relative to linoleic acid in lysophosphatidylcholines and phosphatidylcholines.
In conclusion, the HDL fraction is both functionally and compositionally modified in the
phenotype of low HDL cholesterol level and premature CHD. Especially the cholesterol efflux
capacity of the HDL2 fraction and thus its many functional properties may be impaired. There are
many characteristic features in the phospholipid composition of the HDL in the phenotype which
were detected in HDL2 and HDL3 fractions.

Keywords: antibodies, cardiovascular risk, cholesterol efflux, coronary heart disease,
fatty acid, HDL, HDL cholesterol, lipidomics, lipoproteins, lysophosphatidylcholine,
metabolic syndrome, oxidized LDL, phosphatidylcholine, phospholipid, sphingomyelin

Paavola, Timo, Matalan HDL-kolesterolitason ja varhaisen sepelvaltimotaudin
yhteyksiä HDL:n toiminnallisuuteen ja fosfolipidikoostumukseen sekä plasman
oxLDL-vasta-ainetasoihin.
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Tiivistelmä
Sepelvaltimotauti on ateroskleroosin kliininen ilmenemismuoto. Se on merkittävimpiä kuolleisuuden ja sairastavuuden aiheuttajia niin Suomessa kuin maailmalla. Parhaillakin tunnetuilla
hoidoilla sepelvaltimotaudille jää huomattava jäännösriski. Plasman matala HDL-kolesterolitaso (HDL, high-density lipoprotein) on yleinen lipidipoikkeavuus varhaista sepelvaltimotautia
sairastavilla ja myös eräs metabolisen oireyhtymän, eli keskivartalolihavuuteen liittyvän ateroskleroosin riskitekijäkasauman, komponentti.
Tässä väitöskirjassa tutkittiin matalan HDL-kolesterolitason ja varhaisen sepelvaltimotaudin
fenotyyppiä kahdessa pohjoissuomalaisessa sukuaineistossa. Tavoitteena oli löytää uusia biologisia tekijöitä fenotyypin kohonneen sepelvatimotautiriskin taustalta. Ensimmäisen aineiston
henkilöiden plasmasta mitattiin vasta-ainetasoja (IgG, IgM, IgA) LDL-hiukkasten (LDL, lowdensity lipoprotein) kokeellisia hapettuneita epitooppeja (malonidialdehydi-asetaldehydi-modioitu ja kuparilla hapetettu LDL) vastaan. Toisessa aineistossa mitattiin henkilöiden HDL-fraktioiden (kokonais-HDL, HDL2 ja HDL3) kykyä saada aikaan kolesterolin ulosvirtausta kokeellisesta THP-1 vaahtosolumallista. Lisäksi heidän HDL-fraktioidensa (HDL2, HDL3) fosfolipidikoostumus mitattiin nestekromatografi-massaspektrometri-laitteistolla.
Vasta-ainetasot eivät liittyneet sepelvaltimotautiin tai HDL-kolesterolitasoon. Sen sijaan
kolesterolin ulosvirtaus HDL2-fraktioon oli selkeästi alentunut sepelvaltimotaudissa, mikä liittyi potilaiden pieneen HDL-kolesterolipitoisuuteen. Alentunut ulosvirtaus HDL2-fraktioon liittyikin ensisijaisesti metaboliseen oireyhtymään. HDL-fraktioiden fosfolipidikoostumus erosi terveiden ja sairaiden välillä. Esimerkiksi metabolisessa oireryhtymässä tunnusomaista oli lysofosfatidyylikoliinien ja fosfatidyylikoliinien sisältämän palmitiinihapon, palmitoleiinihapon tai oleiinihapon suurentunut määrä suhteessa niiden sisältämän linoleenihapon määrään.
Loppupäätelmä on, että matalan HDL-kolesterolitason ja varhaisen sepelvaltimotaudin fenotyypin HDL-fraktio on sekä toiminnaltaan että koostumukseltaan muuntunut. Erityisesti HDL2fraktion kyky saada aikaan kolesterolin ulosvirtausta ja näin ollen sen monet toiminnalliset ominaisuudet voivat olla alentuneet. Fenotyypin HDL:n fosfolipidikoostumuksessa on monia tunnusomaisia piirteitä, joita havaittiin sekä HDL2- että HDL3-fraktiossa.

Asiasanat: fosfatidyylikoliini, fosfolipidit, hapettunut LDL, HDL, HDL-kolesteroli,
kolesterolin ulosvirtaus, lipidomiikka, lipoproteiinit, lysofosfatidyylikoliini,
metabolinen oireyhtymä, rasvahapot, sepelvaltimotauti, sfingomyeliini, sydän- ja
verisuonitautiriski, vasta-aineet
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1

Introduction

Atherosclerosis is the leading vascular disease worldwide (Herrington, Lacey,
Sherliker, Armitage, & Lewington, 2016). Its major clinical manifestations are
coronary heart disease (CHD), ischemic stroke and peripheral artery disease. Of
these diseases, CHD was investigated in this thesis project.
Predominant clinical manifestations of CHD are chest pain or discomfort
known as angina pectoris, and shortness of breath, but it can also manifest itself
with unspecific symptoms such as extreme fatigue (National heart, lung, and blood
institute. coronary heart disease.2015; Mayo clinic. heart disease.2018). The
symptoms can be stable, increasing steadily with an increasing level of physical
strain and cardiac oxygen demand, or unstable, manifesting as sudden attacks at
rest, possibly triggered by various factors such as strong emotional stress (Steptoe
& Kivimaki, 2013). The unstable symptoms can be a clinical sign of myocardial
infarction. CHD and myocardial infarction may lead to clinical complications such
as acute or chronic cardiac insufficiency or an elevated risk of ventricular
arrhythmias, which can be lethal. CHD-related ventricular arrhythmias, especially
in clinically ‘low-risk’ subjects, are a common cause of sudden cardiac death
(Myerburg & Junttila, 2012). The symptoms and complications may lower patient’s
physical performance. Depression is common among myocardial infarction
survivors (Kaptein, de Jonge, van den Brink, & Korf, 2006). Taken together, all this
may debase the quality of patient’s daily life or working capacity.
Age-standardized CHD mortality was 118 deaths per 100,000 working age
men and 17 deaths per 100,000 working age women in eastern Finland in 2012
(Jousilahti et al., 2016). It has declined dramatically from its peak in 1969–1972,
when the equivalent death rates were 643 for men and 114 for women. The
mortality decline in Finland resembles a general trend in the developed countries,
where mortality rates of both CHD and stroke have decreased dramatically from
the middle of the 20th century (Herrington et al., 2016). In 2010, the age-adjusted
mortality was under 200 per 100,000 working age men and under 100 per 100,000
working age women in the United Kingdom (Herrington et al., 2016). Globally,
death rates ranged from over 400 in men and over 200 in women to under 50 in
men and 30 in women in 2010 (Herrington et al., 2016). The CHD mortality in
women in developing countries was nearly two-fold compared with women in
developed countries, and slightly higher in men in developing countries compared
with men in developed countries in 2010. Consequently, low- and middle income
countries now account for more than 80% of global CHD deaths (Finegold, Asaria,
19

& Francis, 2013) and CHD is still the leading cause of premature adult mortality
worldwide (Herrington et al., 2016).
Regardless of the fact that novel LDL-C-targeted therapies have a potential to
further diminish the residual risk of CHD in the future (Wong, Rosenblit, &
Greenfield, 2017), alternative research approaches to eradicate the residual risk are
worth looking into. A common clinical phenotype of premature CHD is associated
with a low plasma high-density lipoprotein cholesterol (HDL-C) level (Genest et
al., 1992). Low HDL-C level is also a component of the metabolic syndrome, a
cluster of risk factors for cardiovascular disease and type 2 diabetes associated with
visceral obesity (Eckel, Alberti, Grundy, & Zimmet, 2010; Reaven, 1988). This
thesis investigated this clinical phenotype to uncover its biological characteristics
that could in part account for its unresolved residual cardiovascular risk.

20
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Review of the literature

2.1

Atherosclerosis and CHD

2.1.1 Pathogenesis
Curves and branches of the arteries are subjected to mechanical stimuli caused by
disturbed blood flow. This leads to endothelial dysfunction, which increases the
accumulation of apoB-containing lipoproteins (LDL, very-low-density lipoprotein
VLDL, lipoprotein remnants) in the subendothelial intimal space of the arteries.
The mechanical stimuli combined with molecular stimuli such as proinflammatory
cytokines and reactive oxygen species lead to endothelial activation. The activated
endothelium increases the expression of monocyte adherence proteins,
proinflammatory receptors and chemoattractants that cause attachment and
transmigration of circulating monocytes into the intimal space. The activated
endothelium also promotes the recruitment of other immune cells into the intima.
The activated endothelium produces reactive oxygen species that oxidize
lipoprotein particles, which in turn produces reactive molecules that further
promote endothelial activation. (Hopkins, 2013; Linton et al., 2015)
In the intima, the monocytes differentiate into macrophages and internalize
modified (e.g. oxidized) LDL and other lipoprotein remnants, transforming into
lipid-laden foam cells, which are histological hallmarks of early atherosclerotic
lesions (fatty streaks). Inflammatory signaling pathways of foam cells are activated
leading to more immune cell recruitment, endothelial activation and lipoprotein
oxidation, which further promote foam cell formation. (Hopkins, 2013; Linton et
al., 2015)
Fatty streaks do not cause clinical complications. A fibrotic plaque develops
and is sustained when macrophage chemoattractants and anti-inflammatory
cytokines of regulatory immune cells stimulate infiltration and proliferation of
smooth muscle cells to form a thick fibrous cap on a plaque. The fibrous plaque
may be asymptomatic for many years or partially occlude the arterial lumen and its
blood flow, causing stable symptoms of CHD. An enhanced macrophage apoptosis
combined with defective efferocytosis of apoptotic cells leads to necrotic cell death,
proinflammatory signaling and degradation of the fibrous cap. Finally, plaque
rupture causes thrombus formation, which manifests clinically as unstable CHD
symptoms (Hopkins, 2013; Linton et al., 2015)
21

2.1.2 Epidemiological risk factors
CHD mortality increases from 2.3 to 2.7-fold for every decade of life in men and
from 2.9 to 3.7-fold in women (Finegold et al., 2013). Age-standardized CHD
mortality in 2010 was globally approximately three-fold in men compared with
women in developed countries and two-fold in developing countries (Herrington et
al., 2016). Male mortality was nearly seven-fold compared with women in eastern
Finland in 2012 (Jousilahti et al., 2016). A majority of the observed reduction in
the age-standardized mortality among working age Finns can be explained by
reductions of smoking prevalence, serum total cholesterol level and systolic blood
pressure (Jousilahti et al., 2016), all of which are major risk factors for
atherosclerotic vascular diseases. Smokers have approximately from two- to fourfold CHD mortality compared with never-smokers, and the excess risk can be
largely removed by smoking cessation (Herrington et al., 2016). Every 20 mmHg
increment in systolic and 10 mmHg increment in diastolic blood pressure increases
CHD mortality to two-fold, the association being causal (Herrington et al., 2016;
Lieb et al., 2013).
Low-density lipoprotein cholesterol (LDL-C) is an atherogenic fraction of
serum total cholesterol (Ference et al., 2017). A reduction of 1.0 mmol/L of LDLC reduces the risk of major coronary events by a quarter and ischemic stroke by
about one fifth (Cholesterol Treatment Trialists' (CTT) Collaboration et al., 2010).
Mendelian randomization experiments suggest that life-long inherited exposure to
lower LDL-C may be associated with an approximately 3 times lower CHD risk
than that estimated by statin trials (Ference et al., 2012). HDL-C is a dense fraction
of serum total cholesterol, and its serum level has shown a reciprocal association
with the CHD risk compared with serum total cholesterol or LDL-C. An increment
of 0.04 mmol/L of HDL-C level is associated with a 2% and 3% reduction in CHD
risk in men and women, respectively, and the association is independent of
triglyceride level or other risk factors in observational epidemiology (D. J. Gordon
et al., 1989; Jacobs, Mebane, Bangdiwala, Criqui, & Tyroler, 1990; Savolainen,
2015). The association is not similar in the whole HDL-C range, as high values do
not add to the protection mediated by average HDL-C level (T. Gordon, Castelli,
Hjortland, Kannel, & Dawber, 1977; Savolainen, 2015). HDL-C level is a
controversial risk marker for new cardiovascular events among subjects with preexisting CHD (Savolainen, 2015). In addition, a causal role of HDL-C level has
been questioned (see section 2.1.3). Serum total cholesterol, LDL-C and HDL-C
levels, in addition to their calculated derivatives, non-HDL-cholesterol level, or
22

ratio of total cholesterol to HDL-C, are the main traditional lipid risk factors of
CHD. The presence of an independent association between plasma triglyceride
level and CHD risk has been controversial in observational epidemiological studies
when adjusted with HDL-C or non-HDL-cholesterol level; HDL-C and triglyceride
level have a strong reciprocal epidemiological association (Emerging Risk Factors
Collaboration et al., 2009; Sarwar et al., 2007). However, plasma triglyceride level
likely has a causal positive relation to CHD risk, which is independent of HDL-C
level (Do et al., 2013; Jorgensen et al., 2013; Triglyceride Coronary Disease
Genetics Consortium and Emerging Risk Factors Collaboration et al., 2010). The
relation can be mediated by the remnant cholesterol content or apoB content of the
triglyceride-rich lipoprotein particles (Ference et al., 2019; Varbo et al., 2013).
Diabetes increases vascular mortality rates on average to two-fold (Herrington
et al., 2016; Rao Kondapally Seshasai et al., 2011). Hyperglycemia is most likely
causally associated with CHD risk: every 1% unit increment of HbA1c is associated
with about a 50% increased risk of CHD (Ross et al., 2015).
Age, total cholesterol, LDL-C, HDL-C, blood pressure, smoking and diabetes
status are collectively referred to as Framingham risk factors and are used routinely
to predict a 10-year absolute risk of any cardiovascular disease (CHD,
cerebrovascular or peripheral arterial disease or heart failure) or a 10-year absolute
risk of one of these diseases in both sexes (D'Agostino RB et al., 2008).
Chronic kidney disease increases the cardiovascular disease risk, but it is often
accompanied by other risk factors such as hypertension and dyslipidemia
(Herrington et al., 2016). Elevated body mass index (BMI) increases the
cardiovascular risk mainly by increasing the prevalence of other risk factors such
as diabetes, high blood pressure, dyslipidemia and chronic kidney disease; every 1
kg/m2 increase of BMI from 25 kg/m2 has been associated with an 8% increase in
CHD mortality (Herrington et al., 2016). Socioeconomic status is strongly
inversely associated with cardiovascular disease and cardiovascular disease risk
factors in high-income countries (de Mestral & Stringhini, 2017). Emotional stress
is a risk factor of CHD and affects its prognosis (Steptoe & Kivimaki, 2013).
Psychological interventions reduced CHD mortality among CHD patients, though
not total mortality or new CHD events (Richards et al., 2018). Physical inactivity
predisposes to cardiovascular diseases, but there is limited evidence regarding the
exact characteristics of this association (Herrington et al., 2016).
High-sensitivity C-reactive protein level has been epidemiologically
associated with higher risk for CHD and improved cardiovascular risk assessment
on top of traditional risk factors (Emerging Risk Factors Collaboration et al., 2010;
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Emerging Risk Factors Collaboration et al., 2012; Ridker, 2016). The
epidemiological association has not been replicated in all populations, and it has
also been suggested that the C-reactive protein could serve as an additive marker
for stratification, primarily in high-risk patients (H. H. Liu et al., 2019). The causal
role of C-reactive protein in the development of CHD is unlikely based on the
findings provided by the Mendelian randomization approach (C Reactive Protein
Coronary Heart Disease Genetics Collaboration (CCGC) et al., 2011). There are
many other proposed or verified non-traditional cardiovascular risk biomarkers or
factors such as LDL (low-density lipoprotein) or HDL (high-density lipoprotein)
particle concentrations, LDL particle size distribution and apolipoprotein B (apoB)
or A-I (apoA-I) levels (Ramasamy, 2018). ApoB-level may be a causal risk factor
(Ference et al., 2019).
2.1.3 HDL as a risk factor – HDL-C level in Mendelian randomization
studies and HDL particle concentration
Approximately half of the plasma HDL-C level variation in the human population
derives from genetic variation (Weissglas-Volkov & Pajukanta, 2010). A part of this
variation stems from polymorphisms in genes of HDL metabolism (see section
2.2.2), such as LCAT-gene (coding lecithin cholesterol acyltransferase, LCAT),
LIPG (coding endothelial lipase, EL) or SCARB1 (coding scavenger receptor class
B type 1, SR-BI). Accumulating evidence suggests that these polymorphisms, or
polymorphisms of other genes having a significant effect primarily on HDL-C level,
are not independently linked with a risk of incident CHD (Haase et al., 2012;
Holmes et al., 2015; Voight et al., 2012; White et al., 2016). Many of the studied
polymorphisms affected specifically HDL-C level without regulating other lipid
levels or known non-lipid cardiovascular risk factors, diminishing the possibility
of confounding effects. Some of these studies suggest that the observational
association between HDL-C level and CHD risk can be explained by the reciprocal
relation of plasma HDL-C to plasma triglyceride levels (Holmes et al., 2015; White
et al., 2016).
Variation of HDL-C level accounts only for up to half of circulating HDL
particle concentration variation in the human population (see section 2.2.1). HDL
particle concentration may be a better predictor of the development of subclinical
atherosclerosis or CHD than HDL-C level in primary prevention (Duprez et al.,
2015; El Harchaoui et al., 2009; Rohatgi et al., 2014), although a negative result
concerning its prognostic role among healthy women has been published (Mora et
24

al., 2009). As an example of these findings, only HDL particle concentration, but
not HDL-C level, remained an independent predictor of carotid intima-media
thickness (IMT) or incident CHD adjusted for each other (HDL-C level or particle
concentration), LDL particle concentration and other risk factors in a multiethnic
population without baseline CHD (Mackey et al., 2012). There are also studies
indicating that HDL particle concentration is a better predictor of CHD than HDLC level in subjects with a high CHD event risk (McGarrah et al., 2016; Otvos et al.,
2006; Parish et al., 2012). Adding total HDL particle concentrations, rather than
HDL-C level, to multivariate prediction models improved performance metrics for
cardiovascular mortality in a population referred for coronary angiography
(Silbernagel et al., 2017). HDL particle concentration may be particularly potent in
predicting residual cardiovascular risk of statin-treated subjects (Mora, Glynn, &
Ridker, 2013). The roles of HDL subfraction particle concentrations in predicting
cardiovascular disease in primary or secondary prevention are not established
(Duprez et al., 2015; El Harchaoui et al., 2009; McGarrah et al., 2016; Mora et al.,
2009; Mora et al., 2013; Otvos et al., 2006; Parish et al., 2012; Silbernagel et al.,
2017).
2.2

HDL

2.2.1 Structure and subfractions
Plasma HDL is a heterogenic protein-rich lipoprotein fraction composed of
particles which vary in their protein and lipid content and composition, and thus in
their density, size, shape and charge (Kontush et al., 2015).
Metabolically nascent HDL is composed of discoidal particles where two
opposite layers of polar phospholipids are surrounded by a ‘double belt’ of apoA-I
molecules (Jonas, 1986; Segrest et al., 1999). Other conformational models of
apoA-I than the ‘double-belt’ model have been proposed as well. The nascent
discoidal particles are extremely rapidly metabolized to spherical HDL particles
(Kontush et al., 2015) which form the bulk of HDL particles in human plasma
(Figure 1) (Kontush et al., 2015). The major structural and functional proteins
apoA-Is are folded around the surface of the particles in distinct conformations (R.
Huang et al., 2011; Silva et al., 2008). In addition to its major structural and
functional apolipoproteins, HDL particles carry a cargo of multiple other proteins,
which are located on the surface of the particles.
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Ultracentrifugation is a golden standard method to isolate HDL subfractions
from plasma (de Lalla & Gofman, 1954). In sequential ultracentrifugation (Havel,
Eder, & Bragdon, 1955) two HDL fractions, HDL2 (1.063–1.125 g/ml) and more
dense HDL3 (1.125–1.21 g/ml) are separated (Kontush et al., 2015). These
lipoprotein particles can be further fractionated by non-denaturing polyacrylamide
gradient gel electrophoresis (Nichols, Krauss, & Musliner, 1986) or by isopycnic
density gradient ultracentrifugation into a total of five different subfractions:
HDL3c (7.2-7.8 nm), HDL3b (7.8-8.2 nm), HDL3a (8.2–8.8 nm), HDL2a (8.8–9.7
nm) and HDL2b (9.7–12.0 nm) (Kontush et al., 2015). However, other techniques
such as NMR-spectroscopy, agarose gel (2D) electrophoresis or
electroimmunodiffusion yield different subfractions which are not intercomparable.
Therefore, a standard HDL nomenclature has been proposed by Rosenson et al.
(Rosenson et al., 2011) which combines characteristics from multiple
subfractionation methods and defines five subclasses: very large (12.9–9.7 nm),
large (9.7–8.8 nm), medium (8.8–8.2 nm), small (8.2–7.8 nm) and very small (7.8–
7.2 nm) HDL.
HDL-C is correlated with total HDL particle concentration measured by NMRspectroscopy (r = 0.52–0.69, (Mackey et al., 2012; Mani et al., 2017; Mora et al.,
2013; Rohatgi et al., 2014)) or by calibrated-ion mobility analysis (r = 0.54,
(Monette et al., 2016). The positive correlation is the strongest with a concentration
of large HDL particles (r = 0.87–0.77), but turns negative with a concentration of
small HDL particles (Mackey et al., 2012; Monette et al., 2016).
Protein composition
A study reported that the surface of native HDL particles is largely covered by
apoA-I (R. Huang et al., 2011). ApoA-I is a central functional and structural
apolipoprotein of HDL particles comprising approximately 70% of total HDL
protein. It is mainly synthesized in the liver and small intestine. Another abundant
apolipoprotein of HDL, apoA-II, accounts for 15–20% of HDL protein. Some HDL
particles contain only apoA-I whereas other particles contain both apoA-I and
apoA-II. ApoE is an important structural and functional apolipoprotein of a distinct
apoE-containing HDL subpopulation and is also an abundant protein component of
apoB-lipoprotein fractions. Other apolipoproteins bound to HDL (and possibly also
to other lipoprotein classes) include apoA-IV, different apoCs, apoF, apoH, apoJ
(clusterin), apoL-1, apoM and apoO. (Kontush et al., 2015).
HDL carries multiple lipid transfer proteins such as LCAT, phospholipid
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Fig. 1. Surface (A) and cross-section (B) of a spherical HDL particle from a computer
simulation. The surface mainly consists of phosphatidylcholines. Sphingomyelins and
free (unesterified) cholesterol make up a smaller fraction of surface lipids, among minor
phospholipid species and other hydrophilic lipids. Cholesteryl esters are abundant in
the particle core, which also contains much smaller amounts of triacylglycerides and
other hydrophobic lipid species. ApoA-I, apolipoprotein A-I. Reprinted and modified
from Koivuniemi & Vattulainen (2015). Copyright (2015), with permission from Elsevier.

transfer protein (PLTP) and cholesteryl ester transfer protein (CETP, (Kontush et
al., 2015). In addition, multiple other proteins belonging to diverse functional
classes have been identified bound to human physiological HDL particles
(Davidson et al., 2009; S. M. Gordon, Deng, Lu, & Davidson, 2010; Vaisar et al.,
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2007). These include antioxidative enzymes of HDL, paraoxonase 1 (PON-1),
paraoxonase 3 (PON-3), platelet-activating factor-acetylhydrolase (PAF-AH, also
known as lipoprotein associated phospholipase A2 or LpPLA2) and glutathione
peroxidase 3 (Kontush, Chantepie, & Chapman, 2003; Kontush et al., 2015), and
multiple proteins related to functions of the immune system such as serum amyloid
A (SAA) and different components of complement (Davidson et al., 2009; S. M.
Gordon et al., 2010; Vaisar et al., 2007). Many of these diverse proteins are
exclusively or preferentially bound to the dense HDL3 fraction (Davidson et al.,
2009; Kontush et al., 2015).
Lipid composition
The lipidome composes 30 to 70% of the total mass of the HDL fraction (Table 1).
The proportion is the highest in the large lipid-rich HDL2 fraction and the lowest
in the small dense protein-rich HDL3 fraction (Kontush, Lhomme, & Chapman,
2013). The main structural phospholipid classes of the particle surface are
phosphatidylcholines and sphingomyelins (Kontush et al., 2015). Sphingomyelins
and unesterified cholesterol enhance surface rigidity (Kontush et al., 2015; Rye,
Hime, & Barter, 1996). Cholesteryl esters form the bulk of non-polar lipids of the
spherical HDL particle core (Kontush et al., 2015). The lipid composition of HDL
fractions varies: for example the molar proportions of sphingomyelins and
unesterified cholesterol among total lipids are the highest in large particles
(Kontush et al., 2007; Kontush et al., 2015).
Micro-RNAs
HDL and also other lipoproteins transport micro-RNAs in the circulation (Michell
& Vickers, 2016; Vickers, Palmisano, Shoucri, Shamburek, & Remaley, 2011;
Wagner et al., 2013). It has been reported that HDL particles transfer micro-RNAs
into cells (Vickers et al., 2011) athough HDLs did not transfer micro-RNAs into
endothelial or some other cells in vitro in another study (Wagner et al., 2013).
Among their biological functions, micro-RNAs regulate the metabolism of HDL
and other lipoproteins (Feinberg & Moore, 2016).
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Table 1. Lipid composition of high-density lipoproteins.
Lipid class

Major fatty acids

% of HDL lipid mass

Phosphatidylcholines

16:0/18:2, 18:0/18:2

33-45

Lysophosphatidylcholines

16:0, 18:0

Surface lipids

Phosphatidylethanolamines

0.5-5
0.5-1.5

Phosphatidylinositols

0.5-1.5

Phosphatidylserines

0.02-0.04

Cardiolipins

0.2

Plasmalogens
Sphingomyelins

0.5-1.5
16:0, 24:1, d18:1

Minor sphingolipids: ceramides,

5-10
<0.1

sphingosine-1-phosphates etc.
Steroids, mostly unesterified

N.A.

5-10

cholesterol
Core lipids
Cholesteryl esters

18:2

30-40

Triacylglycerides

16:0, 18:1, 18:2

5-12

Data according to Kontush et al., 2013, Yetukuri et al., 2010, Kontush et al., 2015, Ståhlman et al., 2013,
Kontush et al., 2007.

2.2.2 Metabolism and reverse cholesterol transport
The metabolism of HDL is closely bound up with a physiological concept termed
reverse cholesterol transport (Figure 2). The process transports peripheral
cholesterol to the liver to be excreted via bile into the intestine. The concept was
initially proposed by Glomset and Wright (Glomset & Wright, 1964; Glomset,
1968).
Cholesterol efflux pathways and formation of HDL
Cholesterol efflux from peripheral cells to HDL particles is the first step of reverse
cholesterol transport (Figure 2). After initial reports of cell culture systems to study
the role of HDL particles (Barbaras, Grimaldi, Negrel, & Ailhaud, 1986; Bates &
Rothblat, 1974; DeLamatre, Wolfbauer, Phillips, & Rothblat, 1986; Oram, 1983)
or whole serum samples (Bates & Rothblat, 1974; Castro & Fielding, 1988; de la
Llera Moya et al., 1994) in this cholesterol traffic in vitro, a number of similar
systems have been applied for mechanistic studies of cholesterol efflux. The exact
molecular mechanisms and pathways of this traffic remained unknown for many
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years after the first observations suggesting that a specific receptor or receptors
might facilitate the flux of cholesterol to HDL (Graham & Oram, 1987).
Tangier is a small flat island located in the middle of Chesapeake Bay in
Virginia, United States. In the 1960s, a rare inherited disorder, Tangier disease, was
found among its inhabitants, whose clinical characteristics are extremely low
plasma HDL-C and apoA-I concentrations, and deposition of cholesteryl esters in
the reticulo-endothelial system, causing e.g. splenomegaly and enlargement of
tonsils and lymph nodes (Assmann, von Eckardstein, & Brewer Jr, 2014). Patients
have also accelerated atherosclerosis (Serfaty-Lacrosniere et al., 1994). A defect in
a gene coding ATP-binding cassette transporter A1 (ABCA1) is the underlying
cause of the disease (Bodzioch et al., 1999; Brooks-Wilson et al., 1999; Rust et al.,
1999). The defect was shown to associate with reduced cholesterol efflux from skin
fibroblasts of affected subjects (Brooks-Wilson et al., 1999). ABCA1 removes
cellular free cholesterol and phospholipid to apoA-I containing acceptor particles
and is located at the cell surface (Lawn et al., 1999). Its transport function is active,
demanding energy from cellular ATP, and is unidirectional (Phillips, 2014;
Rosenson et al., 2012). ABCA1 expression on the surface of human macrophages
and cholesterol removal from their endosomal compartments are regulated by Rab8
GTPase (Linder et al., 2009). ABCA1-mediated cholesterol efflux creates
simultaneously a spectrum of nascent HDL particles of various sizes composed of
different
amounts
of
apoA-I
molecules,
phospholipids
(mainly
phosphatidylcholines and sphingomyelins) and free cholesterol (P. T. Duong et al.,
2006; L. Liu et al., 2003). During the efflux process, also large free-cholesterolrich microparticles are formed simultaneously; they do not contain apoA-I and
originate from lipid-raft domains of the plasma membrane based on their lipid
composition (P. T. Duong et al., 2006; L. Liu et al., 2003). The minimally lipidated
nascent HDL particles are poor ligands for ABCA1, suggesting a specificity of this
transporter for lipid-free or lipid-poor apoA-I (Mulya et al., 2007).
Soon after the discovery of ABCA1, another ATP-binding cassette transporter
ABCG1 was shown to mediate cholesterol transport to HDL3 particles (Klucken et
al., 2000). Further investigations found out that its principal acceptors are HDL3
and HDL2 particles but not lipid-poor apoA-I (N. Wang, Lan, Chen, Matsuura, &
Tall, 2004). The transsporter demands energy from cellular ATP and facilitates
unidirectional transport (Phillips, 2014; Rosenson et al., 2012). It transports
cholesterol from the cell interior into plasma membrane to form pools of activated
cholesterol in the vicinity of its transmembrane structure (Phillips, 2014). The
activated cholesterol possesses enough kinetic energy in the form of oscillatory
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motion perpendicular to plasma membrane to be ultimately desorbed from plasma
membrane and diffuse to an acceptor particle. The transporter transfers cholesterol
and phospholipids to phospholipid-rich apoA-I particles which are formed from
lipid-free apoA-Is when they are incubated with cells expressing ABCA1
transporter, but also to recombinant phospholipid-rich particles not containing
apoA-I (Gelissen et al., 2006; Sankaranarayanan et al., 2009). These findings imply
a concerted action of the two transporters, ABCA1 and ABCG1, to form mature
HDL particles (Gelissen et al., 2006). The phospholipid content and size of the
acceptor particles are positively correlated with ABCG1-mediated cholesterol
efflux (Du et al., 2015; Sankaranarayanan et al., 2009).
SR-BI mediates cellular cholesterol efflux to HDL and was shown to be
expressed in thickened intima of atheromatous aorta in apoE knockout mice (Ji et
al., 1997). HDL particles can bind to the receptor. This binding and efflux of free
cholesterol are enhanced by high total phospholipid amount, high
phosphatidylcholine amount and large size of HDL particles (Jian et al., 1998;
Thuahnai, Lund-Katz, Williams, & Phillips, 2001; Yancey et al., 2000). When the
acceptor particles are bound, the receptor facilitates bidirectionally both transport
of free cholesterol from plasma membrane to HDL particle and cholesteryl esters
from HDL particle to plasma membrane according to their concentration gradients
(Phillips, 2014). This transport does not require external energy (Phillips, 2014;
Rosenson et al., 2012). The receptor also creates pools of activated cholesterol
similarly as ABCG1, where cholesterol is readily desorbed into a diverse spectrum
of acceptor particles (Phillips, 2014). The relevance of the SR-BI-mediated efflux
pathway for total macrophage cholesterol homeostasis in vivo is debatable. Only
ABCA1 or ABCG1 knockdown, but not SR-BI knockdown, reduced cholesterol
efflux from mouse macrophages in vitro as well as reverse cholesterol transport
from transplanted cholesterol-loaded macrophages in a mouse model in vivo (X.
Wang et al., 2007). Although macrophages from SR-BI-transfected mice effluxed
more free cholesterol than control cells in vitro, there was no total cholesterol mass
flux, probably due to cholesterol ester reuptake by SR-BI (Yvan-Charvet, Pagler et
al., 2008). SR-BI expression also inhibited ABCA1-mediated free cholesterol
efflux in a dose-dependent manner and promoted uptake of free cholesterol in vitro
(W. Chen, Silver, Smith, & Tall, 2000). Only a minor proportion of total free
cholesterol efflux from cholesterol-loaded mouse peritoneal macrophages was SRBI-mediated, ABCA1 being the most substantial pathway (Adorni et al., 2007).
There is also an autocrine pathway of cholesterol efflux from macrophages.
ApoE is excreted by human macrophages and accepts free cholesterol and
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phospholipids from macrophages without the presence of exogenous cholesterol
acceptors in vitro (W. Y. Zhang, Gaynor, & Kruth, 1996). Endogenously excreted
apoE promoted more cholesterol efflux than exogenously added apoE, suggesting
that intracellular and pericellular mechanisms may be related to apoE secretionmediated cholesterol depletion (Lin, Duan, & Mazzone, 1999). Macrophages from
apoE-deficient mice had reduced ability to efflux cholesterol compared with
healthy mice (Zanotti et al., 2011). ApoE is lipidated by ABCA1, ABCG1 and SRBI (Chroni, Nieland, Kypreos, Krieger, & Zannis, 2005; Kypreos & Zannis, 2007;
Matsuura, Wang, Chen, Jiang, & Tall, 2006). Due to its molecular structure, apoE
enables formation of larger-diameter spherical HDL particles than apoA-I which
are able to carry more lipid load (Hatters, Peters-Libeu, & Weisgraber, 2006;
Mahley, Huang, & Weisgraber, 2006; Peters-Libeu, Newhouse, Hatters, &
Weisgraber, 2006). In addition to binding HDL receptor SR-BI in the liver
(Thuahnai et al., 2001), apoE HDL facilitates delivery of cholesterol to the liver
through binding to LDL receptors (Hatters et al., 2006).
Free cholesterol was early discovered to diffuse from cells to HDL particles
via aqueous phase (Rothblat & Phillips, 1982). Aqueous diffusion does not require
external energy (Phillips, 2014; Rosenson et al., 2012) and is bidirectional, either
from cells to HDL particles or from particles to cells. Net mass transfer of diffused
free cholesterol between two lipid surfaces is based on a free cholesterol
concentration gradient between them (Phillips, 2014). The physical state of the
phospholipid surface affects desorbtion energy and thus the diffusion rate of free
cholesterol molecules. The physical state is regulated by the degree of phosholipid
acyl chain unsaturation and the content of sphingomyelin (Phillips, 2014). Aqueous
diffusion was found to be a substantial pathway of cholesterol efflux from
macrophages to serum in vitro (Adorni et al., 2007).
Enzymatic HDL biogenesis and remodeling
LCAT is mostly synthesized by the liver and circulates in the blood reversibly
bound to lipoproteins (Jonas, 2000). It binds preferentially to small HDL particles
(Glomset, Janssen, Kennedy, & Dobbins, 1966; Jonas, 2000) and the enzyme is
effectively activated by apoA-I (Fielding, Shore, & Fielding, 1972; Sorci-Thomas
& Thomas, 2002). On HDL surface, LCAT catalyzes transfer of an sn-2 position
fatty acid from a phospholipid to a free cholesterol molecule, forming a cholesterylester and a lysophospholipid (Glomset, 1962; Jonas, 2000). This reaction preserves
concentration gradient of free cholesterol between HDL and cells, thus promoting
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cholesterol efflux from cells to HDL (Glomset & Wright, 1964; Glomset, 1968).
Cholesteryl esters are more hydrophobic than free cholesterol molecules and form
the hydrophobic core of HDL particles, thus converting discoidal nascent HDL
particles to spherical mature particles (Jonas, 2000). In humans, mutations in LCAT
are associated with accumulation of discoidal prebeta-HDL, small-sized spherical
alpha-4 HDL and low total HDL level in the plasma (Santamarina-Fojo, Remaley,
Neufeld, & Brewer, 2001). These findings confirm the central role of LCAT activity
in physiological HDL maturation in humans. However, the mutations or
polymorphisms of LCAT lowering HDL-C have not consistently predisposed
humans to atherosclerosis (Haase et al., 2012; Levinson & Wagner, 2015; Rosenson
et al., 2012), which questions the relevance of inter-individual variation of reverse
cholesterol transport in the pathogenesis of human atherosclerosis (Levinson &
Wagner, 2015).
Lipases remodel HDL in plasma. Hepatic lipase (HL) lipolyses phospholipids
and triglycerides of HDL particles as well as those lipids of apoB-containing
lipoproteins at the endothelial surface of hepatic sinusoid capillaries (Martinez,
Najib, Perret, Cabou, & Lichtenstein, 2015; Santamarina-Fojo, Gonzalez-Navarro,
Freeman, Wagner, & Nong, 2004; Shirai, Barnhart, & Jackson, 1981). Smaller
triglyceride-depleted HDL2 particles and pre-beta HDL particles are formed as a
result of the HDL lipolysis (Barrans et al., 1994; Guendouzi et al., 1999; Shirai et
al., 1981). Endothelial lipase (EL) has triglyceride lipase activity similarly as the
HL, but it is mainly phospholipase and is synthesized by endothelial cells (Jaye et
al., 1999).
PLTP (Albers, Tollefson, Chen, & Steinmetz, 1984; Tall, Abreu, & Shuman,
1983) exists as a high-active (HA-PLTP) and low-active (LA-PLTP) form in human
plasma (Kärkkäinen et al., 2002; Oka et al., 2000). Between 50% and 90% of PLTP
mass in normal plasma is LA-PLTP whose physiological function is not known
(Albers, Vuletic, & Cheung, 2012). HA-PLTP has two primary functions in the
remodeling of HDL (Albers et al., 2012). First, it facilitates transfer of
phospholipids from surface remnants of lipolysed triglyceride-rich lipoproteins to
HDL (Tall, Krumholz, Olivecrona, & Deckelbaum, 1985). Thus, HA-PLTP
contributes to lipidation of apoA-I. Second, it fuses small HDL3 particles together
to form bigger HDL2 particles and small pre-beta-HDL particles (Jauhiainen et al.,
1993; Tu, Nishida, & Nishida, 1993; Vikstedt et al., 2007; von Eckardstein et al.,
1996).
CETP is a member of the same glycoprotein family as PLTP (Bruce, Chouinard,
& Tall, 1998). It circulates mainly bound to HDL (Tall, 1993) and transfers
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cholesteryl esters from HDL to VLDL, IDL (intermediate-density lipoprotein) and
LDL in exchange for triglycerides (Eisenberg, 1985; Morton & Zilversmit, 1983;
Yen et al., 1989). The transfer of cholesteryl esters from HDL to apoB-lipoproteins,
which are then taken by the LDL receptors into the liver, forms an indirect pathway
of reverse cholesterol transport. This pathway transferred 70% of HDL cholesteryl
esters to apoB-lipoproteins in rabbits (Goldberg, Beltz, & Pittman, 1991) which
naturally express CETP (unlike mice). CETP-mediated lipid transfer between HDL
and apoB-lipoproteins dissociates lipid-free pre-beta migrating apoA-I from alphamigrating HDL fraction and reduces the particle size of the alpha-migrating fraction
(H. Q. Liang, Rye, & Barter, 1994).
Hepatic uptake of cholesterol
Although the role of SR-BI in reducing macrophage net cholesterol load in
atherosclerotic intima is controversial, it is an established liver HDL receptor
(Acton et al., 1996). It mediates selective cholesteryl ester (Acton et al., 1996;
Brundert et al., 2005; Varban et al., 1998) and also free cholesterol (Ji et al., 1999)
uptake from HDL particles to hepatocytes. Consistently with this physiological
cholesterol acceptor role, its expression level has been directly related to reverse
cholesterol transport efficiency in mouse studies (Kozarsky et al., 1997; Ueda et al.,
1999; N. Wang, Arai, Ji, Rinninger, & Tall, 1998; Y. Zhang et al., 2005).
Ecto-F1-ATPase (β-ATPase) / P2Y13 is another pathway of hepatic uptake of
HDL (Martinez et al., 2003). Ecto-F1-ATPase is a subunit of the mitochondrial ATP
synthase enzyme. It generates ADP which activates the cell membrane P2Y13
receptor. The P2Y13 receptor mediates a signaling cascade leading to cytoskeleton
reorganization and endocytosis of HDL holoparticles (Martinez et al., 2015).
P2Y13 expression level in mouse models has been directly linked with the uptake
of HDL, biliary lipid secretion and macrophage-to-feces reverse cholesterol
transport (Blom et al., 2010; Fabre et al., 2010; Lichtenstein et al., 2013; Serhan et
al., 2013). Mitochondrial inhibitor factor 1 inhibits ecto-F1-ATPase (Martinez et
al., 2003).
2.2.3 Biological pleiotropy of HDL
In addition to their established role in cholesterol metabolism, HDLs mediate
diverse signaling to cells, such as macrophages. Binding of apoA-I to ABCA1
stabilizes the receptor (Yamauchi, Hayashi, Abe-Dohmae, & Yokoyama, 2003) and
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triggers intracellular cholesterol mobilization for efflux (Yamauchi et al., 2004).
The binding also activates the JAK2/STAT3 signaling pathway that transforms
macrophages from proinflammatory to anti-inflammatory phenotype (Tang, Liu,
Kessler, Vaughan, & Oram, 2009).
Binding of HDL to SR-BI triggers likewise many intracellular signaling
cascades. The signaling upregulates insulin sensitivity through promoting
translocation of glucose transporter GLUT4 to plasma membrane (Q. Zhang et al.,
2011). It modulates vasodilation by activating endothelial nitric oxide synthase
(Yuhanna et al., 2001), which effect requires SR-BI-mediated cholesterol efflux
(Assanasen et al., 2005). However, the role of cholesterol efflux in some of the
other signaling effects (angiogenesis, re-endothelialization, (Nofer, 2015) mediated
by the binding of HDL to SR-BI is not currently clearly established. HDL may also
transfer micro-RNAs to recipient cells through the SR-BI (Tabet et al., 2014).
Lysosphingolipids sphingosine-1-phosphate, sphingosylphosphorylcholine
and lysosulfatide are small bioactive lipids carried by HDL (Nofer et al., 2000;
Nofer et al., 2004). Sphingosine-1-phosphate is the most studied of these
lysosphingolipids so far. It binds to G-protein-coupled S1P1-5 receptors which
trigger many intracellular signaling cascades via regulation of several protein
kinases or other intracellular molecular mediators (Nofer, 2015). Binding of
sphingosine-1-phosphate to its receptors can modulate the functions or integrity of
endothelial barrier (Argraves et al., 2008; Kimura et al., 2006). It can also trigger
signaling that inhibits apoptosis and inflammatory responses or promotes
proliferation in vascular and some other cell types (Kimura et al., 2001; Kimura et
al., 2006; Nofer et al., 2000; Nofer et al., 2001; Norata & Catapano, 2005;
Sachinidis et al., 1999; Tölle et al., 2008).
Binding of HDL to the ecto-F1-ATPase/P2Y13 on endothelial cells promoted
their proliferation and survival and transcytosis (Cavelier, Ohnsorg, Rohrer, & von
Eckardstein, 2012; Radojkovic et al., 2009).
Anti-inflammatory effects
HDL particles and apoA-I exert anti-inflammatory and anti-atherogenic effects on
many cell types relevant for atherogenesis: endothelial cells, monocytes and
macrophages, T cells, hematopoietic stem and progenitor cells and smooth muscle
cells. There are many in vitro or animal studies illustrating these biological effects
(Bursill et al., 2010; De Nardo et al., 2014; Feig et al., 2011; Tiniakou et al., 2015;
Westerterp et al., 2012; Wilhelm et al., 2010; Yvan-Charvet et al., 2010).
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Recombinant HDL infusion decreased vascular cell adhesion molecule-1
expression on endothelial cells in humans (J. A. Shaw et al., 2008). Mechanistically,
inhibition of nuclear receptor factor kappa B has been linked with antiinflammatory effects in many in vitro studies (Bursill et al., 2010; McGrath et al.,
2009; S. H. Park, Park, Kang, & Kang, 2003; Tiniakou et al., 2015). HDL may also
transfer anti-inflammatory micro-RNAs between cells (Tabet et al., 2014).
Many of the anti-inflammatory effects of HDL have been attributed to its
cholesterol efflux capacity that modulates lipid rafts of the cell membrane. Lipid
rafts are special areas with a distinct molecular composition on the plasma
membrane which provide a platform for efficient signal transduction through
several receptor families. The cholesterol content of macrophage cell membrane
lipid rafts regulates inflammatory responses of these cells (Sun et al., 2009; YvanCharvet, Welch et al., 2008). Monocyte inflammatory response was attenuated by
apoA-I and HDL which was associated with cholesterol efflux and depletion of
their lipid raft cholesterol content, and the effect of apoA-I was inhibited by
blocking ABCA1 (Murphy et al., 2008). In vitro studies with human THP-1
macrophages revealed that an anti-inflammatory effect of ABCA1-mediated
cholesterol efflux to apoA-I modulating the lipid raft composition was mediated by
inhibition of the nuclear factor kappa B (Yin et al., 2012). In addition to
macrophages, both apoA-I and HDL inhibited adipocyte proinflammatory
responses, which was associated with disruption and removal of cholesterol from
their lipid rafts (Umemoto et al., 2013). Deficiencies of ABCA1 and ACBG1
receptors in LDL receptor -/- mice induced higher interleukin-18 and interleukin1β secretion by their myeloid cells, which was mediated by inflammasome
activation in them hypothetically due to cholesterol accumulation (Westerterp et al.,
2018). Plasma levels of these interleukins and inflammasome activation were
elevated in Tangier disease patients in that study and interleukin-1β antagonism
protected from CHD in a clinical trial (Ridker et al., 2017)
Antioxidative effects
Normal HDL and apoA-I inhibit formation of oxLDL in vivo and in vitro (Navab,
Hama, Cooke et al., 2000). HDL accepts oxidized lipids from LDL (Navab et al.,
2000). Illustrating this effect, HDL particles are central carriers of isoprostanes
(Proudfoot et al., 2009), final products of lipid peroxidation, and lipid
hydroperoxides (Bowry, Stanley, & Stocker, 1992) in plasma.
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In addition to being a ‘sink’ for oxidized lipids from other lipoproteins, HDL
particles possess active antioxidative function. First, HDL apolipoproteins, in
particular all apoA-I methionine residues (Garner, Waldeck, Witting, Rye, &
Stocker, 1998), but also minor HDL apolipoproteins A-IV (Ostos et al., 2001) and
E (Miyata & Smith, 1996) have antioxidative capacity. Second, hydrolytic enzymes
PON-1 and PAF-AH account for part of the antioxidative effects of HDL, PON-1
being the most studied of them (Hansel et al., 2004; Kontush, de Faria, Chantepie,
& Chapman, 2005; Navab, Hama, Anantharamaiah et al., 2000; Nobecourt et al.,
2005; Shih et al., 1998; Tward et al., 2002; Van Lenten et al., 1995; Watson et al.,
1995). An exact mechanism how PON-1 protects LDL from oxidation is not known,
but it has an ability to hydrolyze truncated oxidized fatty acids from phospholipids,
cholesteryl esters and triglycerides (Mackness & Mackness, 2015).
The antioxidative and anti-inflammatory function of these enzymes and the
whole HDL fraction are partly overlapping. Oxidation of LDL lipids was strongly
correlated with the capacity of LDL to stimulate inflammatory responses in
vascular cell cultures (Navab et al., 2001). A loss of PON-1 or PAF-AH activities
of acute phase HDL after surgery (Van Lenten et al., 1995) or a loss of PON-1
activity of HDL from CHD patients (Navab et al., 2000) depleted the capacity of
HDL to inhibit inflammatory responses induced by LDL on vascular cells in vitro.
2.3

Low HDL-C level – clinical and biological links

2.3.1 Metabolic syndrome, type 2 diabetes and obesity
A low HDL-C level is not only a risk factor for CHD as described earlier. It is also
a key component of the metabolic syndrome, which is a cluster of risk factors for
cardiovascular disease and type 2 diabetes (Reaven, 1988). In a global definition of
the metabolic syndrome, the risk factors include raised blood pressure,
dyslipidemia (raised triglyceride and low HDL-C levels), raised fasting glucose
level and central obesity (Eckel et al., 2010). A low HDL-C level is also a
component of diabetic dyslipidemia, a characteristic of type 2 diabetes, which
includes additionally high plasma triglyceride concentration and increased
concentration of small dense LDL particles (Chehade, Gladysz, & Mooradian,
2013). Type 2 diabetes is often accompanied by obesity, which shows a similar
pattern of low HDL-C level and elevated plasma triglycerides (Savolainen, 2015).
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An independent role of low HDL particle amount in the development of
metabolic syndrome or type 2 diabetes is controversial (Haase, Tybjaerg-Hansen,
Nordestgaard, & Frikke-Schmidt, 2015; Mani et al., 2017; White et al., 2016)
2.3.2 Other epidemiological associations
Aging has been shown to decrease HDL-C level in prospective studies (Walter,
2009). In addition to type 2 diabetes and atherosclerosis, low HDL-C level is also
associated with psoriasis, rheumatoid arthritis and various cancers in
epidemiological studies (Savolainen, 2015). Several environmental factors such as
smoking and high intake of refined carbohydrates can lower the HDL-C level
(Savolainen, 2015).
2.3.3 Inflammation and other biological links to metabolic syndrome
and visceral obesity
Low-grade chronic inflammation is a pathophysiological component of the
metabolic syndrome (Saltiel & Olefsky, 2017). Peripheral blood monocytes of low
HDL-C level subjects showed a proinflammatory gene expression pattern (SarovBlat et al., 2007). Subjects with low plasma HDL-C level (<10th percentile)
showed many features of an enhanced inflammatory activity based on their
genomic, transcriptomic and lipidomic profiling (Laurila et al., 2013). Expression
of proinflammatory genes was upregulated in adipose tissue of the low HDL-C
subjects.
Inflammation is also a mechanism in the development of insulin resistance, a
central component in the pathophysiology of the metabolic syndrome (Saltiel &
Olefsky, 2017; Tchernof & Despres, 2013). Adipocytes secrete adipokines that can
attract macrophages into adipose tissue. The macrophages and adipocytes in turn
secrete many proinflammatory cytokines that induce insulin resistance in tissues
and modify metabolism in the liver (Saltiel & Olefsky, 2017; Tchernof & Despres,
2013). Insulin resistance leads to elevated cardiovascular risk, possibly further
elevated by a defect in insulin secretion and the onset of type 2 diabetes (Tchernof
& Despres, 2013).
Hypertriglyceridemia is an intrinsic part of the pathophysiology of the
metabolic syndrome and visceral obesity (Tchernof & Despres, 2013). Insulin
resistance of adipose tissue increases lipolysis, elevating circulating free fatty acid
flux to the liver, which leads to liver steatosis (Tchernof & Despres, 2013). High
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availability of triglycerides combined with a modified effect of insulin in a
hyperinsulinemic condition results in elevated secretion of mainly triglyceride-rich
large VLDL1-particles. Clearance of these particles is also reduced in visceral
obesity due to decreased availability of lipoprotein lipase enzyme and
compositional changes in the triglyceride-rich lipoproteins. (Tchernof & Despres,
2013). Enzymes of lipoprotein metabolism link the elevated amount of triglyceriderich lipoproteins with compositional modifications of HDL and the reduced plasma
HDL-C level, as described in more detail in the next section.
2.4

Modified HDL in cardiometabolic disorders

2.4.1 Modified HDL subfraction distribution and particle size
Obesity is associated with a reduced proportion of HDL2 protein in total HDL
protein, and bariatric surgery has been shown to increase that proportion (AronWisnewsky et al., 2011; Barakat et al., 1992). HDL particle size was also smaller
in CHD patients compared with controls with a similar HDL-C level, and the
degree of hypertriglyceridemia was a major determinant of HDL particle size
(Syvänne et al., 1995). In that study, hypertriglyceridemia was related both to
decreased proportion and plasma concentration of HDL2b particles and an inceased
proportion and plasma concentration of HDL3b particles. Supporting these findings,
HDL size was positively correlated with plasma HDL-C level and negatively
correlated with plasma triglycerides, as well as inversely linked with glucose
intolerance and the amount of visceral adipose tissue in a population of healthy
non-smoking men (Pascot et al., 2001). To conclude, visceral obesity reduces the
size of HDL particles, which is related to hypertriglyceridemia (Tchernof &
Despres, 2013). The mechanism of this association is described later in more detail.
Probably reflecting this same physiological mechanism, subjects with type 2
diabetes or glucose intolerance had lower levels of large HDL particles and higher
levels of small HDL particles combined with elevated VLDL particle concentration
and serum triglyceride level than subjects with normal insulin sensitivity (Garvey
et al., 2003).
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2.4.2 Modified proteome
HDL proteomic composition is altered in clinical conditions associated with an
elevated inflammatory response. The elevated inflammatory response seen e.g. in
rheumatoid arthritis, in acute infections or after surgery reduces plasma levels of
HDL-C and apoA-I (Feingold & Grunfeld, 2000) and increases the contents of
acute phase proteins such as SAA (Cabana, Lukens, Rice, Hawkins, & Getz, 1996;
Vaisar et al., 2015; Van Lenten et al., 1995) and ceruloplasmin (Van Lenten et al.,
1995) in HDL.
Increased SAA-content of HDL2 and HDL3 fractions was also observed in
human subjects with the metabolic syndrome (K. H. Park, Shin, Kim, Hong, & Cho,
2010). Serum SAA was higher in subjects with type 2 diabetes, many of whom had
incipient or overt nephropathy (Tsun et al., 2013), although the level was not
significantly altered in type 2 diabetes in another study (Ebtehaj, Gruppen, Parvizi,
Tietge, & Dullaart, 2017). Variable alterations of the HDL contents of SAA, apoAI, apoE, apoC-III, apoA-IV, and of multiple other proteins, have been detected in
subjects with acute coronary syndrome, CHD or the metabolic syndrome in
different studies (Alwaili et al., 2012; McEneny et al., 2016; K. H. Park et al., 2010;
Riwanto et al., 2013; Y. Tan et al., 2014; Vaisar et al., 2007). ApoC-III may
modulate the association between incident CHD risk and plasma HDL-C level; the
association between the CHD risk and the HDL-C level was inverse in a plasma
fraction without apoC-III, whereas the association was positive in a plasma fraction
containing apoC-III (Jensen, Rimm, Furtado, & Sacks, 2012). ApoC-III is an
inhibitor of lipoprotein lipase, potentially promoting hypertriglyceridemia and
atherogenesis (Taskinen, Packard, & Boren, 2019).
The paraoxonase content of the HDL2 fraction was reduced but the amount
was increased in HDL3 fraction from acute coronary syndrome subjects (Y. Tan et
al., 2014). The concentration of serum PON-1 was reduced in patients with CHD
(Granér et al., 2006), but increased in HDL of CHD patients (Vaisar et al., 2007).
The clusterin content of HDL was decreased in subjects with elevated insulin
resistance, and high BMI both increased plasma triglycerides and low HDL-C level
(Hoofnagle et al., 2010). A similar decrease of HDL clusterin content was seen in
subjects with stable CHD or acute coronary syndrome (Riwanto et al., 2013).
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2.4.3 Modified lipidome
Composition of major lipid classes
CHD patients had lower contents of cholesteryl esters and phospholipids than
control subjects in their HDL, which was enriched with triglycerides (Kunz,
Pechlaner, Erhart, Fend, & Muhlberger, 1994; Papathanasiou et al., 2008).
Increased HDL-phospholipid plasma level was associated with a decreased risk of
metabolic syndrome or CHD in Turkish population (Hergenc et al., 2008) and
correlated inversely with the severity of CHD (Lan Hsia et al., 2000; Piperi et al.,
2004) – better than plasma HDL-C level – in the study of Hsia et al. CHD patients
had reduced contents of polyunsaturated fatty acids such as linoleic, arachidonic or
eicosapentaenoic acids in their HDL phospholipids (Papathanasiou et al., 2008).
Plasma HDL-C and HDL-phospholipid levels were reduced in diet-treated type
2 diabetes, which was mostly accounted for by decreased lipid concentrations in
the HDL2 fraction, whose composition did not differ from controls in that study
(Billingham, Milles, Bailey, & Hall, 1989). In another study, type 2 diabetes was
associated with triglyceride-enriched and cholesterol- and phospholipid-depleted
HDL (Amigo et al., 2016). Gastric bypass surgery induced weight loss in morbidly
obese subjects and increased cholesterol and phospholipids contents of their HDL
fraction (Barakat et al., 1992). Subjects affected by the metabolic syndrome had
triglyceride-enriched HDL (K. H. Park et al., 2010). Hypertriglyceridemic subjects
had HDL2 and HDL3 particles enriched with triglycerides and depleted of
cholesteryl esters, and HDL2 particles depleted of phospholipids, irrespective of
their type 2 diabetes or CHD status (Syvänne et al., 1995).
There is a mechanistic link between hypertriglyceridemia and low HDL-C
level in cardiometabolic disorders. Visceral obesity is associated with
hypertriglyceridemia and an elevated VLDL-concentration in plasma (Tchernof &
Despres, 2013). CETP exchanges cholesteryl esters for triglycerides between
apoA-I and apoB-containing lipoprotein fractions, resulting in cholesteryl ester
depletion and triglyceride enrichment of HDL particles. Triglyceride-enrichment of
HDL particles leads to an increased content of triglycerides residing on the particle
surface in molecular simulations and detected also with atomic force microscopy,
making the particles more exposed to lipase activity (Amigo et al., 2016; Yetukuri
et al., 2010). Thus, the triglyceride-enriched HDL particles are readily catabolized
by the HDL-modifying enzymes such as different lipases, leading to increased
clearance of circulating apoA-I and low HDL-C level (Lamarche, Rashid, & Lewis,
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1999). The link is detected in a clinical human population (Pietzsch, Julius,
Nitzsche, & Hanefeld, 1998), and also in inflammatory conditions of animals and
humans (Cabana et al., 1996; Pruzanski et al., 2000).
Levels and compositions of phospho- and sphingolipids in cross-sectional
human studies
Total amounts of the most abundant lipid classes, phosphatidylcholines and
sphingomyelins, in total HDL fraction of CHD patients were lower (Papathanasiou
et al., 2008) or similar (Sutter et al., 2015) compared with control subjects. Subjects
with the metabolic syndrome without fasting hyperlycemia had elevated
phosphatidylcholine amount in their HDL2 fraction compared with healthy
subjects, whereas the content in HDL3 fraction did not differ (Denimal et al., 2016).
The affected subjects also displayed lower sphingomyelin and higher
lysophosphatidylcholine content in both HDL fractions. Women with type 2
diabetes with or without dyslipidemia (plasma triglycerides > 1.7 mmol/L and
HDL-C level < 1.29 mmol/L) displayed lower amounts of phosphatidylcholines
and sphingomyelins and higher amounts of lysophosphatidylcholines in their total
HDL fraction than healthy women (Ståhlman et al., 2013). Subjects with low
plasma HDL-C level (<10th percentile) had similarly lower amounts of
sphingomyelins in their total HDL fraction, although their lysophosphatidylcholine
content was decreased relative to subjects with high HDL-C level (>90th percentile,
(Yetukuri et al., 2010)), in contradiction with the results of the other studies. One
must bear in mind that the cardiometabolic role of the extremely high plasma HDLC level is probably not protective (Madsen, Varbo, & Nordestgaard, 2017).
The contents of minor lipid classes of HDL, vinyl-ether bond containing
phosphatidylcholines or phosphatidylethanolamines (plasmalogens), have been
shown to be reduced in subjects with CHD (Sutter et al., 2015) or at an elevated
risk of it (Denimal et al., 2016; Laurila et al., 2013; Ståhlman et al., 2013).
Distinct fatty acid compositions of phosphatidylcholines, sphingomyelins and
lysosphosphatidylcholines in HDL have been reported in cardiometabolic disorders.
CHD patients had significantly lower amounts of PC 34:2 in their total HDL
whereas PC 36:2 levels were non-significantly lower (Sutter et al., 2015). PC 38:4
level was significantly elevated in these patients. CHD patients also displayed
lower amounts of linoleic acid and total polyunsaturated fatty acids in their HDL
lipids (Papathanasiou et al., 2008). Phosphatidylcholine species containing linoleic
acid (18:2), PC(16:0/18:2) and PC(18:0/18:2), were reduced, whereas the species
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PC(16:0/16:0), PC(16:0/20:3) and PC(18:0/20:3) were increased in women with
type 2 diabetes and dyslipidemia (Ståhlman et al., 2013). Subjects with the
metabolic syndrome had a lower proportion of PC 36:2 of total
phosphatidylcholines in both HDL fractions (Denimal et al., 2016). Many abundant
sphingomyelin species such as SM(d18:1/16:0) and SM(d18:1/24:1) were
generally diminished in HDL of metabolically affected subjects: in women with
type 2 diabetes and dyslipidemia (Ståhlman et al., 2013) and in subjects with
extremely low plasma HDL-C level compared with extremely high HDL-C level
(Yetukuri et al., 2010). This change may not be uniform among sphingomyelin
molecular species. A molar proportion of SM(d18:1/18:1) of total lipid composition
of HDL was increased in women with type 2 diabetes and dyslipidemia (Ståhlman
et al., 2013). Similarly, the proportion of SM(d18:1/18:1) of total sphingomyelins
was increased in both HDL fractions in the metabolic syndrome (Denimal et al.,
2016). Women with 2 diabetes and dyslipidemia had increased levels of LPC 16:0
and LPC 18:0 in their HDL (Ståhlman et al., 2013).
The contents of minor bioactive sphingolipids of HDL, sphingosine-1phosphate and dihydro-sphingosine-1-phosphate, were decreased in subjects with
stable CHD compared with controls (Argraves et al., 2011; Sattler et al., 2010). A
larger proportion of plasma total sphingosine-1-phosphate was bound to other
carriers than HDL in the affected subjects (Sattler et al., 2010).
Oxidized phospholipids
There was an elevated amount of oxidized phospholipids on the HDL surface in
type 2 diabetes which may alter the structure of the particles and thus impair their
functional capacities (Kar et al., 2012; Morgantini et al., 2011). However, the
occurrence of oxidized lipids in HDL does not necessarily indicate an oxidatively
damaged composition, and thus an impaired functional capacity of the particles, as
HDL serves as a ‘sink’ for oxidized lipids, as described earlier. In fact, acute phase
HDL carried much less isoprostane-containing phosphatidylcholines than normal
HDL (Pruzanski et al., 2000).
2.4.4 Modified micro-RNA cargo
Micro-RNAs have multiple biological functions in atherosclerosis where their
circulating levels have shown characteristic signatures in different studies
(Feinberg & Moore, 2016). Human HDL micro-RNA cargo was different in
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subjects affected by familial hypercholesterolemia or CHD compared with controls
(Vickers et al., 2011). Of note, the content of a micro-RNA miR-223 was increased
in the affected subjects, which may attenuate the anti-inflammatory capacity of
HDL. Some studies have supported these findings of a distinct HDL micro-RNA
cargo in CHD (Niculescu et al., 2015), whereas others have not (Wagner et al.,
2013).
2.4.5 Impaired cholesterol efflux
Methodology of cholesterol efflux studies
Methodological diversity is a prominent characteristic of cholesterol efflux studies.
The diversity contains variation in e.g. the foam cell model effluxing cholesterol
(THP-1, J774, RAW, Fu5AH, BHK etc.), exact experimental protocol to culture the
cells and modify their function (such as cyclic adenosine monophosphate, cAMP,
or mifepristone incubation to induce ABCA1 or ABCG1 expression), cholesterol
label (radioactive, fluorescent), cholesterol loading procedure, usage of sterol-Oacyltransferase inhibitor to inhibit cholesteryl ester formation, cholesterol acceptor
(isolated HDL, whole plasma/serum, apoB-depleted plasma/serum), its incubation
time and concentration, and in the formula to calculate the final cholesterol efflux
value.
Diverse protocols partly exist to quantitate distinct molecular pathways of
cholesterol efflux. In J744 mouse macrophage and murine RAW cell models,
cAMP stimulation induces ABCA1 expression and increases cholesterol efflux to
apoA-I acceptors from these cells multiple-fold (Bortnick et al., 2000; Oram, Lawn,
Garvin, & Wade, 2000). Substantial residual efflux, possibly aqueous diffusion,
occurs after inhibiting ABCA1- or SR-BI-mediated cholesterol efflux from J774
cells to serum without cAMP-stimulation (M. Duong et al., 2006). Consequently,
the J774 and RAW cell models are usually cAMP-pretreated in cholesterol efflux
studies to stimulate ABCA1-mediated efflux. The cAMP-induced cholesterol
efflux is not detected in murine hepatoma Fu5AH cells and it is much weaker in
THP-1 cells (Bortnick et al., 2000). The Fu5AH cells express a high level of SRBI, unlike RAW or J774 macrophages whose expression levels of that protein are
minor (Ji et al., 1997). Cholesterol efflux from Fu5AH cells is largely correlated
with their SR-BI expression level unlike in J744 cells (Ji et al., 1997). Cholesterol
efflux from the cell model used in the study II, acetyl-LDL loaded human THP-1
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macrophages, is predominantly ABCA1-mediated, whereas ABCG1 makes only a
poor contribution to the efflux, and cholesterol removal via the SR-BI pathway is
relatively more important (Du et al., 2015).
In this thesis project, cholesterol efflux from the THP-1 macrophage foam cell
model to HDL subfractions isolated by sequential ultracentrifugation and
normalized to total protein mass of the fractions was investigated. Cholesterol
efflux to serum samples or other acceptors, primarily apoB-depleted serum, has
been studied more commonly. The apoB-depleted serum is obtained by removing
apoB lipoproteins by precipitation with polyethylene glycol (Asztalos et al., 2005).
The cholesterol efflux capacity of serum or apoB-depleted serum should be
regarded as an interesting functional parameter by itself rather than a surrogate of
HDL functionality (see section ‘Determinants of cholesterol efflux to apoBdepleted serum or to whole serum’ later). That efflux reflects not only HDL function
but also functions of various lipoprotein-related enzymes and other modulators of
this step of the reverse cholesterol transport. However, cholesterol efflux to serum
or apoB-depleted serum does not reflect the total flux of cholesterol from peripheral
cells, or even only from macrophages, to the liver (Rosenson et al., 2012). On its
own, cholesterol efflux capacity may yield a completely opposite picture of the
impact of a serum specimen on cellular cholesterol homeostasis compared with
protocols estimating total macrophage cholesterol homeostasis by cholesterol mass
influx in addition to efflux (Weibel et al., 2014).
In conclusion, it might be more precise to write about multiple cholesterol
effluxes instead of a single cholesterol efflux in these studies.
Inflammatory response and oxidative modification of apoA-I
Humans and mice with an endotoxin-induced acute phase response showed an
impaired efflux capacity from J774 macrophages to HDL (Vaisar et al., 2015). The
impairment was positively correlated with an increase in SAA content of HDL in
humans, and in mice it was blocked by genetic SAA ablation. Patients with type 2
diabetes, many of whom had either incipient or overt nephropathy, had increased
serum SAA level and decreased SR-BI-mediated efflux to serum (Tsun et al., 2013).
The SR-BI-mediated efflux to serum correlated inversely with serum SAA
concentration in that study. Taken together, these data indicate that inflammatory
response may have a role in impairing cholesterol efflux to HDL fraction.
Myeloperoxidase is a peroxidase enzyme which is secreted by neutrophils and
macrophages to carry out anti-microbial activity under physiological conditions. It
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has also been found in human atherosclerotic plaques (Bergt et al., 2004; Daugherty,
Dunn, Rateri, & Heinecke, 1994). ApoA-I is its selective target of oxidation (Zheng
et al., 2004), which results in nitration, chlorination and other oxidative
modifications of apoA-I tyrosine, methionine, tryptophan and possibly other amino
acid residues (Bergt, Fu, Huq, Kao, & Heinecke, 2004; Y. Huang et al., 2014; Shao
et al., 2006; Zheng et al., 2004). The oxidative modifications inhibit cholesterol
efflux through the ABCA1 pathway to apoA-I (Bergt et al., 2004; Y. Huang et al.,
2014; Shao et al., 2006; Shao, Tang, Heinecke, & Oram, 2010; Zheng et al., 2004).
Oxidation of methionine residue 148 in apoA-I impaired its capacity to activate
LCAT (Shao, Cavigiolio, Brot, Oda, & Heinecke, 2008). Plasma levels of apoA-Is
containing modified tyrosine or methionine residues were inversely correlated with
the capacity of apoB-depleted serum to accept cholesterol through ABCA1 from
BHK cells, and the efflux capacity was impaired in subjects with stable CHD or
acute coronary syndrome (Shao et al., 2014).
Associations with cardiometabolic disorders in cross-sectional human
studies
The studies where cholesterol efflux to isolated HDL fractions has been measured
will be reviewed first. Statin-treated male subjects with stable CHD, low HDL-C
level and elevated total triglycerides without elevated LDL-C level displayed
impaired cholesterol efflux from Fu5AH cells to serum or to total HDL fraction
compared with healthy men (Posadas-Sanchez et al., 2012), Table 2). Cholesterol
efflux from Fu5AH cells or from Chinese hamster ovary K1 cells to
ultracentrifugally isolated HDL2 and HDL3 subfractions was measured in obese
women undergoing bariatric surgery at baseline and 3 and 6 months after the
procedure (Aron-Wisnewsky et al., 2011). After 6 months, only SR-BI-mediated
cholesterol efflux to HDL2 fraction was significantly improved from the baseline,
whereas ABCG1-mediated efflux or efflux to HDL3 did not change. Efflux from
Fu5AH cells to total HDL fraction was lower in subjects with low HDL-C level
and elevated plasma triglycerides compared with subjects with normal HDL-C
level and normotriglyceridemia (Brites et al., 2000). Impaired cholesterol efflux to
HDL2 and HDL3 subfractions has been described in patients with acute coronary
syndrome (Y. Tan et al., 2014) or ST elevation myocardial infarction (Rached et al.,
2015).
Efflux to serum has been impaired in subjects with low HDL-C level (Brites et
al., 2000; Nakanishi et al., 2009), type 2 diabetes (Syvänne et al., 1996), CHD
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(Syvänne et al., 1996) or the metabolic syndrome (Gall et al., 2016), although
negative or contradictory results have also been published (de Vries et al., 2008;
Dullaart et al., 2008). Efflux to apoB-depleted serum was lower in the metabolic
syndrome (Annema et al., 2016) and in CHD (Khera et al., 2011; Li et al., 2013) in
some well-powered studies. Cholesterol efflux to apoB-depleted serum was also
inversely related to carotid artery IMT adjusted for HDL-C level (Khera et al.,
2011).
Associations with cardiometabolic disorders in longitudinal human studies
Well-powered longitudinal studies have mainly investigated cholesterol efflux
from cAMP-stimulated RAW (Li et al., 2013) or J774 (Mody, Joshi, Khera, Ayers,
& Rohatgi, 2016; Rohatgi et al., 2014; Saleheen et al., 2015) macrophages to apoBdepleted serum (Table 3). Rohatgi et al. showed that the cholesterol efflux was a
significant predictor of cardiovascular and CHD risk in a relatively young multiethnic US cohort free from clinical cardiovascular disease at the baseline. It
predicted event risk independent of traditional risk factors and plasma HDL-C level
or HDL particle concentration. Another study from the same population cohort
showed that the cholesterol efflux was able to predict events similarly in various
subgroups with differing cardiovascular risks, such as subjects with or without
prevalent coronary artery calcium, family history of myocardial infarction or an
elevated level of high-sensitivity C-reactive protein (Mody et al., 2016). The
cholesterol efflux also improved risk prediction in the whole population when these
variables were added separately to models also including in addition traditional
cardiovascular risk factors. Of note, the models in the study of Mody et al. did not
include HDL particle concentration unlike in the study of Rohatgi et al. which
examined the same cohort. Saleheen et al. replicated these findings in a betterpowered primary prevention nested case-control cohort of older subjects from the
United Kingdom with a longer follow-up time and including a multiple-fold
number of subjects having a CHD end-point event during the follow-up. The study
showed that the cholesterol efflux was able to predict incident CHD independent
of traditional risk factors and plasma HDL-C or apoA-I levels. The role of
cholesterol efflux in predicting cardiovascular risk in secondary prevention is more
controversial (Li et al., 2013). Differences in experimental protocols may also have
a role in these drastically different longitudinal associations between Li et al. and
the other studies (Mody et al., 2016; Rohatgi et al., 2014; Saleheen et al., 2015).
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9

8

MetS (297), without MetS (255) including

angiographic CHD or history of MI (351)

Angiographic stable CHD (442), no

(20)

NGT (196), IGT (39) and DM2 subjects
Cells: J744. Acceptors: ApoB-depleted serum

Cells: THP-1. Acceptors: apoB-depleted plasma

Serum

MetS criteria (609) or without MetS criteria human ABCG1- or ABCA1-transfected or wild-type
(286)
CHOK1 (ABCG1 and ABCA1 efflux). Acceptors:

Cells: THP-1 (total efflux), Fu5AH (SR-BI efflux),

adjusted for TRF and HDL-C.

Less CHD in the highest vs. lowest efflux quartile

MetS

Efflux was lower in MetS than in subjects without

without MetS criteria.

ABCG1 and SR-BI efflux were lower than in subjects

parallel with increasing number of MetS criteria.

Total and SR-BI efflux to plasma decreased in

Efflux was higher in the high HDL-C group.

Low (18) or high (25) HDL-C

Dyslipidemia with MetS (307), with 1 or 2

6

7

Cells: THP-1. Acceptors: Serum

DM2 without insulin treatment and elevated Cells: Human skin fibroblasts from a normolipidemic Efflux was higher in subjects with elevated TG than in
subjects with normal TG irrespective of their DM2
control person. Acceptors: Plasma
subjects with normal TG (56)
status

(28) or normal TG (56), non-diabetic

With or without CHD or DM2 (181)

Both CHD and DM2 decreased efflux independently.

with low HDL-C and high TG than in normolipidemia.

normolipidemic men. Efflux to HDL was lower in men

5

Cells: Fu5AH. Acceptors: Plasma

serum

and TG (12)

Cells: Fu5AH, J774. Acceptors: HDL fraction and

Men with low HDL-C and elevated (12) or

normal TG (12), men with normal HDL-C

Efflux to serum was lower in low HDL-C than in

increased at 6 months.

(ABCA1 efflux). Acceptors: HDL2 and HDL3
subfractions and plasma

months after surgery. Only SR-BI efflux to HDL2

transfected/wild-type CHOK1 (ABCG1 efflux), RAW

and 6 months after bariatric surgery

affected dyslipidemic than in healthy men.
ABCG1 and SR-BI efflux to plasma increased at 6

Cells: Fu5AH (SR-BI efflux), human ABCG1-

normolipidemia (35), healthy men (20)

Morbidly obese women (34) before and 3

than in all other men. Efflux to HDL was lower in

low HDL-C and high TG (34) or

Efflux to serum was lower in affected dyslipidemic

Results 1

4

3

2

Cells: Fu5AH. Acceptors: Isolated HDL and serum

1

Men with CHD and statin combined with

Efflux protocol cell model and acceptors

Study Groups (N of subjects)

Table 2. Associations between cholesterol efflux and cardiometabolic disorders in cross-sectional studies.
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Cells: RAW. Acceptors: ApoB-depleted serum

10
for TRF and HDL-C).

al., 2008, 6: Nakanishi et al., 2009, 7: Gall et al., 2016, 8: Annema et al., 2016, 9: Khera et al., 2011, 10: Li et al., 2013. 1 Only results with p<0.05 mentioned.

traditional risk factors. Studies: 1: Posadas-Sanchez et al., 2012, 2: Aron-Wisnewsky et al., 2011, 3: Brites et al., 2000, 4: Syvänne et al., 1996, 5: de Vries et

cells; DM(2), (type 2) diabetes; MetS, metabolic syndrome; NGT, normal glucose tolerance; IGT, impaired glucose tolerance; MI, myocardial infarction; TRF,

CHD, coronary heart disease; HDL-C, plasma HDL-cholesterol; LDL-C, plasma LDL-cholesterol, TG, plasma triglycerides; CHOK1, Chinese hamster ovary K1

and controls (431)

efflux tertile (significantly only in the II cohort adjusted

outpatient cohort (II): CHD patients (146)

Less CHD in the highest or middle vs. the lowest

Results 1

patients (871) and controls (279);

Stable angiography cohort (I): CHD

Efflux protocol cell model and acceptors

Study Groups (N of subjects)

Table 3. Association between cholesterol efflux to apolipoprotein B-depleted serum
and prospective cardiovascular risk.
Study Subjects (N) and
CVD at the

Mean

Follow-up time Unadjusted

Adjusted

age (y)

(y); End-point

relation to risk

relation to risk

Negative

Negative

baseline
1

General

Adjusted for

(N of subjects)
45

Median 9.4;

TRF combined with

population (2,924,

incident CVD

HDL-C, HDL-P or

Blacks 49%,

or CVD death

HDL-C and HDL-P

Whites 30%),

(132)

none
2

Subjects (1,972)

45

Median 9.4;

Negative

Negative in the TRF and HDL-C

belonging in the

incident CVD

whole

combined with

population sample

or CVD death

population and

CAC > 0 (1) or

of study 2

(97)

in subgroups 1- family history of MI
3.

(2) or hs-CRP ≥ 2
mg/l (3)

3

General

65

population

Negative

non-fatal CHD

(3,494), none
4

12-16; fatal or Negative

1: TRF; 2: TRF and
HDL-C; 3: TRF and

(1745)

plasma apoA-I level

Stable

72 (H),

3; endpoint I:

I: Positive; II:

I: Positive; II:

Age, sex, smoking,

angiography

61 (A)

MI or stroke

Positive

Positive

diabetes,

cohort (1,150),

(58); endpoint

hypertension, LDL-

871 with CHD

II: MI, stroke or

C, HDL-C

death (113)
Results are displayed as hazard ratio (95% confidence interval). Abbreviations: MI, myocardial infarction;
CHD, coronary heart disease; CVD, cardiovascular disease; LDL-C, LDL-cholesterol; HDL-C, HDLcholesterol; HDL-P, plasma HDL-particle concentration; CAC, coronary artery calcium score measured
with electron-beam computed tomography; hs-CRP, high-sensitivity C-reactive protein; H, healthy; A,
affected; TRF, traditional risk factors, which include age, sex, diabetes, smoking and body mass index in
studies 1-3, as well as race, plasma total cholesterol and triglyceride levels, hypertension and statin use
in study 1; race, systolic blood pressure, plasma total cholesterol and HDL-C levels, antihypertensive
medication use and statin use in study 2; and hypertension, alcohol intake, waist to hip ratio, plasma
LDL-C and triglyceride levels in study 3. Studies: 1: Rohatgi et al., 2014, 2: Mody et al., 2016, 3:
Saleheen et al., 2015, 4: Li et al., 2013.

Determinants of cholesterol efflux to apoB-depleted serum or to whole
serum
Correlation between the cholesterol efflux from J744 macrophages to apoBdepleted serum or to total HDL fraction isolated from CHD patients was modest
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(r=0.49), explaining only 24% of their variation (Monette et al., 2016). Consistently
with this finding, majority (57%) of radiolabeled cholesterol isolated from apoBdepleted serum after efflux assay performed on cAMP-stimulated RAW
macrophages did not reside in HDL particles, but in lipoprotein free fraction (Li et
al., 2013). ApoA-I immunoprecipitation recovered 59% of cholesterol within this
fraction whereas 32% was bound to albumin. These findings imply that apoA-I
unbound to HDL as well as albumin were major acceptors in this assay. However,
the apoA-I concentration of apoB-depleted serum was not the only determinant of
its capacity to absorb cholesterol since the cholesterol efflux remained an
independent predictor of incident CHD risk also when adjusted for plasma apoA-I
level (Saleheen et al., 2015). In a large family cohort of healthy subjects, plasma
HDL-C and apoA-I concentrations were the HDL particle parameters that were
positively associated with the cholesterol efflux from J774 macrophages to apoBdepleted serum with the largest effect sizes (Koekemoer et al., 2017). HDL particle
associated triglyceride and phospholipid concentrations, HDL particle number and
mean HDL particle size were also similarly positively associated (Koekemoer et
al., 2017). HDL particle number has also been associated with the apoB-depleted
serum cholesterol efflux in other studies, and the association may vary within the
HDL particle size spectrum (Monette et al., 2016; H. C. Tan et al., 2011).
Cholesterol efflux to apoB-depleted serum has usually had minimal or modest
associations with traditional cardiovascular risk factors (Koekemoer et al., 2017;
Rohatgi et al., 2014; Saleheen et al., 2015).
In cardiometabolic disorders, high serum triglyceride concentration increases
the capacity of serum or apoB-depleted serum to accept cholesterol (Attia et al.,
2008; de Vries et al., 2008; Fournier et al., 2003; Lucero et al., 2015; Weibel et al.,
2014). Hypertriglyceridemia is associated with an elevated concentration of small
pre-beta HDL particles in the serum, which potentiates ABCA1-mediated efflux
(Attia et al., 2008; de Vries et al., 2008; Fournier et al., 2003; Lucero et al., 2015;
Weibel et al., 2014). Pre-beta HDL is known to be an efficient acceptor particle in
cholesterol efflux (Castro & Fielding, 1988; de la Llera-Moya et al., 2010; Vikstedt
et al., 2007; von Eckardstein et al., 1996).
2.4.6 Impaired biological pleiotropy and dysfunctional HDL
Many of the atheroprotective biological functions of HDL described earlier are
impaired in cardiometabolic disorders. HDL isolated from CHD patients failed to
inhibit inflammatory responses induced by LDL or oxidized phospholipids on
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endothelial cells (Navab et al., 2000). Defective capacity of HDL to stimulate
endothelial nitric oxide synthase has been observed in patients with stable CHD or
acute coronary syndrome, accompanied by impaired anti-inflammatory and repairstimulating effects of HDL on endothelial cells (Besler et al., 2011; Riwanto et al.,
2013). HDL particles may even promote atherogenesis and thus become
‘dysfunctional’ (Rosenson et al., 2016). It is important to note that not all HDL
functions are always uniformly modified in cardiometabolic disorders; some
capacities may remain unaltered while in other respects, HDL particles may
become fully dysfunctional (Rosenson et al., 2016). An example of the
dysfunctionality is a conversion of anti-inflammatory HDL to proinflammatory
particles in CHD (Ansell et al., 2003). Myeloperoxidase-mediated oxidation of
HDL may be a factor underlying this transformation. HDL oxidized by
myeloperoxidase or other factors has been found in human atherosclerotic plaques
(Bergt et al., 2004; Y. Huang et al., 2014; Nakajima et al., 2000; Undurti et al.,
2009). Myeloperoxidase-modified HDL inhibited smooth muscle cell migration
and proliferation through SR-BI-mediated signalling in vitro and in mice (Zhou et
al., 2017). Scavenger receptor CD36 uptakes oxidized HDL on macrophage surface,
mediating pro-inflammatory signalling and lipid accumulation (Sini, Deepa,
Harikrishnan, & Jayakumari, 2017; Thorne, Mhaidat, Ralston, & Burns, 2007)
An impaired anti-inflammatory capacity or proinflammatory properties of
HDL has also been reported in metabolic conditions associated with an increased
cardiovascular risk (Ebtehaj et al., 2017; Morgantini et al., 2011; Patel et al., 2009).
A life-style intervention with a high-fiber, low-fat diet and daily aerobic exercise
turned HDL from proinflammatory to anti-inflammatory (Roberts, Ng, Hama,
Eliseo, & Barnard, 2006). A similar impairment of the antioxidative capacity of
HDL has been detected in subjects with the metabolic syndrome (Hansel et al.,
2004), in normolipidemic subjects with low HDL-C level (Kontush et al., 2005),
and in type 2 diabetes (Morgantini et al., 2011; Nobecourt et al., 2005).
2.4.7 Conclusion about the structure and functionality of HDL in
CHD or low HDL-C level condition
HDL has many biological functionalities such as antioxidative and antiinflammatory capacities in addition to its established role as a cholesterol acceptor
in reverse cholesterol transport. Some of these biological capacities are linked with
the cholesterol efflux, whereas others are not. Both lipid and protein structures of
HDL are modified in cardiometabolic disorders associated with low plasma HDL52

C level. HDL also carries micro-RNAs whose composition in HDL has in some
studies been found to be different in these disorders. Human cross-sectional studies
have linked the structural modifications and functional impairments of HDL with
cardiometabolic disorders. These structural and functional characteristics have
often been better discriminators of disease than plasma HDL-C level. Data on the
potential of these characteristics to provide prognostic information on top of
traditional and newer biomarkers are accumulating. Most of all, an in vitro
surrogate marker of in vivo HDL functionality, the capacity of apoB-depleted serum
to accept cholesterol from various cell models, has been shown to provide such
prognostic information. Its mechanistic determinants are largely unresolved.
2.5

Antibodies to oxidized LDL

2.5.1 Experimental findings in atherosclerosis
A number of oxidative modifications of LDL particles in the arterial intima precede
their phagocytosis by innate immune cells (see section 2.2.1). Some epitopes on
the modified LDL are malondialdehyde (MDA) and 4-hydroxynonenal-lysine
adducts on apoB, all of which have been shown to occur in experimentally
produced copper-oxidized LDL (CuOx-LDL) in vitro as well as in atherosclerotic
plaques of both animals and humans in vivo (Haberland, Fong, & Cheng, 1988;
Palinski et al., 1989; Palinski et al., 1990; Rosenfeld, Palinski, Ylä-Herttuala, Butler,
& Witztum, 1990; Ylä-Herttuala et al., 1989; Ylä-Herttuala et al., 1994). Later, a
malondialdehyde-acetaldehyde (MAA) protein adduct was found and characterized,
shown to be immunogenic, and detected in human atherosclerotic vascular tissue
(Hill et al., 1998; Kearley, Patel, Chien, & Tuma, 1999; Thiele et al., 1998; Tuma,
Thiele, Xu, Klassen, & Sorrell, 1996).
Autoantibodies against oxidized LDL (oxLDL) were detected in rabbit and
human sera thirty years ago (Palinski et al., 1989; Ylä-Herttuala et al., 1994). The
phagocytosis of oxLDL particles by innate immune cells, predominantly
macrophages, leads to production of reactive antibodies by adaptive immune B2
cells (Lichtman, Binder, Tsimikas, & Witztum, 2013). These antibodies recognize
more specifically the epitopes of oxidized LDL (Lichtman et al., 2013). After
exposure to an antigen, adaptive naïve B2 cells produce initially antigen-specific
reactive IgM antibodies and after class-switching, IgG antibodies with the same
antigen-specificity are produced (Tsiantoulas, Diehl, Witztum, & Binder, 2014).
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Another subset of B cells termed B1 cells has been found in murine models
and in humans (Barber, Montecino-Rodriguez, & Dorshkind, 2011; Griffin,
Holodick, & Rothstein, 2011; Kyaw, Tipping, Toh, & Bobik, 2011; Palinski et al.,
1996; Quach et al., 2016). The B1 cells secrete innate IgM antibodies that react to
oxidized phospholipids of LDL (Hörkkö et al., 1999). This antibody subset is both
structurally (in its variable domains) and functionally identical to a natural germline
T15 IgA anti-phosphorylcholine antibody which protects against infections caused
by the virulent Streptococcus pneumoniae bacteria by binding to their cell-wall
polysaccharide (Binder et al., 2003; Briles, Forman, Hudak, & Claflin, 1982;
Harnett & Harnett, 1999; P. X. Shaw et al., 2000). This antibody is detected in
atherosclerotic lesions of mice (P. X. Shaw et al., 2000). There are also innate IgM
antibodies reacting against multiple oxidized epitopes of LDL in mice, and similar
innate antibodies were detected in human umbilical cord blood, too (Chou et al.,
2009; C. Wang et al., 2013). Some epitopes of the innate IgM antibodies are present
in human atherosclerotic lesions or circulating LDL (Palinski et al., 1996).
Oxidized phospholipids are most probably proatherogenic (Kiechl et al., 2007; Que
et al., 2018; Tsimikas et al., 2005).
The innate IgM antibodies inhibit the binding of oxLDL to macrophage CD36
and SR-BI receptors and the uptake of oxLDL (Boullier et al., 2000; Gillotte-Taylor,
Boullier, Witztum, Steinberg, & Quehenberger, 2001). The natural antibody
response to MDA and oxidized phospholipid epitopes on apoptotic cell membrane
have also been shown to regulate apoptotic cell clearance, either by inhibiting or
by promoting it in vitro (Chang et al., 1999; Y. Chen, Park, Patel, & Silverman,
2009). In either way, the natural antibody response may down-regulate
proinflammatory signaling elicited by dying cells as shown in vitro (Chang et al.,
2004). In conclusion, the natural IgM antibodies have protected against
atherosclerosis in murine models (Binder et al., 2003; Kyaw et al., 2011;
Tsiantoulas et al., 2014).
Serum antibody levels were found to be high and to be positively associated
with the extent of atherosclerosis or atherosclerotic plaque oxLDL content in apoEor LDL receptor-deficient mouse models (Palinski et al., 1994; Palinski, Tangirala,
Miller, Young, & Witztum, 1995; Tsimikas, Palinski, & Witztum, 2001). This
association may be largely due to IgG antibodies (Tsimikas et al., 2011). IgG
molecules bind to Fc gamma receptors of macrophages, triggering either
proinflammatory or anti-inflammatory signaling responses in macrophages,
depending on the specific type of Fc gamma receptors (Chistiakov, Orekhov, &
Bobryshev, 2016; Y. Huang, Jaffa, Koskinen, Takei, & Lopes-Virella, 1999;
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Tsiantoulas et al., 2014; van Leeuwen, Damoiseaux, Duijvestijn, & Tervaert, 2009).
In one study, human IgG1 antibodies reacting to MDA-LDL promoted oxLDL
uptake by macrophages in vitro, although protecting apoE-deficient mice from
atherosclerosis (Schiopu et al., 2004). In conclusion, the total anti- or
proatherogenic effect of IgG antibodies to oxLDL is not straightforward
(Chistiakov et al., 2016; Tsiantoulas et al., 2014).
Finally, there are few experimental pieces of evidence of the role of IgA in
atherogenesis (Chistiakov et al., 2016; Tsiantoulas et al., 2014).
2.5.2 Associations with human cardiovascular disease
Cross-sectional studies
Associations of antibodies to oxLDL with cardiovascular disease or subclinical
atherosclerosis have been immunoglobulin class or type specific in human studies
(Table 4). The results of specified antibody classes or types have not always been
consistent, either. Elevated (Hulthe, Bokemark, & Fagerberg, 2001; Lehtimäki et
al., 1999; Tsimikas et al., 2007) or decreased (Fukumoto et al., 2000; Karvonen,
Päivänsalo, Kesäniemi, & Hörkkö, 2003) immunogolobulin G (IgG) levels to
oxLDL in CHD or subclinical atherosclerosis have been reported in cross-sectional
studies. In some studies, there has been no association (Rossi et al., 2003; Uusitupa
et al., 1996; van de Vijver et al., 1996). Multiple cross-sectional studies have
reported decreased IgM levels to oxLDL in CHD or subclinical atherosclerosis
(Hulthe et al., 2001; Karvonen et al., 2003; Tsimikas et al., 2007). The associations
remained significant only in the study of Karvonen et al. when adjusted for known
cardiovascular risk factors. In that study, IgM level to MDA-LDL was inversely
associated with mean carotid artery IMT whereas associations of other antibody
types measured (IgM, IgG, IgG2 to CuOx-LDL, both IgG and IgG2 to MDA-LDL)
dropped below the limit of statistical significance in adjusted analyses. The other
measures of subclinical atherosclerosis (maximal IMT, number of plaques) failed
to remain significant in the adjusted analyses. Subjects in all these studies were
from 50 to over 60 years old on average. There are no studies of cross-sectional
associations between IgA levels to oxLDL epitopes and atherosclerosis.
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Table 4. Associations between antibodies to oxidized low-density lipoprotein and
cardiovascular disease in cross-sectional studies.
Study Groups (N of subjects)

Antibodies

Results

r(HDL)

1

IgG to CuOx-LDL

Not associated with carotid

N.S.

DM2 cases (91), non-diabetic
controls (82)

IMT within the groups
separately

2

CHD cases (47), hospital

IgG to MDA-LDL

No significant differences

-0.19

Higher in CHD cases vs.

see text

controls (47), controls (49)
3

CHD (58), <50% stenosis (34) IgG to CuOx-LDL

controls
4
5

Without clinical atherosclerosis IgG to CuOx-LDL

Inversely associated with

(446)

carotid IMT

Subjectively healthy men (388) IgG/IgM to CuOx-

IgG positively and IgM

LDL

negatively associated with

IgG to MDA-LDL

No significant differences in

N.S.
N.A.

femoral IMT
6

Without CHD (84), <50% (43)
or ≥50% (402) stenosis

N.S.

respect to CHD status or
degree of stenosis

7

General population

IgG/IgM/IgG2 to

IgM to MDA-LDL / CuOx-LDL N.A.

MDA-LDL/CuOx-LDL and IgG to CuOx-LDL were
inversely related to carotid
IMT (only IgM to MDA-LDL
adjusted for risk factors 1).
8

Without CHD (122), <50%

IgM/IgG to MDA-

IgM to MDA-LDL and CuOx-

IgM 0.10-

stenosis (111), CHD (271)

LDL/CuOx-LDL

LDL were higher and IgG to

0.11, IgG

CuOx-LDL lower in healthy

N.S.

than in affected subjects. The
antibody levels were
associated with CHD
severity. The associations
were not significant adjusted
for risk factors

2

r(HDL), correlation coefficient (p<0.05) between plasma HDL-cholesterol and antibody level (N.S,
p≥0.05). Abbreviations: DM2, type 2 diabetes; CHD, coronary heart disease; IgG/M, immunoglobulin
G/M, CuOX/MDA-LDL, copper-oxidized/malondialdehyde-modified low-density lipoprotein; IMT, intimamedia thickness. Studies: 1: Uusitupa et al., 1996, 2: van de Vijver et al., 1996, 3: Lehtimäki et al., 1999,
4: Fukumoto et al., 2000, 5: Hulthe et al., 2001, 6: Rossi et al., 2003, 7: Karvonen et al., 2003, 8:
Tsimikas et al., 2007. 1 age, sex, LDL-cholesterol, systolic blood pressure, CRP and pack-years; 2 age,
sex, smoking, hypertension and plasma LDL-cholesterol, HDL-cholesterol, triglyceride and highsensitivity C-reactive protein levels.
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Longitudinal studies
Well-powered prospective studies have yielded diverse epitope or antibody class
specific findings (Table 5). An elevated baseline IgG level to MDA-LDL predicted
higher cardiovascular risk in a male-dominant angiography cohort (Maiolino et al.,
2013). However, large cohort studies have reported no association between IgG
level to MDA-LDL and incident cardiovascular disease risk (Ravandi et al., 2011;
Wilson et al., 2006). IgM level to CuOx-LDL was not related to carotid
atherosclerosis (Mayr et al., 2006). Some large cohort studies have reported no
association between IgM level to MDA-LDL and cardiovascular risk (Bertoia et al.,
2013; Ravandi et al., 2011). In other studies, low IgM level to MDA-LDL has
predicted higher cardiovascular risk only in non-adjusted models (Mayr et al., 2006;
Prasad et al., 2017). In a hypertensive Finnish population cohort, the levels of IgG,
IgM and IgA to MDA-LDL or to CuOx-LDL did not predict cardiovascular risk
(Kankaanpää et al., 2018).
A series of Swedish studies of middle-aged population have associated a low
baseline IgM level to phosphorylcholine with an elevated cardiovascular disease
risk in men (de Faire et al., 2010; Grönlund et al., 2009; Sjöberg et al., 2009). A
similar result as detected by Karvonen et al. was observed in a hypertensive
Swedish cohort. High IgM level to MDA-LDL, but also to phosphorylcholine and
to CuOx-LDL, protected from carotid atherosclerosis (Su et al., 2006). In a large
European multicenter study, low baseline IgM level to phosphorylcholine predicted
faster progression of carotid atherosclerosis and higher rate of cardiovascular
disease events among high-risk men, but not in women (Gigante et al., 2014). A
high IgA, but not low IgM, level to phosphorylcholine predicted an elevated
cardiovascular risk in Finnish population (Kankaanpää et al., 2018).
2.5.3 Associations with plasma HDL-C level in humans
Associations between HDL-C level and antibody levels to CuOx-LDL or MDALDL have been similarly minor or inconsistent among healthy subjects (Tables 4
and 5, (Fukumoto et al., 2000; Prasad et al., 2017; Tinahones et al., 2005; Wilson
et al., 2006)) as in populations including subjects with various cardiovascular
conditions or risk factors (Rossi et al., 2003; Tsimikas et al., 2007; Uusitupa et al.,
1996; van de Vijver et al., 1996). In one study, IgG level to CuOx-LDL was lower
in subjects with HDL-C level above 0.9 mmol/L than in subjects with HDL-C level
below 0.9 mmol/l, many of whom had CHD (Lehtimäki et al., 1999).
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Follow-up time (y); End-

adjusted)

272 adjusted), yes

30-69

14-20; peripheral artery
disease (287)

(1148), none

6; incident CHD (748)

8; incident CVD (131)

Health professionals 60-65

(2471), none

General population, 65

Mostly

General population

vascularization (190)

29% Whites), none

(2619), none

incident CVD,

(3509, 52% Blacks,

11; cardiac death,

MDA-LDL

IgG/M to

MDA-LDL

IgG/M to

MDA-LDL

IgG to

MDA-LDL

IgG/M to

LDL
44

(1044), unknown

General population

MDA/CuOx-

IgG/M/A to

MDA-LDL

IgG to

Antibodies

ca. 50% HT drug

18; CHD, stroke (195)

(218 unadjusted, 110

General population, 50-55

7; MI, stroke, CV death

Angiography cohort 60-65

(559 unadjusted,

age (y) point (N of subjects)

Mean

Adjusted relation to

N.S in men and in

N.S.

Blacks only; IgM

IgG positive in

N.S.

Positive

IgG to MDA-LDL

N.A.

and in women negative in men only

N.S. in men

N.S.

and in women women

N.S. in men

negative

and IgM

IgG positive

N.S.

Positive

relation to risk risk

Unadjusted

N.A.

N.A.

r(HDL)

-0.06 in
N.A.

women

HbA1c and family history

Age, TG, HDL-C, LDL-C, hs-CRP, N.A.

N.A.

Age, T-C, HDL-C, smoking, DM

LDL-C, HDL-C, TG, ethnicity

Sex, age, HT, DM, smoking, BMI, IgG 0.06

alcohol, fatty liver

smoking, cIMT, HT, DM, hs-CRP;

Sex, age, BMI, LDL-C, HDL-C,

atherosclerosis, history, etc.

glycemia, HT, smoking, coronary

Sex, age, BMI, LDL-C, TG,

Adjusted for

level. Studies: 1: Maiolino et al., 2013, 2: Kankaanpää et al., 2018, 3: Prasad et al., 2017, 4: Wilson et al., 2006, 5: Ravandi et al., 2011, 6: Bertoia et al., 2013.

N.S., non-significant; N.A., not available; r(HDL), cross-sectional correlation coefficient (only p<0.05 reported) between plasma antibody and HDL-cholesterol

disease; cIMT, carotid intima-media thickess; hs-CRP, high-sensitivity C-reactive protein; DM, diabetes; CVD, cardiovascular disease; T-C, total cholesterol;

density lipoprotein; BMI, body mass index; LDL-C, LDL-cholesterol; HDL-C, HDL-cholesterol; TG, triglycerides; HT, hypertension; CHD, coronary heart

Abbreviations: MI, myocardial infarction; CV, cardiovascular; IgM/G, immunoglobulin M/G; MDA/CuOx-LDL, malondialdehyde-modified/copper-oxidized low-

6

5

4

3

2

1

at the baseline

Study Subjects (N), CVD

Table 5. Associations between antibodies to oxidized low-density lipoprotein and cardiovascular disease in longitudinal studies.

2.5.4 Conclusion about the association between antibodies to oxLDL
and cardiovascular disease or low HDL-C level condition
IgG, IgM and IgA levels to CuOx-LDL were the only antibodies measured in this
thesis project which have been measured in the human studies reviewed in this
section. The associations between IgG level to CuOx-LDL and atherosclerotic
disease have been either non-significant or conflicting, and never significant when
adjusted for conventional cardiovascular risk factors. IgM level to CuOx-LDL has
shown mostly inverse associations with atherosclerotic disease, but they have not
been significant in adjusted analyses, either. The data about IgA level to CuOxLDL are too scarce to be conclusive. Some IgM antibodies reacting against specific
epitopes of modified LDL such as MDA-LDL or phosphorylcholine probably have
a mechanistically protective role in cardiovascular disease and have shown variably
significant associations with human cardiovascular diseases. Associations between
plasma HDL-C and antibody levels have been inconsistent or minor.
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Fig. 2. First steps of atherogenesis and their links with reverse cholesterol transport (RCT),
cholesterol efflux to high-density lipoproteins (HDL), and with antibodies to oxidized LDL
(oxLDL). Apolipoprotein A-I (apoA-I) is synthesized by the liver and intestine (1). A major part of
HDL cholesterol is effluxed from the liver through ATP-binding cassette transporters (ABC) to
HDL. A pool of lipid-free/lipid-poor apoA-I migrates into peripheral tissues and arterial intima.
Foam cells efflux free cholesterol (FC) on their plasma membrane (PM) to lipid-free/lipid-poor
apoA-I (or to apoE) through ABCA1 (2). Discoidal phospholipid-rich preβ-HDL particles are
formed, which accept more FC through ABCG1 and aqueous diffusion to become larger
spherical HDL3 and HDL2 particles (2). FC is effluxed through ABCG1, scavenger receptor BI
(SR-BI) and aqueous diffusion to spherical particles (2). Lecithin-cholesterol acyltransferase
(LCAT) associated with HDL particles catalyzes conversion of FC to cholesteryl esters (CE),
enabling constant flow of FC to HDL and maturation of HDL. Physiological HDL has many
biological (e.g. antioxidative) effects, which are linked with its diverse cargo of proteins
(apolipoproteins, antioxidative and other enzymes, etc.), bioactive lipids and micro-RNAs
(depicted as green, grey and purple shapes on the HDL surface) (3). Some of these effects may
be linked with the modulation of cellular PM FC content. HDL particles can become modified
(mHDL) in cardiometabolic and inflammatory disorders, changing their molecular composition,
which can impair their functionality. From arterial intima, HDL particles migrate back into
circulation. Cholesteryl ester transfer protein (CETP) transfers CE from HDL to apoBlipoproteins in exchange for triglycerides (TG), which forms an indirect pathway of RCT through
the uptake of LDL receptor (LDL-R) (4). The CETP activity enables lipases to modify large HDL
to smaller particles. Phospholipid transfer protein (PLTP) transfers phospholipids from lipolysed
apoB-lipoproteins to HDL, and combines small HDL3 particles to produce larger HDL2 and
smaller preβ-HDL. CEs are selectively uptaken by SR-BI from HDL into hepatocytes, decreasing
HDL particle size (5). Ecto-F1-ATPase uptakes whole HDL particles into hepatocytes (5). Part of
FC pool in hepatocytes is excreted into bile. Another part is excreted into apoB-lipoproteins
(VLDL, very-low-density lipoprotein, IDL, intermediate-density lipoprotein and LDL, low-density
lipoprotein). LDL particles can be trapped and become oxidized in the arterial intima. Their
surface contains various oxidized epitopes (red triangles), such as malondialdehyde (MDA) or
malondialdehyde-acetaldehyde (MAA), which bind immunoglobulins (Ig). IgM antibodies inhibit
phagocytosis of oxLDL (6). IgG antibodies block IgM antibodies from binding to oxLDL. IgG
antibodies promote or inhibit inflammatory response of macrophages by binding to their
activating or inhibiting Fcγ receptors, respectively (7). Blue arrows depict RCT or HDL
metabolism. Data obtained mainly from: Phillips (2014); Zannis et al. (2015); Rosenson et al.
(2016); Tsiantoulas et al. (2014) and Linton et al. (2015).
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3

Aims of the present study

The aim of this study was to investigate the phenotype of low plasma HDL-C level
predisposing to premature CHD. Potential immunologic biomarkers of oxidation
as well as functional and structural characterization of HDL particles were of
primary interest. Hypotheses are displayed in Figure 3.
In detail, the more specific aims were:
I
II

To study if the levels of antibodies against oxLDL are altered in the phenotype.
To investigate if the acceptor capacity of HDL fractions in cholesterol efflux is
impaired in the phenotype.
III To study if the phospholipid compositions of HDL fractions are modified in the
phenotype.

Fig. 3. Diagram of hypothetical cross-sectional associations (dashed line) between the
clinical phenotype, plasma antibody levels to oxidized low-density lipoprotein (antioxLDL), cholesterol efflux capacity of high-density lipoprotein (HDL), and lipid
composition of HDL in the study populations of this thesis project. It was also
hypothesized that both the plasma anti-oxLDL levels and functionality of HDL particles
are related to pathophysiological factors of premature coronary heart disease (Prem.
CHD) associated with low plasma HDL cholesterol level (low HDL-C), or to
pathophysiological factors of the metabolic syndrome.
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4

Study subjects, materials and methods

4.1

Studied phenotype and study design

The primary interest in this thesis project was the phenotype of a low plasma HDLC level predisposing to premature CHD. To investigate this, two separate family
populations were collected from Northern Finnish subjects and analyzed in this
thesis project. ‘Family population I’ was studied in study I, and ‘family population
II’ in studies II and III.
In both family populations, a sample of probands with premature CHD was
recruited from Oulu University Hospital patient records. The probands had low
HDL-C level as a major risk factor for their premature CHD at the time of
admission to the study. In addition to probands, their biological and a small number
of non-biological (spouses) family members were recruited to the study. Some of
the biological family members displayed also low HDL-C level or CHD. Some
probands and their biological family members had the metabolic syndrome, which
was defined only in family population II. Samples from the healthy non-biological
family members (spouses) were collected for controls.
4.1.1 Family population I
The subjects of family population I were recruited between 1993 and 2000 at the
Oulu University Hospital. A written informed consent was obtained from the
subjects and the study was approved by the Ethics Committee of the Oulu
University Hospital.
Each family in the population contained a proband with premature CHD and a
low HDL-C level. The inclusion criteria for probands were plasma HDL-C level
below 1.1 mmol/L, total cholesterol level below 7.0 mmol/L, triglyceride level
below 3.5 mmol/L, no diabetes, the first CHD event (acute myocardial infarction,
coronary angioplasty or coronary bypass operation) before the age of 55 years, and
an entry in the hospital records indicating a family history of CHD. Samples from
a total of 405 subjects from 39 families were available for antibody measurements.
Each family contained a proband (n=39 in the population), his/her biological family
members (n = 352 in the population) and possibly also biologically non-related
spouses (a small number of 14 subjects in the population).

65

4.1.2 Family population II
The subjects of family population II were recruited between 2007 and 2009 at the
Oulu University Hospital. A written informed consent was obtained from the
subjects and the study was approved by the Ethics Committee of the Oulu
University Hospital.
Each family in the population contained a proband with premature CHD and
low plasma HDL-C level. The inclusion criteria for probands were HDL-C level
below 1.0 mmol/L, LDL-C level below 4.0 mmol/L, triglyceride level below 3.0
mmol/L, no treatment for diabetes and the first CHD event (acute myocardial
infarction, coronary angioplasty or coronary bypass operation) before the age of 60.
All the inclusion lipid criteria had to be fulfilled in the probands before they started
possible statin treatment. The study population (n=112) consisted of 24 probands
from 24 families and 88 of their biological family members.
4.2

Methods

4.2.1 Clinical data
Sources and methods to evaluate the inclusion criteria of the probands, the status
of the clinical conditions of the study subjects, and to define their other clinical
parameters are displayed in Table 6.
4.2.2 Biochemical data
Preanalytical conditions and sample storage
Blood samples were obtained after an overnight fast. From CHD patients, lipid
measurements were taken before or at least three months after myocardial
infarction or coronary bypass operation. Plasma of family population I was
separated by centrifugation at 800 x g for 10 min and kept at 4°C until the
laboratory analysis of lipid parameters. After the lipid analyses, the plasma samples
were stored frozen before the antibody measurements. Plasma samples obtained
into ethylenediaminetetraacetic acid (EDTA) containing tubes and serum samples
of family population II were obtained by centrifugation at 1500 x g for 15 min at
4°C. Isolation of HDL and other lipoprotein fractions by sequential
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ultracentrifugation and the analysis of their chemical composition was performed
on fresh samples. The isolated HDL fractions were immediately dialyzed against
PBS and stored at -70°C (without any cryoprotective agent added) prior to the
efflux experiments and the lipidomic analysis of HDL fractions.
Table 6. Summary of data sources and methods used to collect data from the subjects
of family population I (I) and II (II).
Data

Source / Method

Clinical
Inclusion criteria of the probands (I and II)

Oulu University Hospital patient records and
laboratory data

Coronary heart disease status (I and II)

Patient records

Metabolic syndrome status 1 (II)

Patient records and laboratory data

Height (I and II), weight (I and II), BMI (I and

Questionnaire (I) and measured (II)

II), waist circumference (II), blood pressure (II)
Medication (I and II), smoking (I and II),

Questionnaire

alcohol intake (I and II)
Generic biochemical
Clinical lipid parameters of lipoprotein

Ultracentrifugation, precipitation, enzymatic

fractions and plasma (I and II)

colorimetric methods, accredited clinical laboratory

Other clinical laboratory parameters (II)

Accredited clinical laboratory methods

Adiponectins (II)

ELISA kit

methods

Experimental
Plasma antibodies to oxidized LDL (I)

ELISA

Cholesterol efflux to HDL fractions and serum THP-1 cell model radioassay
(II)
Major phospholipid species of HDL

Liquid chromatography coupled to mass spectrometry

subfractions (II)
HDL subfraction separation and analysis (II)

Gradient gel electrophoresis, Gaussian model fitting

Abbreviations: BMI, body mass index; HDL, high-density lipoprotein; LDL, low-density lipoprotein; ELISA,
enzyme-linked immunosorbent assay. 1 Based on IDF-criteria (Alberti, Zimmet, Shaw, & IDF
Epidemiology Task Force Consensus Group, 2005).

Lipid parameters and ultracentrifugation of lipoprotein fractions
The analysis of clinical lipid parameters from plasma and from lipoprotein fractions
of family population I is described in study I. Sequential ultracentrifugation of the
lipoprotein fractions of family population II and the analysis of their chemical
composition are described in study II. Serum total cholesterol, LDL-C, HDL-C,
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triglyceride and free fatty acid levels of family population II were analyzed in the
NordLab Oulu laboratory of the Oulu University Hospital.
Other clinical laboratory parameters
Serum insulin concentration and plasma glucose and creatinine concentrations and
alanine transaminase activity of family population II were analyzed in the NordLab
Oulu laboratory of the Oulu University Hospital. Insulin resistance was calculated
as the Homeostatic Model Assessments (HOMA) index (Bonora et al., 2000).
Adiponectin measurements
Serum total and high-molecular weight adiponectin concentrations of family
population II were measured using a Human adiponectin ELISA kit (Cat #
EZHAPD-61K) and a Human HMW-adiponectin ELISA kit (Cat # EZHMWA-64K)
supplied by Merck Research Inc. (Missouri, USA).
Analysis of HDL subfractions
The separation of HDL subfractions of family population II was performed by
gradient gel electrophoresis and their relative amounts estimated by Gaussian
model fitting as described in study II.
Enzyme-linked immuno-sorbent assay for antibodies to modified LDL
The experimental models of oxLDL used in this study were CuOx-LDL and MAALDL. Their generation and testing are described in Veneskoski et al. (2011). The
ELISA method was used to measure the levels of antibodies binding to modified
LDL as described in study I, according to methods described in Karvonen et al.
(2003) and in Sämpi, Ukkola, Päivänsalo, Kesäniemi, & Hörkkö (2009). First,
white microfluor plates were coated with CuOx-LDL and MAA-LDL (5 µg/mL)
and blocked with the PBS-EDTA buffer solution containing gelatin – a protein from
cold water fish skin. To determine the levels of IgG, IgM and IgA against CuOxLDL and MAA-LDL, the plasma samples were added onto the washed plates and
incubated. After that, a secondary antibody, alkaline phosphatase-labeled goat antihuman IgG, IgM or IgA (Sigma-Aldrich, Saint Louis, Missouri, MO, USA) diluted
into Tris-buffered saline supplemented with gelatin, was added on the washed
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plates and incubated. Finally, a luminescent substrate for alkaline phosphatase was
added and incubated in dark, after which luminescence was measured. All the
incubation steps were performed at room temperature, except coating, which was
performed at 4°C. Negative and positive (low and high levels) control samples were
included in every plate. The exact dilutions of plasma samples and calculation
procedures to determine final antibody values are described in study I. To detect
intra-day and inter-day variation of a specific antibody type (e.g. IgG to CuOxLDL), intra-assay and inter-assay coefficients of variation (CV) were calculated,
respectively, using the positive control samples. The inter-assay CVs were 15% or
below. The intra-assay CVs were 15% or below, except in the following cases: IgG
to MAA-LDL high control 23.1% and low control 17.5% (in one out of three
assays), and IgM to CuOx-LDL high control 17.1% and low control 28.4% (in two
different assays out of two assays).
Cholesterol efflux assay
Human monocytic cell line THP-1 cells (ATCC #TIB-202, Rockville, MD, USA;
obtained from ATCC (Tsuchiya et al., 1980) were cultured on 96-well plates,
differentiated into mature macrophages, and incubated with fetal bovine serum-free
medium containing radioactive (3H-labeled cholesteryl-oleate) acetylated LDL (50
µg/mL as LDL-protein, 2.0 µCi/mL, manufactured according to method of Brown,
Dana, & Goldstein (1975) as described in study II. During these steps, the cell
cultures were maintained in humidified incubators at 37°C in an atmosphere of 5%
CO2. The method of Soro-Paavonen et al. (2007) was used in the cholesterol efflux
experiments of study II. Efflux experiments were performed using 80% to 90%
confluent cells in serum-free medium at 37°C in a humidified atmosphere of 5%
CO2 and 95% air. HDL samples of total HDL, HDL2, and HDL3 (50 µg/mL as
protein) and serum samples (0.5% as volume) isolated from the study subjects were
used as cholesterol acceptors. The samples had not been previously thawed. An
LCAT inhibitor (Na-iodoacetate, I9148 Sigma, 1 mmol/L final) was added to the
serum samples used for efflux experiments immediately after their isolation to
inhibit LCAT activity and to maintain pre-beta HDL particles in the samples. The
samples were incubated for 18 hours, after which the medium was removed and
filtered, the cells were lysed, and aliquots of the medium and the lysed cells were
counted with a beta-counter for radioactivity. Cholesterol efflux was expressed as
the percentage of radioactive cholesterol released into the medium from total
radioactive cholesterol present in the cells and in the medium per well. Negative
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and positive control samples were included in every plate. Exact calculation
procedures of cholesterol efflux values are described in study II. The intra-assay
coefficient of variation of the positive control samples was 6.9% for total HDL, 3.3%
for HDL2, 11.8% for HDL3 and 8.9% for serum assay. In the case of each acceptor
(total HDL, HDL2, HDL3, serum), every protocol step was performed during one
day (i.e. in one assay) for the entire study population. Thus, the inter-assay
coefficient of variation could not be calculated for single acceptors.
Mass spectrometry for analysis of HDL lipidome
The HDL fraction samples had not been previously thawed. They were extracted
according to the method of Yetukuri et al. (2010) with a chloroform/methanol
solvent as described in study III. An internal standard mixture containing 11
different lipid compounds was extracted with the samples. The internal standard
mixture contained PC(17:0/17:0), PC(17:0/0:0), (LPC 17:0), PE(17:0/17:0),
PG(17:0/17:0), Cer(d18:1/17:0), PS(17:0/17:0), PA(17:0/17:0) and sphingosine-1phosphate (C17 base) from Avanti Polar Lipids (Alabaster, Alabama, USA), and
monoheptadecanoin MG(17:0/0:0/0:0), diheptadecanoin DG(17:0/17:0/0:0) and
triheptadecanoin TG(17:0/17:0/17:0) from Larodan Fine Chemicals (Malmö,
Sweden). Extracted lipids were analyzed on a Q-ToF (quadrupole time of flight)
instrument (Waters Synapt G1) coupled with Waters Aquity ultra performance
liquid chromatography (UPLC) system as described in study III. As the samples
were analyzed in multiple batches on the instrument, at least one negative and
positive HDL control sample was included in every batch. Each lipid class was
normalized to its class-specific internal standard assuming linear response for
quantification
(phosphatidylcholines
relative
to
PC(17:0/17:0),
lysophosphatidylcholines relative to PC(17:0/0:0) and sphingomyelins relative to
Cer(d18:1/17:0). Lipids were identified first by accurate mass and chromatographic
elution (comparison to standards) and additional measurements in MSMS-mode
were performed to verify lipid class and if possible fatty acid composition. Final
lipid concentrations are relative values. They are expressed relative to total protein
mass concentration of each sample as described in study III. Average CV% between
batches of the reported lipids in the positive control samples was 12%. The
following lipids had CV% over 20% in the positive HDL control samples: HDL2
SM 42:1 27%, SM 34:2 24% and HDL3: PC(16:0/18:2) 29%, PC 35:2 21%, SM
40:1 23%, SM 42:1 26%, SM 42:2 22%, SM 41:2 24%, SM 41:1 29%.
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4.2.3 Statistical methods
All the statistical analyses except for bivariate analyses (see below) were performed
using SPSS Statistics (SPSS, Inc., Chicago, Illinois). Statistical significance was
defined as p < 0.05. Skewed variables were normalized by using log or square root
transformation for parametric methods.
Generalized estimating equation model (GEE) (Davis, 2002; K. Liang & Zeger,
1986) was used to adjust statistical analyses for the fact that study subjects deriving
from the same biological family are biologically related to each other and thus nonindependent observations. Student’s t-test, Mann-Whitney U-test, Pearson’s chi
square test and Fisher’s test were used to show differences in baseline
characteristics. The multiple comparisons performed in study III are adjusted using
Benjamini-Hochberg method as described in study III.
To investigate the shared genetic contributions between plasma antibody,
HDL-C and LDL-C levels, a bivariate analysis was carried out as described in study
I, according to methods described in Almasy, Dyer, & Blangero (1997), Almasy &
Blangero (1998), Amos (1994) and in Kangas-Kontio et al. (2010). The bivariate
analysis between antibody and HDL-C levels was performed in the whole
population adjusting for age and gender by subtracting a constant (6% of the mean
HDL-C levels) from HDL-C level values of the statin users as described previously
(Kangas-Kontio et al., 2010). The bivariate analysis between antibody and LDL-C
levels was performed without statin-medicated subjects, adjusting for age and
gender.
Some data contained missing or erroneous values. In study I, evidently
erroneous outlier antibody values were removed as follows: 3 values in IgG to
MAA-LDL (of which 3 subjects without statin), 5 in IgG to CuOx-LDL (4 subjects
without statin), 6 in IgM to MAA-LDL (5 subjects without statin), 7 in IgM to
CuOx-LDL (4 subjects without statin), 3 in IgA to MAA-LDL (3 subjects without
statin) and 3 in IgA to CuOx-LDL (3 subjects without statin). In study II, efflux
values were missing in a maximum of 9% (efflux to HDL2) of subjects in the
population. The distribution of the missing values was as follows: among men, 5
values of HDL2 and 1 value of serum efflux and among women, 4 values of HDL2
efflux and 3 values of HDL3 efflux. In the subpopulation without statin medication
or CHD there were missing efflux data as follows: among men, 1 value of HDL2
efflux and 1 value of serum efflux and among women, 3 values of HDL2 efflux and
3 values of HDL3 efflux. There was not a substantial amount of erroneous or
missing data in study III.
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5

Results

5.1

Clinical and biochemical characteristics of study subjects

5.1.1 Study I
Clinical and biochemical data of family population I are shown in Table 7.
Altogether 48 study subjects were being treated with statins, aspirin was used by
106 subjects, beta blockers by 125 subjects, angiotensin converting enzyme
inhibitors by 44 subjects, angiotensin II receptor blockers by 5 subjects, calcium
channel blockers by 47 subjects, nitrates by 35 subjects, hormone replacement
therapy by 13 subjects, and vitamin supplements by 41 subjects. Information on
statin medication was missing from 27 study subjects. To study the associations of
the oxLDL antibodies with CHD or LDL-C level, statin-treated subjects or subjects
without information on statin medication were excluded from the analyses for their
potential confounding effect. Of these subjects excluded, 19 were probands. In the
resulting subpopulation, subjects were middle-aged and the majority of CHD
patients were men. Thirty-three men and 15 women of the 69 CHD patients had
premature disease (age of onset before 55 years of age in men and 65 years in
women). The CHD patients were older than the subjects without CHD. The
proportion of smokers (approximately 20%) did not differ in respect to CHD status,
but the CHD patients showed a heavier pack-year exposure to smoking. Fifty-nine
percent of the CHD patients had low HDL-C (<1.00 mmol/L in men and <1.30
mmol/L in women) versus 36% of the subjects without CHD. Information on CHD
status was missing from 35 subjects in the subpopulation. The subpopulation
without statin-treated subjects showed a similar clinical and biochemical profile as
the whole population.
5.1.2 Study II and III
Clinical and biochemical data of family population II are shown in Table 8. The
population had a median age of 51 years and the majority of its CHD patients (n=39)
were men. Twenty-nine of the subjects with CHD had also metabolic syndrome. In
addition, some family members without CHD had only metabolic syndrome or low
HDL-C level (<1.00 mmol/L in men and <1.30 mmol/L in women). CHD was not
studied in females since the number of women with CHD was too low (n=8) and
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the patients were clearly older than women without CHD (median, interquartile
range 67, 60–72 years versus 45, 36–55 years, respectively). Nearly all CHD
patients had premature disease (age of onset before 60 years of age). Thus, the
associations between premature CHD and the parameters of studies II and III were
investigated in men only. Seven men without CHD who were under 35 years of age
(there were no premature CHD-affected men under 35 years of age in the study
population) were excluded from the statistical comparison to adjust the affected
and non-affected groups for age. The excluded subjects were also considered too
young to clinically manifest CHD in terms of the clinical criteria applied to define
CHD in this study, based partly on the observed distribution of the age of CHDonset in the population. Twenty-two (73%) of the 30 early onset CHD-affected
male subjects included in the statistical comparison also had metabolic syndrome
versus ten (50%) of the 20 non-affected male subjects included in the comparison.
Nearly all (90%) of the premature CHD-affected male subjects used statin
medication and over half of them (57%) used ACE-inhibitor or angiotensin receptor
II blocking medication whose usage was minor (5% both) in the non-affected group.
The CHD-affected male subjects also displayed heavier exposure to smoking than
the non-affected subjects. When comparing subjects with and without metabolic
syndrome, the affected subjects were older than the non-affected subjects. The
affected subjects also used more frequently angiotensin converting enzyme
inhibiting or angiotensin receptor II blocking medication than the non-affected
subjects. Men affected by metabolic syndrome showed heavier exposure to
smoking than the non-affected men (median, interquartile range: 22, 10–32
packyears versus 5, 0–13 pack-years, respectively). Altogether 42 subjects in the
study population were using statins and 36 subjects were using angiotensin
converting enzyme inhibitors or angiotensin receptor II blockers by the time of
blood sample collection. Cholesterol efflux and the lipidome of HDL were also
investigated in a subpopulation where statin-treated or CHD-affected subjects were
excluded.
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All

3.27 (2.70-3.89)
5.32 (4.69-6.02)
1.38 (1.04-1.95)

LDL-C (mmol/L)

Total-C (mmol/L)

TG (mmol/L)

43 (34-51)

52 (47-64) 1

1.25 (1.04-1.54)
3.25 (2.76-3.88)
5.35 (4.71-6.06)
1.25 (0.93-1.72)

3.22 (2.55-3.77) 2
5.11 (4.46-5.84) 1,2
1,2

1.66 (1.28-2.19)

0.98 (0.81-1.16)

24.9 (22.7-27.8)

1,2

12 (0-72)

27.7 (25.5-30.3) 1

12 (0-60)

0 (0-8)

13 (0-28) 1

3 (1)
58 (22)

42 (38) 1
24 (22)

0 (0)

93 (79)

NA

103 / 130

97 / 22 1
47 (43-55)

233

No CHD

119

CHD

All

1.32 (1.01-1.80)

5.40 (4.74-6.08)

3.33 (2.78-3.91)

1.19 (0.98-1.48)

25.7 (22.9-28.4)

12 (0-60)

0 (0-13)

66 (20)

0 (0)

-

-

48 (39-59)

168 / 162

330

1.54 (1.20-2.10) 1

5.28 (4.72-5.91) 2

3.44 (2.72-3.85) 2

1.00 (0.83-1.25) 1,2

27.1 (23.4-29.7) 1

12 (0-60)

15 (0-29) 1

15 (22)

0 (0)

48 (71)

50 (45-60)

55 (48-66) 1

52 / 17 1

69

CHD

Without statin medication

1.24 (0.92-1.66)

5.35 (4.70-6.06)

3.25 (2.76-3.87)

1.25 (1.04-1.54)

24.9 (22.6-27.8)

12 (0-72)

0 (0-8)

48 (22)

0 (0)

0 (0)

NA

43 (35-51)

101 / 125

226

No CHD

and sex tested in BMI, HDL-C, LDL-C, Total-C and TG: 2 p<0.05.

total cholesterol; TG, triglycerides. Pearson chi-square test or Fisher’s test between premature CHD / no CHD: 1 p<0.05. General linear model adjusted for age

of the first CHD manifestation; NA, not applicable; pack-year = 20 cigarettes / day during one year; HDL-C, HDL-cholesterol; LDL-C, LDL-cholesterol; Total-C,

Values are expressed as median (interquartile range) or as number of subjects (percentage). Abbreviations: CHD, coronary heart disease; CHD age, the age

1.16 (0.93-1.42)

12 (0-60)

Alcohol (g/week)

HDL-C (mmol/L)

0 (0-16)

Pack-years
26.0 (23.3-28.7)

76 (19)

Smokers (n)

BMI (kg/m2)

48 (12)

-

Premature CHD (n)

Statin (n)

-

48 (41-58)

Age (y)

CHD age (y)

228 / 177

405

unknown statin medication status

With / without statin medication or

Men / Women (n)

N

Characteristic

Table 7. Clinical and biochemical characteristics of family population I.

76
35 (31)

Premature CHD (n)

38 (34)

Hypertension (n)

Waist (cm)

94 (85-102)

7 (13)

31 (53) 2

2 (1-7)

5.8 (5.4-6.5)
2.1 (1.3-3.6)

HOMA-IR

0.51 (0.37-0.65)

FFA (mmol/L)

Glucose (mmol/L)

1.12 (0.84-1.73) 1.48 (1.10-2.13)2,3 0.90 (0.64-1.11)

TG (mmol/L)

0.53 (0.36-0.69)
5.4 (5.1-5.9)
1.4 (1.1-2.3)

0.49 (0.41-0.63)
6.2 (5.7-6.6) 2
2.7 (2.0-4.5) 2,3

2.75 (2.28-3.23)

3.2 (2.0-4.5) 2

6.3 (5.7-6.7)

0.41 (0.32-0.54)

1.37 (0.97-2.24)

1.5 (1.1-2.0)

5.8 (5.5-6.4)

0.46 (0.35-0.57)

1.38 (0.63-2.14)

2.0 (1.5-2.8) 2,3

6.0 (5.7-6.4) 2

0.55 (0.44-0.69)

1.3 (1.0-2.1)

5.4 (5.1-5.7)

0.53 (0.37-0.68)

1.71 (1.06-2.13)2,3 0.89 (0.63-1.08)

2.90 (2.53-3.50)

4.90 (4.30-5.30)
3.35 (2.68-4.13)

3 (1-9)

1.26 (1.05-1.55)2,3 1.51 (1.26-1.81)

2.70 (2.30-3.48)

1.28 (1.08-1.54) 1.14 (0.98-1.37)2,3 1.41 (1.23-1.77)
2.70 (2.30-3.30)

HDL-C (mmol/L)

LDL-C (mmol/L)

4.50 (3.90-5.38)

5.40 (4.43-6.00)

0 (0-6)

7 (18)

10 (25)

0 (0)

2 (5)

2.40 (1.95-2.90) 2 3.30 (2.90-4.00)

5 (2-13)

3 (0-6) 2

86 (77-92)
121 (113-134)

1.07 (0.85-1.17) 2 1.28 (1.08-1.67)

2 (1-7)

0 (0-12)

6 (23)

7 (27)

0 (0)

6 (23)

131 (119-142)

95 (88-100) 2,3

3.95 (3.48-4.40) 2 5.20 (4.93-5.98)

2 (0-4)

10 (0-15)

7 (35)

5 (25)

1 (5)

1 (5)

23 (9-30) 2

16 (53)

95 (88-99)
130 (120-141)

4.60 (4.00-5.05)

2 (1-6)

14 (26)
0 (0-10)

18 (31)
10 (0-26) 2

10 (33)

27 (90) 2

17 (57) 2

130 (115-140)

102 (97-107) 2

2 (5)

1 (3)

40

NA

0

0 (0)

25 (63)

42 (30-51)

40

No MetS

28.6 (26.2-30.6)2,3 25.1 (21.3-27.9)

10 (39) 2

1 (4)

26

NA

0

0 (0)

16 (62)

50 (40-60) 2

26

MetS

Without statin medication or CHD

4.50 (3.93-5.20)

Alcohol (doses / week)

29 (50) 2
12 (22)

9 (17)
13 (24)

27 (47) 2
17 (29)

88 (80-92)
122 (113-135)

101 (95-106) 2,3
132 (121-142) 2

1 (5)

1 (5)

10 (50)

NA

0 (0)

0 (0)

0 (0)

52 (44-59)

20

No CHD 1

29.5 (27.5-31.2) 2 27.3 (25.1-28.4)

14 (47) 2

2 (7)

22 (73)

47 (42-51)

30 (100)

30 (100)

0 (0)

52 (49-57)

30

1

Men
Premature CHD

Total-C (mmol/L)

32 (29)
1 (0-15)

29 (26)

Smoker (n)

Pack-years

42 (38)

Ex-smoker (n)

36 (32)

ACE/ATII (n)

128 (115-141)

Statin (n)

Syst.BP (mmHg)

3 (6)

0 (0)

7 (12)

58 (100)

47 (41-56)

9 (17)

26 (45) 2
51 (44-55)

29 (54)
10 (19)

25 (43)

45 (32-53)

55 (47-60) 2
29 (50) 2

54

No MetS

58

MetS

All subjects

27.9 (24.9-30.5) 29.6 (27.8-31.6)2,3 25.1 (22.2-27.8)

10 (9)

Diabetes (n)

BMI (kg/m2)

58 (52)

MetS (n)

50 (43-55)

39 (35)

CHD age (y)

54 (48)

CHD (n)

51 (40-58)

112

All

Women (n)

Age (y)

N

Characteristic

Table 8. Clinical and biochemical characteristics of family population II.
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66 (59-72)

Creatinine (µmol/L)

66 (58-72)

29 (21-38) 2,3
66 (61-71)

22 (16-29)
69 (61-74)

31 (25-41)

1.39 (1.08-2.58)

5.34 (3.94-7.25) 2

1

10.16)

6.76 (4.85-

No CHD 1

72 (66-74)

27 (20-34)

1.91 (1.09-3.98)

Men
Premature CHD
12.61)

63 (56-71)

28 (19-34) 2

64 (59-70)

19 (14-27)

2.22 (1.24-4.37) 3 3.01 (1.88-5.53)

3

No MetS
8.15 (6.82-

7.44 (5.23-12.22)

MetS

Without statin medication or CHD

HOMA-IR, Total adiponectin, HMW-adiponectin, ALT and Creatinine: 3 p<0.05.

between MetS / no MetS: 2 p<0.05; general linear model adjusted for age and sex tested in BMI, Waist, Syst. BP, HDL-C, LDL-C, Total-C, TG, FFA, Glucose,

over 35 years of age included in age-matched groups. Mann-Whitney U-test, Pearson chi-square test or Fisher’s test between premature CHD / no CHD or

HDL-C, HDL-cholesterol; LDL-C, LDL-cholesterol; TG, triglycerides; FFA, free fatty acids; HMW, high-molecular weight; NA, not applicable. 1 only subjects

waist, waist circumference; syst.BP, systolic blood pressure; pack-year = 20 cigarettes / day during one year; dose = 12 g of alcohol; Total-C, total cholesterol;

of the first CHD manifestation; MetS, metabolic syndrome; ACE/ATII, angiotensin converting enzyme inhibitor or angiotensin receptor II blocker medication;

Values are expressed as median (interquartile range) or as number of subjects (percentage). Abbreviations: CHD, coronary heart disease; CHD age, the age

25 (17-33)

3.14 (1.93-5.67)

12.75)

8.69 (6.85-

6.15 (4.53-8.92)2,3
2,3

No MetS

MetS

All subjects

2.35 (1.28-4.58) 1.69 (1.13-3.23)

10.64)

7.59 (5.33-

All

ALT (U/L)

(mg/L)

HMW-adiponectin

Total adiponectin (mg/L)

Characteristic

5.2

Plasma antibodies against experimentally modified LDL (I)

The six antibody types measured are displayed in Table 9. They were IgG, IgM and
IgA binding to CuOx-LDL or MAA-LDL. Antibody levels to MAA-LDL and
CuOx-LDL displayed strong positive correlations, coefficients ranging from 0.49
to 0.91. The levels of IgG and IgA were positively (r = 0.09 - 0.27) whereas the
levels of IgM and IgA were inversely (r = -0.12 - -0.24) associated. IgG level to
CuOx-LDL was 13% and IgM levels were 29–35% higher in women than in men.
Age showed minor correlations (R2<0.05) with IgG level to CuOx-LDL and IgM
level to CuOx-LDL in women, and stronger positive correlations with IgA levels
in both sexes (r = 0.26 - 0.52). All the analyses were adjusted for sex and age.
5.2.1 Antibodies, CHD and plasma HDL-C level
Antibody levels were not significantly different between subjects with CHD and
without CHD, or between subjects with premature CHD and without CHD (Table
9). Consistently with this result, the levels did not show significant environmental
or genetic cross-correlations with HDL-C level (Table 10).
Table 9. Relative plasma antibody concentrations (relative luminescence units) and
CHD in subjects without statin medication.
Antibody
N

All

CHD

327

Premature CHD

no

yes

no CHD

yes

224

68

224

47

IgG-MAA-LDL 39.2 (30.1-47.9)

39.1 (29.3-48.1) 40.0 (33.3-53.1)

39.1 (29.3-48.1) 41.9 (33.8-56.0)

IgG-CuOx-LDL 49.8 (40.1-61.3)

48.8 (39.6-60.9) 53.9 (43.5-63.4)

48.8 (39.6-60.9) 53.5 (44.1-63.4)

IgM-MAA-LDL

1.0 (0.6-1.4)

1.0 (0.7-1.4)

0.8 (0.5-1.1)

1.0 (0.7-1.4)

IgM-CuOx-LDL

1.8 (1.3-2.5)

1.9 (1.4-2.6)

1.6 (1.1-2.0)

1.9 (1.4-2.6)

0.8 (0.6-2.6)
1.6 (1.2-2.1)

IgA-MAA-LDL

1.8 (1.3-2.5)

1.7 (1.3-2.3)

2.2 (1.8-3.0)

1.7 (1.3-2.3)

2.2 (1.7-2.7)

IgA-CuOx-LDL

5.1 (3.8-6.7)

4.8 (3.6-6.2)

6.0 (4.5-7.8)

4.8 (3.6-6.2)

6.1 (4.4-7.0)

Medians (interquartile range) are displayed. Statistical significance (p<0.05) of the difference between
affected vs. non-affected subjects were tested with the following models: log-transformed antibody
concentration = β1 x CHD / Premature CHD (yes/no) + β2 x Sex + β3 x Age + Intercept. None of the
differences were statistically significant. For the number of samples with missing antibody data, please
see section ‘4.2.3 Statistical methods’.
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Table 10. Genetic (ρG) and environmental (ρE) cross-correlation coefficients between
high-density lipoprotein cholesterol level (HDL-C) and antibody level and between lowdensity lipoprotein cholesterol level (LDL-C) and antibody level.
Antibody

ρE

ρG

HDL-C 1

LDL-C 2

IgG-MAA-LDL

-0.15

0.40 3

0.25

-0.28

IgG-CuOx-LDL

0.03

0.39 4

0.36

-0.42

IgM-MAA-LDL

-0.07

-0.10

0.01

0.37

IgM-CuOx-LDL

0.14

-0.21

0.04

0.46

IgA-MAA-LDL

0.07

0.20

0.04

-0.26

IgA-CuOx-LDL

0.14

0.28

-0.04

-0.29

1

HDL-C 1

LDL-C 2

Adjusted for sex and age in the whole population, statin-medicated included. HDL-C levels were

manually adjusted for statin medication (see section ‘4.2.3 Statistical methods’); 2 Adjusted for sex and
age in subjects without statin medication: 3 p < 0.05, 4 p < 0.001.

5.2.2 Antibodies and plasma LDL-C level
Environmental cross-correlations between plasma IgG concentrations and LDL-C
level were detected (ρE = 0.39 - 0.40, Table 10). No other significant crosscorrelations were observed.
5.3

Cholesterol efflux capacity of HDL fractions and serum (II)

Cholesterol efflux from THP-1 cell model to serum, total HDL, HDL2 and HDL3
was measured in study population II and is displayed in Table 11. The efflux
parameters were not inter-correlated. Only efflux to HDL2 differed between sexes,
being 14% lower in men. The values were not correlated with age. All the analyses
were adjusted for sex and age.
5.3.1 Cholesterol efflux in metabolic syndrome and premature CHD
The efflux to HDL2 was 14% lower in subjects with the metabolic syndrome
compared with subjects without metabolic syndrome (p<0.001 in the whole
population, p<0.01 in subjects without CHD or statin medication, Table 11) and 18%
lower in premature CHD-affected men than in men without CHD (p<0.01). Efflux
to HDL3 was slightly impaired in male premature CHD patients (90% of whom
used statin medication) compared with men without CHD (p=0.045), but it did not
show association with the metabolic syndrome in the whole population (Table 11).
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It was, however, associated with the metabolic syndrome in women without statin
medication or CHD (p<0.01), but not in men (Tables 12 and 13). The efflux to other
acceptors (total HDL and serum) was not different (Table 11). Efflux to HDL2 was
correlated with many of the parameters related to the metabolic syndrome (Table
13); for instance, with plasma HDL-C (partial correlation adjusted for sex and age
r = 0.67, p<0.001), triglyceride (r = -0.48, p<0.001), VLDL-triglyceride (r = -0.54,
p<0.001) and VLDL-protein (r = -0.57, p<0.001) levels as well as with waist
circumference (r = -0.37, p<0.001). Efflux to HDL3 was associated with
parameters of metabolic syndrome only in women without statin medication (Table
13).
Efflux to HDL2 did not remain significantly associated with premature CHD
when the analysis was adjusted for plasma HDL-C level (Table 14). The association
did, however, remain significant when it was adjusted for metabolic syndrome
status, other parameters of metabolic syndrome than HDL-C level, or smoking
status. The association between efflux to HDL3 and premature CHD fell into nonsignificant when adjusted for HDL-C level or other parameters of metabolic
syndrome, but remained significant when adjusted for metabolic syndrome status
or smoking status.
Table 11. Cholesterol efflux, metabolic syndrome (MetS) and premature coronary heart
disease (CHD).
Cholesterol

All subjects

Men

Without statin

efflux to

medication or CHD
All

MetS

No MetS

Premature

No CHD 1

MetS

No MetS

CHD 1
112 2

58 2

54 2

30 2

20 2

26 2

40 2

HDL

9.7 (1.6)

9.8 (1.7)

9.5 (1.4)

9.6 (1.7)

9.5 (1.3)

9.7 (1.4)

9.5 (1.3)

N
HDL2

11.5 (2.5) 10.6 (2.5) 5

12.4 (2.2)

9.8 (2.1) 7

12.0 (2.3)

10.8 (2.6) 4 12.5 (2.1)

HDL3

14.5 (2.0)

14.4 (2.2)

14.6 (1.7)

14.1 (2.7) 6 15.1 (0.9)

14.1 (1.7) 4 14.8 (1.5)

Serum

13.4 (2.1)

13.7 (2.2)

13.1 (1.9)

13.9 (2.4)

13.4 (1.9)

13.4 (2.2)

13.1 (1.9)

1

Values are expressed as mean (standard deviation), unit %. Only subjects over 35 years of age are
included in age-matched groups; 2 Missing efflux values: see section ‘4.2.3. Statistical analysis’; P-values
of the β1-term from the following models are displayed: 1st model: Efflux = β1 x MetS status (yes/no) + β2
x Sex + β3 x Age + Intercept; or 2nd model: Efflux = β1 x Premature CHD status (yes/no) + Intercept: 3
p<0.05 vs. no MetS, 4 p<0.01 vs. no MetS, 5 p<0.001 vs. no MetS, 6 p<0.05 vs. no CHD, 7 p<0.01 vs. no
CHD, 8 p<0.001 vs. no CHD.
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Table 12. Cholesterol efflux and metabolic syndrome (MetS) in subjects without statin
medication or coronary heart disease (CHD) in sexes separately.
Cholesterol efflux to

Men

Women

MetS

No MetS

MetS

10 1

15 1

16 1

25 1

HDL

9.3 (1.3)

9.4 (1.2)

9.9 (1.5)

9.5 (1.3)

N

No MetS

HDL2

10.8 (2.2) 2

12.0 (2.1)

10.8 (2.9) 3

12.8 (2.1)

HDL3

14.9 (0.8)

14.6 (1.7)

13.6 (2.0) 2

14.9 (1.4)

Serum

14.0 (1.7)

12.5 (1.9)

13.1 (2.5)

13.4 (1.8)

1

Values are expressed as mean (standard deviation), unit %. Missing efflux values: see the end of this
section; P-values of the β1-term from the following models (executed in sexes separately) are displayed:
Efflux = β1 x MetS status (yes/no)+ β2 x Age + Intercept; 2 p<0.05 vs. no MetS; 3 p<0.01 vs. no MetS; 4
p<0.001 vs. no MetS.

5.3.2 Lipid composition of HDL fractions and their efflux capacity
Lipid composition of HDL fractions was measured to clarify correlations between
their structure and efflux capacity (Table 15). In the whole study population, efflux
to total HDL was correlated with contents (per protein) of total cholesterol (partial
correlation adjusted for sex and age r=0.30, p<0.01), esterified cholesterol (r=0.34,
r<0.001) and phospholipids (r=0.35, p<0.001). Efflux to HDL2 was inversely
correlated with contents of triglycerides (r=-0.41, p<0.001) and positively with
phospholipids (r=0.69, p<0.001). In the subpopulation without statin-treated or
CHD-affected subjects the associations of HDL2 fraction remained similar. All the
associations of total HDL fraction turned into non-significant and also efflux to
HDL3 was slightly positively associated with phospholipid content (r=0.26,
p=0.038).
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0.42 3

0.49 3

0.50 3

-0.43 2

-0.32 1

-0.57 3

-0.53 3

-0.48 3

0.72 3

0.34 1

0.28

-0.41 2

-0.34 1

-0.53 3

-0.53 3

-0.44 3

0.53 3

0.09

-0.02

-0.17

-0.07

-0.13

-0.14

-0.14

0.04

0.11

0.05

-0.16

-0.10

-0.02

-0.07

-0.09

0.08

0.06

-0.09

-0.21

-0.03

-0.26

-0.23

-0.20

-0.01

Women

0.42 2

0.38 2

-0.53 3

-0.33 1

-0.57 3

-0.51 3

-0.45 3

0.63 3

All

0.50 3

0.51 2

-0.72 2

-0.28

-0.55 3

-0.49 2

-0.46 2

0.74 3

Men

0.36

0.30

-0.45 2

-0.38

-0.58 3

-0.53 3

-0.44 2

0.57 3

Women

0.24 1

0.10

-0.29 2

-0.21

-0.36 2

-0.33 2

-0.28 1

0.17

All

0.32 1

0.20

-0.19

-0.14

-0.16

-0.17

-0.17

0.22

Men

0.19

0.06

-0.43 3

-0.33 1

-0.48 3

-0.43 2

-0.38 2

0.17

Women

Cholesterol efflux to HDL3

Without statin medication or CHD
Cholesterol efflux to HDL2

transformed; 6 log transformed in all subjects, square root transformed in subjects without statin medication or CHD.

score (sex-specific) of a MetS-parameter + β2 x Age + Intercept; P-value of the β1 term: 1 p<0.05, 2 p<0.01, 3 p<0.001; 4 log transformed; 5 square root

adiponectin. Standardized β1-coefficients and their 95% confidence intervals of the following models are displayed: Z-score (sex-specific) of efflux = β1 x Z-

HOMA-IR, HOMA-index of insulin resistance; Waist, waist circumference; Tot. adipon, plasma total adiponectin; HMW-adipon, plasma high-molecular weight

Abbreviations: HDL-C, plasma HDL-cholesterol, Triglycerides, plasma triglycerides; VLDL-TG, plasma VLDL-triglycerides; VLDL-protein, plasma VLDL-protein;

HMW-adipon. 4

0.39 3

-0.41 3

4

Waist 5

Tot. adipon.

-0.32 2

HOMA-IR 6

-0.55 3

-0.53 3

VLDL-TG 5

5

-0.46 3

TG 5

VLDL-protein

0.63 3

Men

All

Women

All

Men

Cholesterol efflux to HDL3

All subjects
Cholesterol efflux to HDL2

HDL-C 4

syndrome

Parameter of metabolic

Table 13. Associations between cholesterol efflux capacity of HDL subfractions and parameters of metabolic syndrome.

Table 14. Associations between premature coronary heart disease (CHD) and
cholesterol efflux capacity of HDL subfractions and in men adjusted for metabolic
syndrome status, parameters of metabolic syndrome or CHD risk factors.
Adjusted for

Cholesterol efflux to HDL2
β1

95% CI

Cholesterol efflux to HDL3

β2

95% CI

NA

NA

None

-0.94 2 -1.49 - -0.39

MetS

-0.75 2 -1.28 - -0.22 -0.76 2 -1.30 - -0.22

95% CI

β2

95% CI

-0.47 1 -0.96 - -0.01

NA

NA

-0.49 1

-0.98 - 0.00

0.02

-0.54 - 0.58
-0.24 - 0.26

HDL-C 4

-0.13

-0.47

-1.04 - 0.09

0.01

TG 5

-0.79 2 -1.24 - -0.34 -0.49 3 -0.71 - -0.27

-0.45

-0.93 - 0.04

-0.13 -0.34 - 0.08

-0.73 2 -1.18 - -0.27

-0.52 3

-0.73 - -0.30

-0.44

-0.95 - 0.06

-0.10 -0.31 - 0.12

-0.72 2 -1.14 - -0.30

-0.56 3

-0.76 - -0.36

-0.47

-0.98 - 0.04

-0.04 -0.25 - 0.17

HOMA-IR 6

-0.80 1 -1.49 - -0.10

-0.14

-0.48 - 0.20

-0.44

-1.10 - 0.23

-0.08 -0.62 - 0.46

Waist 5

-0.82 2 -1.44 - -0.21

-0.13

-0.45 - 0.19

-0.45

-0.97 - 0.08

-0.05 -0.32 - 0.21

Tot. adipon. 4

-0.66 1 -1.18 - -0.15

0.40 2

0.17 - 0.63

-0.47

-0.98 - 0.04

0.02

-0.23 - 0.27

HMW-adipon.4 -0.82 2 -1.34 - -0.30

0.47 3

0.24 - 0.70

-0.53

-1.07 - 0.00

0.10

-0.12 - 0.32

-0.88 2 -1.41 - -0.36

-0.48

-1.05 - 0.09

-0.52 1 -1.00 - -0.03

0.35

-0.21 - 0.91

VLDL-TG 5
VLDL-protein

5

Smoking

-0.55 - 0.29

0.75 3

β1

0.55 - 0.94

Abbreviations: MetS, metabolic syndrome status; HDL-C, plasma HDL-cholesterol, Triglycerides, plasma
triglycerides; VLDL-TG, plasma VLDL-triglycerides; VLDL-protein, plasma VLDL-protein; HOMA-IR,
HOMA-index of insulin resistance; Waist, waist circumference; Tot. adipon, plasma total adiponectin;
HMW-adipon, plasma high-molecular weight adiponectin. Standardized beta-coefficients and their 95%
confidence intervals from the following models are displayed: Z-score (sex-specific) of efflux = β1 x
Premature CHD status (yes/no, age-matched groups) + β2 x Z-score (sex-specific) of metabolic
syndrome parameter / smoking (yes/no) / MetS (yes/no) + Intercept: 1 p<0.05, 2 p<0.01, 3 p<0.001; 4 log
transformed; 5 square root transformed; 6 log transformed in all subjects, square root transformed in
subjects without statin medication or CHD.

Table 15. Associations between lipid composition of HDL fractions and their cholesterol
efflux capacity.
Lipid per protein
content
Total cholesterol
Unesterified cholesterol

All subjects

Without statin medication or CHD

Cholesterol efflux to

Cholesterol efflux to

HDL

HDL2

HDL3

HDL

HDL2

0.30 2

-0.04

0.04

0.11

-0.02

HDL3
0.10

0.10

0.13

0.17 1

-0.01

0.09

0.35 3
-0.01

Esterified cholesterol

0.34 3

-0.10

-0.01

0.15

-0.06

Triglycerides

0.16 1

-0.39 3

-0.12

0.09

-0.35 2

-0.08

Phospholipids

0.35 3

0.66 3

0.14

0.20

0.69 3

0.25 1

Standardized beta-coefficients and their 95% confidence intervals from the following models are
displayed: Z-score (sex-specific) of cholesterol efflux = β1 x Z-score (sex-specific) of composition
parameter + β2 x Age + Intercept. All the composition measures in HDL2 were log-transformed. CHD,
coronary heart disease. 1 p<0.05; 2 p<0.01; 3 p<0.001.
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5.3.3 Cholesterol efflux to HDL2 in metabolic syndrome and
premature CHD adjusted for phospholipid content
As the phospholipid per protein content of HDL2 fraction was clearly associated
with its efflux capacity, a relevant question remained: Was the efflux to HDL2
impaired in affected subjects only due to the low phospholipid content of their
HDL2 particles? The HDL2 phospholipid per protein content was 10% lower in
men with metabolic syndrome than in men without metabolic syndrome (p=0.018)
in the whole population, but was not significantly different in women or in the
subpopulation without statin-treated or CHD-affected subjects. Neither was the
content different with respect to premature CHD status. In line with these findings,
the affected subjects displayed significantly (and p<0.01) lower efflux to HDL2
than non-affected subjects after analyses were adjusted for HDL2 phospholipid per
protein content, and many of the parameters of metabolic syndrome, such as HDLC level, remained consistently associated with efflux to HDL2 after this adjustment
(standardized beta = 0.37, p<0.001, Table 16). After subjects with statin-treatment
or CHD were excluded, the associations were slightly weaker, but still many of
them remained significant (p<0.05 for metabolic syndrome status and p<0.01 for
HDL-C level, VLDL-protein level and waist circumference).
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Table 16. Associations between cholesterol efflux capacity of HDL2 subfraction,
premature coronary heart disease (Pre-CHD), metabolic syndrome (MetS) and MetS
parameters adjusted for HDL2 phospholipid content.
Model predictors

All subjects

Without statin medication or CHD

β1

95% CI

β1

95% CI

-0.93 3

-1.29 - -0.57

N.A.

N.A.

MetS

-0.54 2

-0.84 - -0.23

-0.45 1

-0.80 - -0.09

HDL-C 4

0.37 3

0.20 - 0.54

0.29 2

0.09 - 0.49

-0.19 1

-0.38 - -0.01

-0.13

-0.32 - 0.06

-0.25 2

-0.44 - -0.06

-0.18

-0.37 - 0.14

-0.28 2

-0.46 - -0.10

-0.24 2

-0.42 - -0.06

HOMA-IR 6

-0.20 2

-0.33 - -0.06

-0.14

-0.32 - 0.04

Waist 5

-0.28 3

-0.42 - -0.13

-0.32 3

-0.47 - -0.16

Tot. adipon. 4

0.21 2

0.05 - 0.36

0.10

-0.08 - 0.29

HMW-adipon. 4

0.11

-0.04 - 0.26

0.12

-0.06 - 0.31

Pre-CHD
(in men only)

Triglycerides

5

VLDL-TG 5
VLDL-protein

5

Abbreviations: HDL-C, plasma HDL-cholesterol, Triglycerides, plasma triglycerides; VLDL-TG, plasma
VLDL-triglycerides; VLDL-protein, plasma VLDL-protein; HOMA-IR, HOMA-index of insulin resistance;
Waist, waist circumference; Tot. adipon, plasma total adiponectin; HMW-adipon, plasma high-molecular
weight adiponectin. Standardized beta-coefficients and their 95% confidence intervals from the following
models are displayed: 1st model only in men: Z-score (sex-specific) of cholesterol efflux to HDL2 = β1 x
Premature CHD (yes/no, age-matched groups) + β2 x Z-score (sex-specific) of HDL2 phospholipid per
protein content (log-transformed, mmol/l per g/l) + Intercept; or 2nd model: Z-score (sex-specific) of
cholesterol efflux to HDL2 = β1 x MetS status (yes/no) or Z-score (sex-specific) of MetS parameter + β2 x
Z-score (sex-specific) of HDL2 phospholipid per protein content (log-transformed, mmol/l per g/l) + β3 x
Age + Intercept: 1 p<0.05, 2 p<0.01, 3 p<0.001; 4 log transformed; 5 square root transformed; 6 log
transformed in all subjects, square root transformed in subjects without statin medication and CHD.

5.4

Phosphatidylcholine, lysophosphatidylcholine and
sphingomyelin composition of HDL subfractions (III)

Here, the lipid characteristics of HDL fractions that relate to the studied phenotype
of family population II are reported. The phenotype is statin-treated CHD combined
with low HDL-C level and/or metabolic syndrome. Lipid characteristics which
were detected only in respect to statin-treated CHD are not reported here since it is
known that statin medication affects the lipidome of HDL (Orsoni et al., 2016)).
The specific criteria how the reported lipid parameters are chosen are described in
study III. The associations of the lipid parameters with the metabolic syndrome or
HDL-C level were confirmed by excluding statin-treated or CHD-affected subjects
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from the analysis. All the analyses were adjusted for sex and age although the
associations of sex and age with the lipid parameters were minor.
5.4.1 Fatty acid composition of lysophosphatidylcholines and
phosphatidylcholines in metabolic syndrome and premature
CHD
The linoleic fatty acid containing lysophosphatidylcholine LPC 18:2 was from 16%
to 18% lower in both HDL fractions in metabolic syndrome-affected subjects
compared with subjects without metabolic syndrome (Table 17). On the contrary,
the levels of saturated or monounsaturated containing lysophosphatidylcholines,
LPC 16:0, LPC 18:0 and LPC 18:1, were either non-significantly increased or
similar in metabolic syndrome. Ratios of lysophosphatidylcholines showed a
characteristic pattern; a ratio of LPC 16:0 to LPC 18:2 was from 32% to 34%
increased in metabolic syndrome in both fractions, whereas ratios of LPC 16:0 to
18:0 and 18:0 to 18:1 were only from 5% to 11% increased in metabolic syndrome.
The ratios were consistently associated with parameters of metabolic syndrome;
the ratio of LPC 16:0 to 18:2 was positively associated with plasma total
triglyceride, VLDL-triglyceride and VLDL-protein levels and waist circumference
(standardized beta = 0.36 - 0.45). No similar findings were detected in respect to
statin-treated premature CHD.
Similarly as in the case of lysophosphatidylcholines, two abundant linoleic acid
containing phosphatidylcholines PC(16:0/18:2) and PC(18:0/18:2) were 12% and
15%, respectively, lower in the HDL3 fraction of metabolic syndrome-affected
subjects than in subjects without metabolic syndrome (Table 18). In the HDL2
fraction, no such differences were observed, but an oleic acid containing
PC(16:0/18:1) was 9% increased in metabolic syndrome and 14% elevated in
premature CHD, although the difference in metabolic syndrome disappeared after
statin-treated and CHD affected subjects were removed from the analysis. The ratio
of oleic acid containing PC(16:0/18:1) to linoleic acid containing PC(16:0/18:2)
was from 11% to 16% elevated in metabolic syndrome in both fractions, and the
ratio of PC(18:0/18:1) to PC(18:0/18:2) was 18% elevated in metabolic syndrome
only in the HDL3 fraction. The ratio of PC(16:0/18:1) to PC(16:0/18:2) correlated
positively with plasma total triglycerides, VLDL-triglycerides and VLDL-protein
levels and waist circumference (standardized beta = 0.30–041). These ratios did not
differ in respect to statin-treated premature CHD.
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A minor palmitoleic acid containing PC(16:0/16:1) was explicitly associated
with metabolic syndrome; affected subjects had 40% higher level of this lipid in
the HDL2 fraction and 28% higher level in the HDL3 fraction (Table 18). The
content of that phospholipid in both fractions was consistently positively related to
plasma levels of total triglycerides, VLDL-triglycerides and VLDL-protein as well
as waist circumference (standardized beta = 0.38–0.43). Another minor
phospholipid PC 35:2 was consistently associated with parameters of metabolic
syndrome such as HDL-C level (standardized beta = 0.28–0.35) as well as plasma
total triglycerides, VLDL-triglycerides and VLDL-protein levels and waist
circumference (standardized beta = -0.39– -0.32) in both fractions, but was not
uniformly related to metabolic syndrome status. These two minor phospholipids
were not related to statin-treated premature CHD.
5.4.2 Phosphatidylcholines PC(18:0/20:3) and PC(18:0/20:4) in
metabolic syndrome and premature CHD
PC(18:0/20:3) and PC(18:0/20:4) were elevated in premature CHD in both HDL
fractions, the differences ranging from 12% in HDL3 fraction to 27% in HDL2
fraction (Table 18). They were not, however, explicitly related to metabolic
syndrome or to low HDL-C level. When the levels of these two lipids were
proportioned to the levels of the abundant linoleic acid containing
phosphatidylcholines PC(16:0/18:2) and PC(18:0/18:2), which were related to
metabolic syndrome in the HDL3 fraction, their ratios showed a more uniform
pattern in respect to metabolic syndrome or low HDL-C level in addition to
premature CHD. A ratio of PC(16:0/18:2) to PC(18:0/20:3) was from 14% to 21%
decreased in metabolic syndrome and from 22% to 25% decreased in premature
CHD in both HDL fractions. The ratio was associated with plasma total
triglycerides, VLDL-triglycerides and VLDL-protein levels and waist
circumference (standardized beta = -0.51– -0.40). The ratio of PC(16:0/18:2) to
PC(18:0/20:4) was from 22% to 24% decreased in premature CHD in both HDL
fractions, but was not related to metabolic syndrome status and was positively
related to HDL-C level only in HDL3 fraction (standardized beta = 0.25), showing
only weak associations with other parameters of metabolic syndrome.

87

Table 17. Associations of lysophosphatidylcholine (LPC) levels and ratios with
metabolic syndrome (MetS), plasma HDL-cholesterol (HDL-C) level or premature
coronary heart disease (CHD).
LPC level
or ratio

HDL2

HDL3

MetS

MetS

HDL-C

CHD

CHD

MetS

MetS

HDL-C

CHD

CHD

diff.%

std.β

std.β

diff.%

std.β

diff.%

std.β

std.β

diff.%

std.β

16:0 5

9

0.37

-0.11

-4

-0.20

6

0.04

0.16

-18

-0.83 2,4

18:0 5

-5

-0.10

-0.02

-7

-0.32

3

-0.21

0.16

-23

-0.83 2,4

18:1 5

-9

-0.41

0.24 1,4

-8

-0.34

-11

-0.30

0.23 1,4

-20

-0.78 2,4

18:2 5

-16

-0.60 2,4

0.09

-9

-0.43

-18

-0.57 2,4

0.28 3,4

-26

-0.87 3,4

16:0 to

11

0.67 3,4

-0.13

7

0.12

8

0.54 2,4

-0.04

1

-0.08

19

0.89 3,4

-0.41 3,4

3

0.21

10

0.69 3,4

-0.21 1

-3

0.09

32

0.88 3,4

-0.16

9

0.34

34

0.85 3,4

-0.21 1

5

0.21

10

0.51 1,4

-0.38 3,4

2

0.17

5

0.26

-0.19 1,4

4

0.15

21

0.71 2,4

-0.13

9

0.34

14

0.66 2,4

-0.22 1,4

6

0.31

18:0 5
16:0 to
18:1 5
16:0 to
18:2 5
18:0 to
18:1 5
18:0 to
18:2 5
Lipid ratios are in italics. Diff.% denotes percentual difference of median concentrations (affected – nonaffected) / non-affected x 100%. Std. β (95% confidence interval) denotes standardized beta-coefficients
(β1) of MetS status (yes/no), HDL-C level or Premature CHD status (yes/no, age-matched groups) in the
following models: z-score (sex-specific) of lipid variable = β1 x {MetS or z-score of HDL-C (sex-specific)} +
β2 x Age + Intercept, or, z-score (sex-specific) of lipid variable = β1 x Premature CHD + Intercept. A unit
of z-score is one standard deviation of native or normalized (transformed) variable. Unadjusted p-values
of β1: 1 p<0.05, 2 p<0.01, 3 p<0.001; 4 Benjamini-Hochberg corrected false detection rate in multiple
comparisons < 5% (see study III for details); 5 log transformed, 6 square root transformed.
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Table 18. Associations of phosphatidylcholine (PC) levels and ratios with metabolic
syndrome (MetS), plasma HDL-cholesterol (HDL-C) level or premature coronary heart
disease (CHD).
PC level or
ratio

HDL2

HDL3

MetS

MetS

HDL-C

CHD

CHD

MetS

MetS

HDL-C

CHD

CHD

diff.%

std.β

std.β

diff.%

std.β

diff.%

std.β

std.β

diff.%

std.β

16:0/18:1 5

9

0.62 2,4

-0.24 2,4

14

0.68 2,4

-1

0.17

0.10

16:0/18:2

-3

-0.03

-0.15

-1

0.10

-12

-0.66 3,4 0.28 3,4

3

0.02

-9

-0.36

18:0/18:1 6

0

0.33

-0.11

11

0.64 1

4

5

0.22

18:0/18:2

-6

-0.15

-0.07

5

0.39

-15

-0.62 3,4 0.20 1,4

-3

-0.18

16:0/18:1 to

11

0.66 2,4

-0.08

4

0.57 1

16

0.78 3,4

-0.20 1

5

0.47

6

0.45 1

-0.04

2

0.32

18

0.76 3,4

-0.14

9

0.38

0.46 1

0.25

0.02

16:0/18:2 5
18:0/18:1 to
18:0/18:2
18:0/20:3

13

0.64 2,4

-0.37 3,4

27

1.25 3,4

7

-0.32 2,4

12

0.79 2,4

16:0/18:2 to

-14

-0.63 2,4

0.24 1

-25

-1.11 3,4

-21

-0.78 3,4 0.42 3,4

-22

-0.86 2,4

-14

-0.82 3,4

0.34 3,4

-16

-1.02 3,4

-15

-0.88 3,4 0.43 3,4

-20

-0.79 2,4

18:0/20:3 5
18:0/18:2 to
18:0/20:3 5
18:0/20:4 5

4

0.12

-0.19 1

27

1.30 3,4

0

-0.13

-0.11

15

0.73 2,4

16:0/18:2 to

-9

-0.17

0.05

-22

-0.95 3,4

-7

-0.34

0.25 2,4

-24

-0.75 2,4

-9

-0.33

0.13

-17

-0.87 2,4

-10

-0.37

0.24 2,4

-19

-0.75 2,4

16:0/16:1 5

40

0.95 3,4

-0.11

15

0.15

28

0.71 3,4

0.01

2

-0.13

35:2 5

-16

-0.44 1

0.28 2,4

10

0.01

-16

-0.71 3,4 0.30 3,4

-2

-0.33

18:0/20:4 6
18:0/18:2 to
18:0/20:4

Lipid ratios are in italics. Diff.% denotes percentual difference of median concentrations (affected – nonaffected) / non-affected x 100%. Std. β (95% confidence interval) denotes standardized beta-coefficients (β1)
of MetS status (yes/no), HDL-C level or Premature CHD status (yes/no, age-matched groups) in the following
models: z-score (sex-specific) of lipid variable = β1 x {MetS or z-score of HDL-C (sex-specific)} + β2 x Age +
Intercept, or, z-score (sex-specific) of lipid variable = β1 x Premature CHD + Intercept. A unit of z-score is one
standard deviation of native or normalized (transformed) variable. Unadjusted p-values of β1: 1 p<0.05, 2
p<0.01, 3 p<0.001; 4 Benjamini-Hochberg corrected false detection rate in multiple comparisons < 5% (see
study III for details); 5 log transformed, 6 square root transformed.

5.4.3 Sphingomyelin ratios in metabolic syndrome and premature
CHD
Sphingomyelin levels were generally lower in subjects affected by the metabolic
syndrome compared with subjects without metabolic syndrome. On the contrary,
the premature CHD patients displayed elevated levels of many sphingomyelins
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compared with subjects without CHD. Due to these opposite patterns possibly
attributable to statin-treatment of the premature CHD patients, only ratios of
sphingomyelins were investigated as they showed more uniform patterns in respect
to both of these cardiometabolic disorders. Only total carbon atom and double bond
numbers of these molecules are reported. The ratio of SM 36:2 to 34:1 was from
17% to 36% increased in premature CHD in both fractions and was consistently
inversely associated with HDL-C level in both fractions (Table 19, standardized
beta = -0.41– -0.34). The ratio of SM 34:1 to SM 34:2 was positively related to
HDL-C level (standardized beta = 0.29–0.43) and inversely related to plasma total
triglycerides, VLDL-triglycerides and VLDL-protein levels (standardized beta = 0.39– -0.34) in both fractions. In HDL2 fraction, all the other ratios reported in
Table 19 were associated with metabolic syndrome. The ratio of SM 36:2 to SM
42:3 in HDL2 fraction was 27% increased in metabolic syndrome and 31% elevated
in premature CHD.
5.4.4 Lipidomic associations of premature CHD adjusted for
metabolic syndrome status, HDL-C level, other parameters of
metabolic syndrome or cardiovascular risk factors
Associations of selected phosphatidylcholine and sphingomyelin ratios with
premature CHD were studied in analyses adjusted separately for MetS status, HDLC level, other parameters of metabolic syndrome or smoking status. The ratios
studied were those that were associated consistently both with premature CHD and
the metabolic syndrome or with premature CHD and low HDL-C level in the prior
analyses. All the associations of HDL2 fraction phosphatidylcholine ratios (Table
20) and the SM 36:2 to SM 34:1 ratio (Table 20) with premature CHD remained
significant (and p<0.01) in the adjusted analyses while many of these associations
in the HDL3 fraction fell below the limit of significance or their significance
declined (to p>0.01) in the adjusted analyses. This was especially the case when
the analyses were adjusted for HDL-C level, which was a strong predictor of
premature CHD in the population. The ratio of SM 36:2 to SM 42:3 in the HDL2
fraction was significantly associated with premature CHD in most of the adjusted
analyses, mostly with a significance level of p<0.01 and with 0.01<p<0.05 when
adjusted for HDL-C level or HOMA-IR, whereas this ratio in the HDL3 fraction
was not associated with premature CHD in the adjusted analyses. In conclusion,
the associations often remained significant also in these adjusted analyses, and
more so in the HDL2 than in the HDL3 fraction.
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Table 19. Associations of sphingomyelin (SM) ratios with metabolic syndrome (MetS),
plasma HDL-cholesterol (HDL-C) level or premature coronary heart disease (CHD).
SM ratio

34:1 to

HDL2

HDL3

MetS

MetS

HDL-C

CHD

CHD

MetS

MetS

HDL-C

CHD

CHD

diff.%

std.β

std.β

diff.%

std.β

diff.%

std.β

std.β

diff.%

std.β

-10

-0.58 2,4

0.29 3,4

-9

-0.53 1

-6

-0.59 2,4

0.43 3,4

-7

-0.17

12

0.57 2,4

-0.14

5

-0.04

10

0.17

0.12

9

-0.08

-8

-0.64 3,4

0.34 3,4

-8

-0.60 1

-3

-0.07

0.05

-5

-0.28

16

0.63 3,4

-0.34 3,4

36

0.94 3,4

11

0.63 3,4

-0.41 3,4

17

0.73 2,4

16

0.59 2,4

-0.19 1,4

20

0.67 1

9

0.35

0.05

14

0.58 1

19

0.68 3,4

-0.24 2,4

0

0.40

14

0.27

0.07

17

0.32

27

0.80 3,4

-0.39 3,4

31

0.91 3,4

5

0.42 1

-0.11

15

0.46

34:2
34:2 to
42:1 5
36:1 to
36:2
36:2 to
34:1 5
36:2 to
40:1 6
36:2 to
42:1 5
36:2 to
42:3 6
Lipid ratios are in italics. Diff.% denotes percentual difference of median concentrations (affected – nonaffected) / non-affected x 100%. Std. β (95% confidence interval) denotes standardized beta-coefficients
(β1) of MetS status (yes/no), HDL-C level or Premature CHD status (yes/no, age-matched groups) in the
following models: z-score (sex-specific) of lipid variable = β1 x {MetS or z-score of HDL-C (sex-specific)} +
β2 x Age + Intercept, or, z-score (sex-specific) of lipid variable = β1 x Premature CHD + Intercept. A unit
of z-score is one standard deviation of native or normalized (transformed) variable. Unadjusted p-values
of β1: 1 p<0.05, 2 p<0.01, 3 p<0.001; 4 Benjamini-Hochberg corrected false detection rate in multiple
comparisons < 5% (see study III for details); 5 log transformed, 6 square root transformed.
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β1
β1
β1
β1

HMW-adipon. 4

Waist 5

HOMA-IR 4

Smoking (yes/no)

4

-0.71 1
-0.82 2

-1.06 3

-0.73 2

-0.66 1

-0.71 2

-0.74 2

-0.75 2

-0.79 2

-0.49

-0.99 2

-0.97 3

-0.97 3

-0.96 3

-1.00 3

-1.02 3

-1.05 3

-0.83 2

-0.30

-0.79 2

HDL3

4

-0.99 3

-0.85 2

-0.83 3

-0.87 3

-0.86 2

-0.86 3

-0.88 3

-0.93 3

-0.63 2

-0.46

-0.91 3

HDL2

4

-0.75 2

-0.63

-0.58 1

-0.62 1

-0.60 1

-0.63 1

-0.63 1

-0.68 2

-0.35

-0.50

-0.67 1

HDL3

4

-0.92 3

-1.10 3

-0.94 3

-0.98 3

-1.00 3

-1.03 3

-1.03 3

-1.01 3

-1.17 3

0.28

-1.01 3

HDL2

4

-0.72 2

-0.87 2

-0.77 2

-0.70 2

-0.74 2

-0.75 2

-0.77 2

-0.77 2

-0.70 1

0.18

-0.80 2

HDL3

PC(18:0/20:4)

PC(16:0/18:2) to
4

0.96 3

0.92 2

0.88 3

0.86 2

0.90 2

0.86 2

0.88 2

0.90 2

0.84 2

0.13

0.91 2

HDL2

4

0.75 2

0.84 2

0.66 1

0.75 2

0.61 1

0.63 1

0.63 1

0.66 1

0.36

0.32

0.66 1

HDL3

SM 34:1

SM 36:2 to

0.91 3

0.55 1

0.59 2

0.82 2

0.82 2

0.77 2

0.77 2

0.80 3

0.48

0.44

0.37

0.48

0.44

0.39

0.40

0.42

0.38

0.40
0.68 1

0.37

HDL3

0.74 3

5

0.72 3

HDL2

SM 42:3

SM 36:2 to
4
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p<0.05, 2 p<0.01, 3 p<0.001; 4 log transformed, 5 square root transformed.

β2 x Adjusting variable + Intercept. A unit of z-score is one standard deviation of native or normalized (transformed) lipid variable. Unadjusted P-value of β: 1

Following models for the lipid variables were calculated in men adjusted for age: z-score (sex-specific) of lipid variable = β1 x Premature CHD status (yes/no) +

plasma total adiponectin; HMW-adipon, plasma high-molecular weight adiponectin; Waist, waist circumference; HOMA-IR, HOMA-index of insulin resistance.

Abbreviations: HDL-C, plasma HDL-cholesterol; TG, plasma triglycerides; VLDL-TG, plasma VLDL-triglycerides; VLDL-protein, plasma VLDL-protein; Adipon,

β1

Adipon. 4

β1

β1

VLDL-TG 5

5

β1

TG 5

VLDL-protein

β1

-0.21

HDL-C 4

-1.06 3

β1
β2

MetS (yes/no)

4

PC(18:0/20:3)

PC(18:0/20:3)
HDL2

PC(18:0/18:2) to

PC(16:0/18:2) to

β

Adjusted for

risk factors.

disease (CHD) status in men adjusted for metabolic syndrome status (MetS), parameters of metabolic syndrome or cardiovascular

Table 20. Associations between selected phosphatidylcholine (PC) and sphingomyelin (SM) ratios and premature coronary heart

5.5

Distribution of HDL subfractions in metabolic syndrome (II, III)

The metabolic syndrome was associated with a 29% lower proportion of HDL2
fraction protein of total HDL fraction protein content in the whole population and
22% lower proportion in the subpopulation without statin-treated or CHD-affected
subjects (Table 21). The proportion of HDL2 was also non-significantly lower in
male premature CHD patients compared with men without premature CHD.
Table 21. Distribution of HDL subfractions in family population II.
Variables

All subjects

Men only

Without statin medication
or CHD

All

MetS

No MetS

Premature

No CHD 1

MetS

No MetS

26

40

CHD 1
N
HDL2/HDL

112

58

54

0.20 (0.08) 0.17 (0.07) 4 0.24 (0.07)

30

20

0.16 (0.06) 0.20 (0.09)

0.18 (0.09) 4 0.23 (0.08)

ratio
Values are expressed as mean (standard deviation). Abbreviations: MetS, metabolic syndrome; CHD,
coronary heart disease. 1 Only subjects over 35 years of age included in age-matched groups; P-values
of the β1-term from the following models are displayed: 1st model: Efflux = β1 x MetS status (yes/no) + β2 x
Sex + β3 x Age + Intercept; or 2nd model: Efflux = β1 x Premature CHD status (yes/no) + Intercept: 2
p<0.05 vs. no MetS; 3 p<0.01 vs. no MetS; 4 p<0.001 vs. no MetS; 5 p<0.05 vs. no CHD; 6 p<0.01 vs. no
CHD; 7 p<0.001 vs. no CHD.
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6

Discussion

Fig. 4. Diagram of non-observed (crossed dashed line), observed (solid line), and
hypothetical (dashed line) cross-sectional associations between the studied clinical
phenotype, measured plasma antibody levels to oxidized low-density lipoprotein (antioxLDL), measured cholesterol efflux capacities of high-density lipoprotein (HDL)
fractions, and measured lipid compositions of HDL fractions in the study populations
of this thesis project. Since there were no observed cross-sectional associations
between the measured anti-oxLDL levels and premature coronary heart disease (Prem.
CHD) associated with low plasma HDL cholesterol level (HDL-C) in study population I,
it is suggested that other non-CHD-related biological factors largely account for the
variance of the measured anti-oxLDL levels in the population. Data analysis is not
conclusive to determine whether the observed HDL lipid profiles are related to the
cholesterol efflux capacities of the HDL fractions (denoted with ?). Other abbreviations:
CuOx-LDL, copper-oxidized LDL; MAA-LDL, malondialdehyde-acetaldehyde-modified
LDL.

6.1

Antibodies to oxLDL (I)

The antibody levels of study I were not associated with CHD or premature CHD.
The lack of associations of the IgG antibodies is not surprising in light of the
reviewed literature, where the findings of IgG antibodies have been either negative
or inconsistent in humans. The lack of associations of all the antibodies measured
(IgG, IgM, IgA) with HDL-C level is also consistent with the literature where these
associations have been minor. However, there are more published data where IgM
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antibody levels to certain epitopes of oxidized LDL have been associated with
human cardiovascular disease, which will be discussed next.
6.1.1 Potential reasons for the lack of associations between IgM
antibodies and CHD: epitopes
There may be several reasons for the lack of associations of the IgM antibodies in
study I. First, the epitopes that have displayed the most consistent connections with
human cardiovascular disease, MDA-LDL and phosphorylcholine, were not
measured in this study (de Faire et al., 2010; Gigante et al., 2014; Grönlund et al.,
2009; Hulthe et al., 2001; Karvonen et al., 2003; Mayr et al., 2006; Prasad et al.,
2017; Sjöberg et al., 2009; Su et al., 2006; Tsimikas et al., 2001). Binding of human
plasma antibodies to CuOx-LDL is largely but not completely inhibited by MDALDL, i.e. the antibodies to CuOx-LDL have major but not complete cross-reactivity
to MDA-LDL (Virella et al., 2000; Virella et al., 2004). Thus, there are also other
epitopes in CuOx-LDL than MDA which bind human plasma antibodies. In
addition, the MDA content of in vitro produced MDA-LDL is much higher than the
MDA content of in vitro produced CuOx-LDL (Virella et al., 2004). Although the
in vitro CuOx-LDL may model the diversity of epitopes formed during oxidation
of LDL in vivo, CuOx-LDL is neither specific for nor as enriched with MDAadducts as MDA-LDL. This may lower the sensitivity of an antibody assay utilizing
CuOx-LDL to detect significant pathological differences, if an antibody response
against MDA-LDL is more relevant in vivo than against other epitopes. This
hypothesis about a special role of MDA-directed immune response is supported by
some studies where associations have been detected only with IgM level to MDALDL but not with IgM level to CuOx-LDL, or where associations have been
stronger with IgM level to MDA-LDL than with IgM level to CuOx-LDL
(Karvonen et al., 2003; Mayr et al., 2006; Tsimikas et al., 2007) – although not all
studies have supported this picture (Su et al., 2006). Antibodies binding to MDA
residue also cross-reacted with the MAA adduct (Duryee et al., 2010), and
suggesting a potential cross-reactivity between the MAA-LDL and CuOx-LDL
epitopes in study I, the antibody levels binding to these epitopes correlated
positively with each other (r = 0.49–0.91) in all the antibody classes measured (IgG,
IgM, IgA). Antibodies to phosphorylcholine have nearly total cross-reactivity to
CuOx-LDL (Hörkkö et al., 1999), but the extent in which the human plasma
antibodies to Cu-OxLDL cross-react to phosphorylcholine is still unknown.
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6.1.2 Potential reasons for the lack of associations between IgM
antibodies and CHD: confounding factors
Another reason for the lack of associations of the IgM levels in study I may be
simply experimental variation. The intra-assay coefficient of variation percentages
in the IgM to CuOx-LDL assays were relatively high (a high control 17.1% and a
low control 28.4% in two out of two assays) due to a yet unknown cause. This high
experimental variation can mask potential in vivo differences between the clinical
groups studied.
Associations between anti-oxLDL levels and cardiovascular disease can be
hidden or modulated by many in vivo confounding factors such as sex (de Faire et
al., 2010; Sjöberg et al., 2009; Tinahones et al., 2005), age (Prasad et al., 2017;
Tinahones et al., 2005; Wilson et al., 2006) and race (Prasad et al., 2017), and the
levels did not always add significant information on top of other cardiovascular risk
factors in the studies reviewed. In addition, several cardiovascular risk factors such
as hypercholesterolemia (Tsimikas et al., 2007), low HDL-C level (Lehtimäki et al.,
1999), smoking (Lehtimäki et al., 1999) or biomarkers of oxidative stress (Ravandi
et al., 2011) may modify the association between antibodies and cardiovascular
disease risk.
Many extra-vascular disease processes may equally promote oxidation of
proteins and formation of their immunogenic epitopes such as MDA or MAA. For
instance, besides lipoproteins, dying cells and microvesicles are physiological
carriers of MDA epitopes, and these epitopes have been associated with diseases of
the liver, lung and eye in addition to atherosclerosis, as well as with exposure to
environmental oxidants such as tobacco smoke (Busch & Binder, 2017). Similarly,
the MAA epitope was initially detected when studying alcoholic liver disease
(Ambade & Mandrekar, 2012; Tuma et al., 1996) and is also connected with the
pathogenesis of lung diseases (Sapkota & Wyatt, 2015).
Lp(a) is a probable carrier of oxidized phospholipids in human plasma
(Bergmark et al., 2008; Tsimikas et al., 2005). If the measured anti-CuOx-LDL
antibodies would bind substantially to the Lp(a)-carried oxidized phospholipids
that could diminish the clearance of these antibodies from plasma and thus increase
their concentration. This would make the antibody levels primarily Lp(a) levelassociated and confound their relations to the studied phenotype – assuming that
the phenotype would not be very strongly associated with the plasma Lp(a) level.
Finally, genetic factors, possibly connected more with generic individual
immunologic features than with cardiovascular risk in particular, may also play a
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role in regulating plasma levels of these antibodies as suggested by study I and Rao
et al. (2015).
For all the above mentioned reasons, carefully collected and analyzed study
populations adequately powered from a statistical standpoint are required to detect
the potential independent role of these antibodies in human studies.
6.2

Cholesterol efflux capacity of HDL fractions (II)

When interpreting the findings of study II in the context of other human studies,
one should first strictly define which form of in vitro measured cholesterol efflux
capacity to focus on. As reviewed earlier, many efflux studies have measured the
capacity of whole serum or apoB-depleted serum to accept free cholesterol effluxed
from various macrophage foam cell models, while fewer have measured the
capacities of variously isolated HDL fractions as study II. The accumulated data on
mechanistic determinants of serum cholesterol efflux capacity underline its builtin complexity when it is used as a surrogate marker to estimate HDL fraction
functional capacity in cholesterol efflux (see sections ‘Methodology of cholesterol
efflux studies’ and ‘Determinants of cholesterol efflux to apoB-depleted serum or
to whole serum’). There may also be other relevant acceptors of cholesterol in
serum in addition to apoA-I lipoproteins, whose effect on cholesterol efflux may
not be fully understood at present. Cholesterol efflux to whole serum or to apoBdepleted serum is elevated in hypertriglyceridemic subjects, probably due to an
increased amount of pre-beta HDL particles in their serum, and these small HDL
particles are excluded from ultracentrifugally isolated HDL. In whole serum efflux
studies, an LCAT-inhibitor has not usually been added to serum specimens unlike
in study II. In conclusion, the results of study II are primarily comparable with
studies where cholesterol efflux capacity of ultracentrifugally isolated HDL
fractions has been measured – although none of them have applied exactly the same
protocol as study II of this thesis.
The cholesterol efflux capacity of total HDL fraction was not impaired in study
II, unlike in the study of Posadas-Sanchez et al. (2012). Similarly, Tan et al. (2014)
reported that cholesterol efflux capacity of both HDL2 and HDL3 subfractions was
impaired in subjects with acute coronary syndrome, although they did not measure
cholesterol efflux to total HDL. Rached et al. (2015) reported that cholesterol efflux
to every HDL subfraction except to the smallest and densest HDL3c was impaired
in a small number of patients who had suffered ST segment elevation myocardial
infarction. None of these findings are similar as in our study, where only efflux to
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HDL2 was impaired in statin-treated premature CHD or metabolic syndrome.
However, these studies include major experimental dissimilarities compared with
study II, where the HDL fractions were adjusted per protein content and a THP-1
cell model assay was used; Posadas-Sanchez et al. used Fu5AH hepatoma cells,
Tan et al. used J774 macrophages and only Rached et al. THP-1 macrophages. Only
Tan et al. adjusted the fractions per protein, whereas the others adjusted their
contents per phospholipids. Only Posadas-Sanchez studied stable CHD patients as
in our study. Patients with acute coronary syndrome may have completely different
efflux characteristics than stable phase patients due to their HDL remodeling during
an acute phase response. A more similar result as in our study was detected when
measuring cholesterol efflux capacity of HDL subfractions of morbidly obese
women who had undergone bariatric surgery and who resemble our study
population in metabolic terms (Aron-Wisnewsky et al., 2011). Only SR-BImediated cholesterol efflux to HDL2 fraction was improved by the surgery,
whereas ABCG1-mediated efflux displayed no change, similarly as the efflux to
HDL3. The SR-BI-mediated efflux to plasma was also impaired in that study, a
finding supported by another study (Gall et al., 2016), where SR-BI mediated
cholesterol efflux to plasma was reduced in metabolic syndrome. In our study, the
efflux to HDL2 fraction was positively correlated with the phospholipid content of
the fraction, similarly as the SR-BI mediated cholesterol efflux (Jian et al., 1998).
Also ABCG1-mediated efflux is similarly affected by the phospholipid content of
HDL, but the role of this pathway in the THP-1 cell model is smaller than that of
SR-BI (Du et al., 2015).
What do the results of study II imply? They do not necessarily mean that the
cholesterol efflux capacity of HDL2 fraction to accept cholesterol from
macrophages would be exactly similarly altered in vivo, as the ultracentrifugally
isolated HDL is in many ways different from in vivo HDL. There are data indicating
that this methodology predisposing native HDL to high salt concentrations and
shear forces detaches many proteins from HDL particles or alters their distribution
of binding to HDL subfractions (S. M. Gordon et al., 2010). Activities of e.g. the
lipid metabolism enzymes LCAT (Glomset, 1968) and PLTP (Oka et al., 2000) are
diminished in ultracentrifugally isolated HDL, and apoE partly dissociates from
HDL during ultracentrifugation (van't Hooft & Havel, 1982). However, all these
proteins can be detected in ultracentrifugally isolated HDL by using mass
spectrometry (Vaisar et al., 2007).
The results do, however, imply functionality that is in some way impaired and,
most likely, also an altered structure of the HDL2 fraction. HDL2 is a preferential
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acceptor of SR-BI-mediated efflux compared with the HDL3 fraction (see section
‘Cholesterol efflux pathways and formation of HDL’). The impaired functionality
of the HDL2 fraction in hypothetically largely SR-BI-mediated cholesterol efflux
in study II could imply equally impaired functionality of the fraction in the selective
SR-BI-mediated cholesteryl ester uptake in the liver as well, since the cholesterol
transfer through the SR-BI is a bi-directional energetically passive process.
Furthermore, SR-BI bone marrow depletion without hepatic depletion resulted in
accelerated atherosclerosis in a mouse model (Covey, Krieger, Wang, Penman, &
Trigatti, 2003). This implies that SR-BI has a pathogenetic role in atherogenesis in
mice independent of its cholesterol uptake function in the liver. On the other hand,
the roles of HDL2 (Du et al., 2015) or SR-BI in macrophage cholesterol efflux or
in reverse cholesterol transport have been questioned compared with other HDL
acceptors or with other efflux pathways. Many pleiotropic SR-BI-mediated or
cholesterol efflux-mediated biological properties of HDL are not related to its role
in reverse cholesterol transport (see section 2.2.3). Consequently, it is possible that
the impaired cholesterol efflux to HDL2 in metabolic syndrome in study II has
something to do with all the diverse biological properties of HDL2, which are
regulated by its cholesterol efflux capacity, but which are not substantial factors in
the macrophage cholesterol efflux or in the reverse cholesterol transport in vivo.
6.2.1 Impaired cholesterol efflux to HDL2 and its potential links to
impaired apoB-depleted serum efflux capacity
Cholesterol efflux capacity of apoB-depleted serum is a potential biomarker of
human cardiovascular disease. Its mechanistic determinants are under investigation.
In some studies, cholesterol efflux from J774 cells to apoB-depleted serum has
correlated positively either with HDL particle size (Koekemoer et al., 2017) or
concentrations of medium or large-sized HDL particles in the serum, but not with
concentration of small-sized HDL particles (Monette et al., 2016). These findings
suggest that HDL2 particles can be important regulators of cholesterol efflux in this
efflux assay, although ABCA1-mediated efflux to lipid-poor acceptors is the
dominant initial pathway in the widely used cAMP-stimulated J774 cell model. If
an impaired functional capacity of HDL2 particles was intimately linked with their
low proportion in total HDL as suggested by study II, and with their low plasma
concentration, it would further explain the decline of the apoB-depleted serum
efflux capacity in the low HDL-C level-associated cardiometabolic disorders. It
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remains to be seen, how great a role HDL2 particles and their functionality have in
the impaired apoB-depleted serum efflux of cardiometabolic disorders.
6.2.2 Confounding factors
Statin medication is a prominent confounder in study II. It was used extensively by
the affected subjects of family population II (Table 8). Subjects with type 2 diabetes
treated with simvastatin and bezafibrate had increased cholesterol efflux to apoBdepleted plasma (Triolo, Annema, de Boer, Tietge, & Dullaart, 2014) and
pitavastatin treatment has been shown to increase cholesterol efflux to total HDL
in dyslipidemic subjects (Miyamoto-Sasaki et al., 2013).
A potential confounder is the fact that no cryopreservatives were added to HDL
fractions before their freezing at -70ºC. Therefore it is possible that the lipoproteins
may have been modified during freezing, affecting their cholesterol efflux capacity
(Holzer, Kern, Trieb, Trakaki, & Marsche, 2017; Kekulawala et al., 2008). The
HDL fraction aliquots had not been thawed prior to their usage in the efflux
experiments in study II.
6.3

Phospholipid composition of HDL fractions (III)

The current literature of HDL lipidomic composition in cardiometabolic disorders
reports many similar findings as observed in study III. The amounts of linoleic acid
containing phospholipids have been reported to be decreased. Women with type 2
diabetes and dyslipidemia had lower amounts of PC(16:0/18:2) and PC(18:0/18:2)
in their HDL than healthy controls (Ståhlman et al., 2013). Similarly, amounts or
proportions among total phosphatidylcholines of PC 34:2 and PC 36:2 were, albeit
partly non-significantly, lower in the HDL of subjects with CHD (Sutter et al., 2015)
or the metabolic syndrome (Denimal et al., 2016). Further similarities with our
findings concerning the polyunsaturated 20:3 containing abundant
phosphatidylcholines have been reported. The HDL in the women with type 2
diabetes was reported to contain more PC(16:0/20:3) and PC(18:0/20:3) than HDL
from control subjects (Ståhlman et al., 2013), similarly as the HDL of CHD patients
contained more PC 38:4 than the HDL of control subjects (Sutter et al., 2015). The
amount of PC 38:3 did not show any difference in the HDL of CHD patients in that
study. The women with type 2 diabetes and dyslipidemia had higher levels of LPC
16:0 and LPC 18:0 compared with controls, whereas their LCP 18:1 and 18:2 levels
were lower (Ståhlman et al., 2013). Although the fatty acid composition of
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sphingomyelins was not determined by MSMS analysis in study III, based on
previous lipidomic studies of HDL (Kontush et al., 2013), the most abundant
sphingomyelin in study III, SM 34:1, is most likely SM(d18:1/16:0). Minor
sphingolipids SM 36:2 and SM 34:2 relative to SM 34:1 were higher in study III.
If SM 36:2 were SM(d18:1/18:1), SM 34:2 were SM(d18:1/16:1) and the abundant
SM 34:1 were SM(d18:1/16:0), the palmitoleic and oleic acid containing
sphingomyelins relative to palmitic acid containing sphingomyelins would be
reduced in the metabolic syndrome or in statin-treated premature CHD in study III.
These ratios of individual sphingomyelin species show some consistency with what
has been found in women with type 2 diabetes and dyslipidemia (Ståhlman et al.,
2013) or in subjects with the metabolic syndrome (Denimal et al., 2016). The
enrichment of PC(16:0/16:1) observed in study III is similar to what was found in
HDL isolated from subjects under post-operational acute-phase response
(Pruzanski et al., 2000).
The fatty acid composition of total plasma phospholipids (Kulkarni et al., 2013;
Meikle et al., 2011; Meikle et al., 2013; Sutter et al., 2016) or triacylglycerols
(Schwab et al., 2008) in cardiometabolic disorders has displayed many key
similarities with the findings of study III. These similarities may stem from a
globally altered fatty acid metabolism in obesity and metabolic syndrome
(Pietiläinen et al., 2011; Warensjö, Riserus, & Vessby, 2005) possitbly relating to
inflammatory mechanisms (Perreault et al., 2014) and being partly acquired
(Pietiläinen et al., 2011; Warensjö et al., 2005) and partly potentially genetically
determined (Bellis et al., 2014; Warensjö et al., 2005). Many key similarities, such
as a decreased amount of linoleic acid and increased amounts of palmitic,
palmitoleic, oleic and 20:3 acids, can in fact also be detected in serum total fatty
acid composition (Warensjö et al., 2005).
6.3.1 Phospholipid composition and cholesterol efflux capacity of
HDL fractions
An evident question that arises is, whether the observed lipidomic modifications of
the HDL subfractions explain the impaired functionality of HDL in study II. The
effect of phospholipid composition on cholesterol efflux capacity of HDL fractions
was not experimentally studied in this thesis. Statistical associations between the
phospholipid composition and cholesterol efflux capacity were not analysed, either.
Analyzing these associations would be meaningful only if the combined effect of
all the lipid modifications on the structure or cholesterol efflux capacity of HDL
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particles could be examined in a single model. It is unlikely that the content of any
single lipid molecular species alone would have a drastic impact on the efflux
capacity of a whole HDL particle. It is more likely that all the particle lipids interact
structurally with each other and proteins of HDL in a complex manner, which could
potentially affect the efflux capacity of the whole particle (Marmillot, Patel, &
Lakshman, 2007). Unfortunately, this phenomenon may be hard to investigate with
basic medical statistical methods; rather it would require extensive bioinformatic
expertise as well as sophisticated computer simulation techniques, as exemplified
in the study of Yetukuri et al. (2010).
The impaired cholesterol efflux to HDL2 was detected in respect to both
premature CHD and metabolic syndrome. Tables 20 and 21 list the lipidomic
features that are present in both of these conditions. Tables 18 and 19 show that the
associations between these lipid variables and metabolic syndrome, low HDL-C
level or premature CHD are not statistically significantly different in HDL2 and
HDL3 fractions because the confidence intervals of the beta-coefficients overlap in
the subfractions. The associations between these lipidomic features are largely
significant in both HDL2 and HDL3 subfractions. These findings could be
interpreted such that the lipidomic features listed in Tables 20 and 21 would not
alone underlie the impaired efflux capacity of HDL2 fraction in both the metabolic
syndrome and premature CHD. However, it is not known if these same lipidomic
features drastically impaired efflux properties of large HDL2 particles while they
would have no impact on the efflux capacity of smaller and structurally different
HDL3 particles. It can also be hypothesized that the lipidomic features of study III
would impair the cholesterol efflux only in metabolic syndrome but not as much in
CHD, where other structural modifications of HDL induced for instance by
oxidation (see section ‘Inflammatory response and oxidative modification of apoAI’) would primarily impair the efflux capacity. It is also possible that lipidomic
characteristics of HDL that were not measured in this study, such as the amounts of
oxidized phospholipids on their surface, impair the efflux capacity of HDLs.
It is not known how the lipidomic modifications of study III impair other
biological activities of the particles, such as their anti-inflammatory function. For
instance, the phosphatidylcholine composition of reconstituted HDL affected its
capacity to inhibit the expression of adhesion molecules in endothelial cells in vitro,
where PC(16:0/18:2) containing particles were more potent than PC(16:0/18:1)
carrying ones (Baker, Rye, Gamble, Vadas, & Barter, 2000).
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6.3.2 Phospholipid composition of HDL as a potential CHD marker
Tables 20 and 21 show that some lipidomic features detected in this study remained
independently associated with CHD status when adjusted for their HDL-C level or
MetS status. The CHD patients of family population II were selected based on their
low HDL-C level as a principal traditional lipid factor for their premature disease.
In this light, the association between phospholipid fatty acid composition of HDL
and premature CHD was strong in study III. However, if all the same prognostic
medical information could be obtained from the plasma total phospholipid or total
fatty acid composition, which are simpler to analyze than the lipid composition of
isolated HDL fraction, they would probably be preferred over HDL lipid
composition as a routine clinical test. After these considerations, it must be
emphasized, however, that analyzing the lipid composition of HDL in various
pathological conditions in humans provides unique information about the
molecular structure of HDL in them, and may thus contribute to discovery of
mechanistic links between the structure and biological functionality of HDL.
6.3.3 Confounding factors
Statin medication affects the lipid composition of HDL. It raises plasma HDL-C
level (Jones et al., 2003) and has an impact on the composition of phospholipids;
treatment with pitavastatin enriched HDL preferentially with polyunsaturated
phosphatidylcholines containing arachidonic acid as well as plasmalogens (Orsoni
et al., 2016).
Although it has been reported that freezing affects the structure of HDL (Holzer
et al., 2017), according to our experimental data from HDL of normolipidemic
subjects (n=10), the levels of the reported molecular lipid species were not
significantly affected by the freezing-storage (months)-thawing-extraction-storage
(months) cycle compared with freshly isolated and measured HDL fraction samples
(unpublished data).
6.4

Study populations (I, II, III)

Nearly all (family population I) or all (family population II) subjects analyzed were
biological relatives of the probands (see section 4.1). This may result in
underestimation of differences between affected and non-affected subjects
compared with a conventional case-control setting since the affected and non104

affected subjects share soe common genetic family background plausibly relating
to increased cardiovascular risk. In addition, the clinical groupings intersect in the
populations: some subjects free from CHD have low HDL-C level in family
population I and/or metabolic syndrome in family population II.
Another limitation is that the CHD patients were largely men in both family
populations. In addition, the women were not controlled for their menopausal status
(pre- or post-menopausal). Menopause increases cardiovascular risk and alters lipid
metabolism and levels in women (Al-Safi & Santoro, 2015). These factors limit the
generalizability of the results to female CHD patients.
In addition, all the established cardiovascular risk factors, such as diet, were
not controlled between the affected and non-affected subjects. Some of the risk
factors, such as smoking, also differed between affected and non-affected subjects.
This can be expected due to the fact that atherosclerotic cardiovascular diseases are
very multifactorial in their nature and largely caused by exposure to traditional risk
factors on the population level (Jousilahti et al., 2016). On the other hand, it can be
assumed that cases and controls from the same family background would have
more similar life-style associated risk factors than completely non-related cases and
controls.
Despite these limitations, the study populations provide a good overview of a
clinically relevant cardiometabolic phenotype where a low HDL-C level is a
predominant traditional lipid risk factor predisposing to premature CHD.
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7

Clinical implications and future studies

It would be relevant to address the following questions in the future:
1.

2.

3.

4.

Can the result of impaired efflux capacity of the HDL2 fraction in the studied
phenotype of low plasma HDL-C level and premature CHD be replicated in a
similar clinical population with a similar efflux assay? Is the impaired efflux
capacity of HDL2 principally related to low plasma HDL-C level and/or
metabolic syndrome?
Is the SR-BI-mediated cholesterol efflux capacity of the HDL2 fraction
impaired in the studied phenotype, or principally in the metabolic syndrome?
If it is impaired, one could further ask i) which structural characteristics of
HDL2 account for this defect, and ii) which are the cellular and other biological
mechanisms linked with the impaired SR-BI-mediated cholesterol efflux
capacity of HDL2?
What are the mechanistic consequences of the observed lipidomic
modifications of HDL on the biological functionality of HDL and its
subfractions, principally on their cholesterol efflux capacity, in various cell
models? To estimate various molecular pathways of cholesterol efflux, it would
be relevant to measure the cholesterol efflux capacity not only with the THP-1
cell model of study II, but also with e.g. Fu5AH and J774 cell models.
The lipidomic modifications could have differing mechanistic consequences
on the functionality of HDL in different cardiometabolic backgrounds. Thus,
question 3 could be analyzed separately among i) cardiometabolically healthy
subjects, ii) subjects with premature CHD not selected based on their low
HDL-C level, and iii) subjects with the metabolic syndrome or low HDL-C
level without clinical CHD.
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8

Conclusions

Based on this study, the following conclusions can be made:
I

Antibodies to the studied epitopes of oxidized LDL were not associated with
plasma HDL-C level or CHD status in the studied family population.
II The capacity of HDL in the cholesterol efflux process may be impaired in the
cardiometabolic syndrome in a subfraction-specific way. In this study, only
efflux to HDL2 fraction was clearly impaired in subjects with the metabolic
syndrome or with low HDL-C level-associated premature CHD.
III The fatty acid composition of the analyzed HDL phospholipids was
characteristic in the metabolic syndrome. Examples of these characteristics
were an elevated ratio of palmitic acid containing to linoleic acid containing
lysophosphatidylcholines in the metabolic syndrome. Some of these
characteristics, such as an elevated ratio of PC(16:0/20:3) to PC(16:0/18:2),
were similarly detected in the HDL-C level-associated statin-treated premature
CHD adjusted for HDL-C level, implying a strong association between these
lipid characteristics of HDL and premature CHD in this population.
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